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ABSTRACT:

Titania films prepared by atomic layer deposition attract great attention due to the
widespread application of the oxide as a photocatalytic material, or more recently, as a
promising charge storage material for lithium or proton batteries. We implement here advanced
tools (Ion Beam Analysis and X-ray Photoelectron Spectroscopy, aided by Ellipsometry and X-

ray Diffraction) to characterize films grown in the 100°C-300°C temperature window, using
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tetrakis(dimethylamino)titanium (TMDAT) as the metal precursor and water vapor as the
oxidant. We examine the outcomes of the ALD process as a function of the deposition
temperature, applying equal oxidant and precursor half-cycle time lengths, which contrasts with
common deposition processes where the water half-cycle is considerably shorter than that of
the metal precursor. Under the present ALD scheme, n-type conductive films are obtained
where the oxidation state of titanium is overwhelmingly Ti'V at all temperatures, while the
hydrogen content (O/Ti ratio) varies considerably, from ~15 at% (~1.8) at 100°C to ~3 at% (~2)
at 300°C. The ideality of the ALD process is discussed through the identification of nitrogen-
containing molecules detected at the oxide surfaces. By extending the structural and
compositional range of ALD titania films, new opportunities of application are expected to

appear.
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1. INTRODUCTION

TiO2 is a multifunctional material, best known for its photocatalytic and
photoelectrochemical properties (water splitting),[1][2]'[3][4][5] but with other emerging
applications, most particularly as a charge storage material in Li* or H'
batteries.[6][7][8][9][10][11] TiO is used under a great variety of forms: nanoparticles,
mesoporous structures, or compact films according to the sought application. The question we
are interested in here is the deposition of thin TiO2 layers via the so-called Atomic Layer
Deposition (ALD) technique.[2][4])[5][7] A great deal or organometallic precursors and
oxidative species can be used (a review is given in ref[12]), but we shall focus here on the
combination of an alkylamido organometallic ALD precursor, tetrakis(dimethylamido)titanium
(TDMAT, see Figure 1) with water. The Ti-N bond is sufficiently weak to allow deposition at
low temperature (100°C and below), and physisorbed water is believed to contribute to the
growth rate.[12] On the other hand, at 200°C, a nonideal ALD growth is observed,[13] with
imperfect self-saturation behavior of the growth per cycle (GPC) with increasing TDMAT
exposure time. Because of the low Ti-N bond strength, an early self-decomposition
[14][15][16] of the molecule is proposed as an explanation (see below).[12][13]

Ideally, during ALD deposition, cycles of exposure to TDMAT and H»O are alternated
(Figure 1(a)) and TiO2 grows layer by layer via ligand exchange reactions R1 and R2 (the
superscript (*) indicates a surface species, and Me is a methyl).

In the TMDAT half-cycle one has:

Ti(NMez)s + TiO2—OH* — NHMe; + TiO—O-Ti(NMez)s* R1
while in the subsequent water half-cycle one has:

TiO2—O-Ti(NMe2)s* + 2H20 — TiO2-TiO2—OH* + 3NHMe> R2

At each step, dimethylamine (NHMe2, DMA) is released to the gas phase.
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In this respect, the real-time near ambient pressure X-ray photoelectron spectroscopy (NAP-
XPS) study by Head et al.,[17] can be considered as a true test of the ALD process ideality, as
TMDAT decomposition in the gas phase is very limited (in the NAP-XPS setup a weak DMA
contribution was seen[18]). The ligand substitution mechanism is indeed observed at 110°C in
the real-time time NAP-XPS experiment as the component relative to the amido ligand (NMe5)

in the N 1s spectra is fully eliminated after each water half-cycle.
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Figure 1. Panel (a): Ligand substitution reactions R1 and R2. For the sake of simplification one
Ti atom bonds with four O atoms and one O atom with two Ti atoms (4:2 coordination), while
in crystalline phase TiO2 the coordination is 6:3. Panel (b): the gas phase decomposition
products due to B-hydride elimination, the Ti-C-N metallacycle plus DMA (top) and
HTi(NMez)3 plus Me-N=CHy> (bottom). Panel (c): two possible surface species resulting from
a B-hydride elimination, the Ti-C-N metallacycle (left),[17] and Ti-H (right). Color code: cyan

(T1), maroon (C), red (O), lime (N), white (H).
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However, the ligand exchange reactions R1 and R2 (Figure 1(a)), with DMA going into
the gas phase, may be an oversimplification of the chemical reactions occurring during the ALD
process. First, it should be noted that TMDAT decomposes in the gas phase over 140°C.[14]
Calculations[16] show that the path with the lower energy barrier (39.0 kcal/mol) corresponds
to the transfer of a proton (via the B-hydride elimination) from one amido ligand to a
neighboring one to produce the Ti-C-N metallacycle and a DMA dimethylamine molecule
(Figure 1(b)). The reaction having the next higher barrier (52.7 kcal/mol) proceeds also via a
B-H elimination (also shown in Figure 1(b)) and it produces HTi(NMe)z and the imine Me-
N=CH> (N-methylmethyleneimine). Mass spectrometry supports the formation of the Ti-C-N
metallacycle and HTi(NMez)3 as the dominant pathways.[15] In thermalized ALD chambers,
these gas phase reactions can naturally occur. B-hydride elimination can also occur after the
adsorption of TMDAT. In fact, surface reactions competing with the ligand exchange reaction
are envisaged, following schemes adopted for gas phase reactions.[17][19] Possible products
are depicted in Figure 1(c). The NAP-XPS study of Head et al.[17] points to a Ti-C-N
metallacycle (Figure 1(c), left) present on the surface. This species appears from the first
TMDAT half-cycle at 110°C and survives the following H2O half-cycles. However, such a
species is not always observed.[19] The formation of the Ti-H compound (Figure 1(c), right)
can lead to H incorporation and O under-stoichiometry.

A strong motivation of the present study is to demonstrate the added value of coupling
ion beam analysis (IBA) with X-ray photoelectron spectroscopy (XPS) to characterize TiO:
films produced by ALD. This synergy was already demonstrated in the case of HfO> ALD
growth [20]. IBA techniques — Rutherford backscattering (RBS), Nuclear reaction analysis
(NRA) and elastic recoil detection analysis (ERDA) — present the great advantage of giving an

absolute quantification of the atomic species present in the films (expressed in areal densities),
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which is of utmost importance considering that residues of a non-ideal ALD process can govern
their optical, and electronic properties, as well as their crystallinity.[12] IBA techniques are not
limited by surface sensitivity like soft X-ray photoemission spectroscopy (XPS) is. RBS and
NRA measurements give access to bulk stoichiometries. Importantly, ERDA can detect H
atoms to which XPS is blind, and was proven very useful for the characterization of ALD oxides
[21]. Given the potential impact of H interstitials on the reduction of the titanium ion from Ti*
to Ti%*,[22][23] knowing the H content is indeed a crucial information. For its part, XPS of
core-levels and valence bands is an invaluable technique to unravel the electronic structure and
nature of the chemical bonding of the ALD TiOz thin films, which is of course inaccessible to
IBA techniques. The Ti 2p core-level is particularly sensitive to the oxidation state of
titanium, [4][5]'[17][24] and thus information on the reduction of the oxide can be precisely
known down to ~1 atom%. Ti%* (3d') states can also be detected in the valence band
gap.[25]'[5][4] and their origin (O vacancies[26] or insertion of impurity atoms[22][23]) can
be discussed according to their binding energies (BE). Finally, the N 1s spectra provide also
information on the chemistry of nitrogen imbedded in the films or present at the surface. As
ammonium, amine, amido and Ti-C-N metallacycle species have distinct BEs,[17][5] the
identification of adsorbed species provides insight into the surface reactions. Besides the Ti-C-
N metallacycle, the NAP-XPS study by Head et al.[17] pointed to the presence of adsorbed
DMA and protonated DMA (dimethylammonium or DMAH™). DMA is naturally the product
of the ligand exchange reactions R1 and R2, and of the metallacycle reaction.

A second motivation of the study is to relate the ALD half-cycles time programs and
growth temperature with the outcomes of the process (stoichiometry, impurity content and its
chemistry, oxidation state of the titanium ion, crystallography), taking the specific case of the
TMDAT /water couple. So far, most efforts have been devoted to photocatalytic applications

with a focus on reduced amorphous TiO- films, using low growth temperature and water pulse
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durations an order of magnitude shorter than those of TMDAT.[4]'[5] Our goal was to explore
ALD conditions leading to titanium in its higher oxidation state, adopting a water-to-TMDAT
exposure length ratio of about 1, having in mind that the range of application of ALD grown
TiO: films in the field of energy materials goes beyond photocatalytic materials, as it now
involves charge storage materials, such as the new promising TiO2/ZnO nanolaminar

batteries.[7][10]

2. EXPERIMENTAL SECTION

2.1. Atomic Layer Deposition (ALD)

The TiO- thin films were grown by atomic layer deposition (ANRIC AT410 deposition
system) on Si(100) (with ~1.8 nm native oxide), using TDMAT and water precursors. The
silicon surface cleaned by ultrasonic bath in ethanol (30 min) and acetone (30 min). The metallic
precursor and water vapor were transported into the reaction chamber with 50 sccm N carrier
gas controlled by a mass flow controller. A long N2 purge time of 15 s was used to prevent
precursor mixing and CVD-like deposition. The precursor bottle and carrier gas line were
heated to 62°C to prevent precursor condensation before entering the reaction chamber. The
oxide growth was carried out in a (hot wall) reaction chamber thermalized at 100°C, 225°C,
and 300°C. A TDMAT pulse time of 1.5 s, and a water pulse time of 2 s were used, always
finishing with an H2O exposure to remove the surface organic groups, followed by the purge in
N2. The pressure of TDMAT is about 6 mTorr during the 1.5s pulse, while the pressure of water
is about 3000 mTorr during the 2s pulse.

2.2 Ellipsometry

To monitor the thickness of the TiO thin film, we used Film Sense FS-1™ Banded
Wavelength Ellipsometer at an incidence angle of 65° and FS-1™ software for thickness

calculation. The Cauchy model was used to determine refractive index with no surface or
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interface roughness.[27] The FS-1™ Ellipsometer records the data at four discrete wavelengths

in the visible spectrum: 465nm (blue), 525nm (green), 580nm (yellow), and 635nm (red).

2.3 Grazing Incidence X-ray diffraction (GIXRD)

The phase structure of the ALD TiO, samples was determined via grazing incidence X-
ray diffraction (GIXRD) using a SMARTLAB bench (diffraction meter 5 circles) with Cu K,
radiation (A = 1.5406 A, hv = 8.05 keV) and 45 kV and 200 mA cathode voltage and current,
respectively. The samples were scanned in 20 between 15° and 90° using a grazing-incidence
angle of 0.5°.

2.4 lon beam analysis (IBA)

Ion Beam Analysis (IBA) was carried out at the SAFIR platform at the Institut des
Nanosciences de Paris, Sorbonne University (Paris). Ti areal density [Ti] was determined by
Rutherford Backscattering Spectrometry (RBS), using a 100 nA 2.0 MeV *He" beam of 1mm
diameter. The scattered particles were detected at 165° from the beam axis. A reference sample
of Bi implanted into silicon, with [Bi] = 5.66 x 10'°> cm? (16=£2%), was used to calibrate the
detector solid angle.[28][29]

Nuclear Reaction Analysis (NRA) was used to determine the '%0 areal densities ['°0] via
the '0(d,p1)!’O nuclear reaction. O areal densities were obtained with respect to a '°O standard
consisting in a thermal SiO; film having an areal density [!°0] of 700x10'°> cm™ (16 = 2%). An
860 keV deuteron beam was used, with a current of 85 nA in a 2 mm diameter beam spot. The
protons produced by the nuclear reactions were detected at 150° from the beam axis in a 300
mm? detector covered by a 13 um mylar foil (used to avoid the saturation of the detector by the
high flux of elastically scattered deuterons).[30] The contribution of the native oxide grown on
the Si(001) substrate prior to ALD processing ([!°0]=7.8x10'> ¢m™) was systematically

subtracted from the ['°0] values given in this paper. The nitrogen areal density ['*N] was
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determined by NRA via the '*N(d,a1)'2C nuclear reactions with a 1450 keV deuteron beam of
100 nA in a 2 mm beam spot.[31] An SizN4 sample with ['*N] =457x10'° cm™ was used as a
reference.

The hydrogen areal density (['H]) was determined by Elastic Recoil Detection Analysis
(ERDA) with an 80 nA 2.0 MeV “He" beam incident at a grazing angle of 80°, and recoil
detection at 30° scattering angle in a collimated detector behind a 9.15 pum mylar film. An
implanted SiH sample with [H] = 140 x10'5 cm™ was used as a reference. The hydrogen depth
profile in the TiO: films is simulated by the SIMNRA [32]. The (non-Rutherford) recoil cross-

section of ref[33] for H(*He, H)*He was used.

2.5 Monochromatized X-ray Photoelectron Spectroscopy (XPS)

The XPS setup is installed at “Laboratoire de Chimie Physique, Matiere et Rayonnement”
(UMR CNRS 7614), and is part of the XPS platform of the “Institut Parisien de Chimie
Physique et Théorique” (FR CNRS 2622) of Sorbonne University. The Al Ko monochromatized
source (SPECS FOCUS 500, hv=1486.71 eV) was operated at 10 kV, with an anode current of
25 mA (250 W). The electron analyzer was a SPECS PHOIBOS 150, fitted with a delay line
detector. The pass energy was 20 V and the entrance slit width was 3 mm. Measurements
(Medium Area Mode) were made at normal electron takeoff. The midpoint of the Fermi edge
of an Ar-bombarded, clean nickel foil was used to determine the zero of the BE scale. The full
width at half maximum (FWHM) of the derivative of the Fermi edge was 360 meV. Therefore,
the overall instrumental resolution (photon band width and analyzer resolution) is better than
this value considering that the edge is the convolution of the instrumental Gaussian function
with the Fermi-Dirac function (keT=25 meV at 300 K). For all the samples studied, we used an
electron flood gun to compensate possible charge effects. We saw no variations in the BE

positions, which indicates that the ~11 nm thick films were sufficiently conductive.

10
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The core-levels were fitted with sums of pseudo-Voigt or Gaussian functions.
Stoichiometries and atomic surface concentrations were estimated considering calculated
atomic photoionization cross-sections (c)[34] (measurements are made in the so-called magic
angle (54.7°) configuration, to eliminate the contribution of the asymmetry parameter 3) and

calculated inelastic mean free paths (A).[35] o and A values are reported in Table 1.

Electron o(hv) BE KE MKE)

Level (Mbarn) (eV) (eV) (A)
O1s 0.04005 530.7 956.0 20.8
Ti2p 0.1069 459.2 1027.5 22.00
N 1s 0.02451 400.6 1086.1 23.0
Cls 0.01367 285.3 1201.4 24.8
O 2p 2.602 10 3 ~1480 29.3
Ti 3d 1.894 10* 7

Table 1. Values of the cross-sections (o(hv)), binding energies (BE), kinetic energies
(KE) and inelastic mean free paths (A(KE)) for the core- and valence levels of the elements

present in the deposited TiO> films. Measurements are made at hv=1486.71 eV.

The “as-grown” thin films were introduced into the UHV analysis chamber after exposure
to air. No further treatment (other than pumping to UHV at room temperature) was made before
the XPS measurements. However, after each XPS run (overview, Ti 2p, valence band, C 1s, O
1s, and N 1s recordings), the contamination of the first surface layers of the samples was almost
entirely removed by Argon sputter cleaning (1 keV, 10° mbar, 8 min). Typically, after Ar-
bombardment the C 1s to Ti 2p intensity ratio decreases by about an order of magnitude (see

supplementary material, section S1, Table S1).

11
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3. RESULTS AND DISCUSSION

ALD cycles ranging from 90 to 160 were applied to obtain the targeted thickness (ca 11
nm), that was measured by ellipsometry. The film preparation conditions, thicknesses and
growth per cycle (GPC) are reported in Table 2. The GPC is minimum at 225°C, corresponding
to that is called by many authors [36],[37].[38].[39],[40] the “ALD window”, while the
existence of such a window for TiO> deposition from TDMAT is not confirmed in [13][41]. At
100°C the GPC is about 1.4 times greater than that at 225°C. This is generally interpreted as
being due to a higher concentration of surface reactive OHs, which leads to a greater availability
of reactive centers, and hence to the higher growth rate.[42] The GPC at 300°C is about 1.7
times greater than that at 225°C. In this case, the higher GPC may be indicative of precursor
decomposition and adsorption, which leads to a partially CVD-like growth. Consequently, one
can expect that the stoichiometry, impurity content and crystallographic structure vary with the
growth temperature.

The GIXRD scans given in Figure 2 show that the temperature has a clear impact on the
film crystallinity. The “100°C” film is amorphous (no diffraction peaks are observed). On the
other hand, diffraction peaks of anatase and of an anatase/rutile mixture are seen for films grown
at 225°C and 300°C, respectively. This temperature dependence is in line with the ALD growth
of TiO2 using the reaction between TiCls and H20. Aarik and coworkers[36] observed by
electron diffraction that TiO> films are amorphous when grown at temperatures below 165°C,
under the anatase form in the 165—350°C range, while rutile dominated at temperatures above
350°C. As advanced by Aarik et al., the explanation for the amorphous structure formed at low
temperatures may be that precursor residues hinder the crystallization. However, the reason for
the transition to rutile structure at such low temperatures, 300°C here and 350°C in ref [36],

remains to be better understood, as in pure synthetic titanium dioxide, the anatase to rutile phase

12
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transition occurs at much higher temperatures, in the 600 °C - 700 °C range.[43] A low
temperature transition to rutile has been recently attributed to a low amount of N contamination

[44]. The IBA results will indeed show the absence of nitrogen in the oxide bulk (see below).
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Figure 2. GIXRD study of films formed at 100°C (amorphous), 225°C (anatase
diffraction peaks) and 300°C (anatase and rutile diffraction peaks). The peak at 31° (225°C

sample) is due to noise.
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Growth temperature 100°C 225°C 300°C
Water pulse duration | 2000 2000 2000
(ms)
Number of cycles 120 160 90
h (nm 11.3+0.5 11.1+0.5 11.0+0.5
GPC (nm) 0.094 0.069 0.122
[Ti] 24.6+£0.5 26.5+£0.5 27.610.5
10 cm™?
[**0] 442+1.0 53.9+1.1 55.6+1.2
10 cm?
[°O)/[Ti] 1.80+0.08 2.04+0.08 2.02+0.08
10% cm?
[H] 11.6+0.3 3.4+0.2 1.940.2
10% cm™?
Density (g.cm) | 2.99+0.06 3.64+0.07 3.85+0.08

Table 2. Ellipsometric thickness h, GPC values and IBA atomic areal densities. [Ti], [1°0],
and [*H] are the areal densities (expressed in 10%° cm) of the Ti, 160 (the 7.8x10"° atoms.cm™
of the SiO» layer are subtracted), and *H atoms, respectively. The areal density of the *N atoms
is beyond the detection limit of 0.3% in mass. The film density calculated from equation (2) is
also given considering the ellipsometric thickness h. the water and TDMAT pulse durations are
4x500 ms and 3x500 ms, respectively. Bulk densities of anatase and rutile are 3.78 and 4.23

respectively.

15
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Let us first consider the residues of the precursor (N, C and H) that could be incorporated
in the films. A first surprising result is the absence of detectable nitrogen using the '*N(d,a)!2C
nuclear reaction, for all of the films. This question will be further addressed in the XPS section
(section 3.3). The areal densities of the other elements, [Ti] (obtained by RBS), [*°0] (obtained
by NRA), and [*H] (obtained by ERDA) are reported in Table 2. Carbon is observed in the
NRA spectra (*2C(d,po)*3C reaction with 860 keV deuterons), but is not reported here. Indeed,
XPS shows that the surface, after exposure to air, is contaminated by organic species (see
supplementarymaterial, section S1), in particular carboxylic acids. In addition, during the NRA
measurement, carbonaceous species resulting from the cracking of residual molecules under the
deuteron beam (the pressure is 10 mbar in the IBA chamber) accumulate at the surface during
the IBA measurement. Because of these ambiguities we can confirm neither the presence nor
the absence of carbon in the bulk. An upper limit of 1.6 at% for the carbon concentration is
derived from the XPS experiments in the supplementary material (section S1) for the Ar-
sputtered “225°C” film, assuming that the remaining C is evenly distributed in the depth of the
film. However, there are no signs of the presence of C-induced gap states [45] in the valence
band spectra in the 225 °C and 300 °C samples.

The ERDA spectra are shown in Figure 3(a) and the corresponding H depth profiles are
reported in Figure 3 (b), (¢) and (d), for the films grown at 100°C, 225°C and 300°C,
respectively. Bulk film hydrogen concentrations were determined from the ERDA spectra after
considering the ubiquitous surface contamination and the hydrogen present at the TiO2/SiO>
interface and in the native SiO (see Figure 3). The overall hydrogen content (Table 2) in the
three films can be compared to each other as their thicknesses are practically equal. [*H]
decreases from ~11.6x10° cm™ to 3.4x10%™ cm™ as the temperature increases from 100°C to
225°C, and further falls to 1.9x10™ c¢m at 300°C. Therefore, at all three temperatures H is

present in the bulk of the film. Considering that the surface contamination layer contributes to

16
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~2x10% H cm2, then the “depth averaged” [*H]/[Ti] ratio is ~ 0.5, ~0.12 and ~0.07 for the films
grown at 100°C, 225°C, and 300°C, respectively. For the “100°C” film, the H content
corresponds to 0.6 wt%. To give an idea, the H uptake in black hydrogenated titania (H-TiOz)
is 0.3 wt%.[46] Such high quantities could impact the electronic structure (as observed in H-
Ti0»): this point will be discussed below, when XPS data are analyzed.

Besides the H content, another remarkable contribution of IBA is the determination of the
atomic ratio [*°O]/[Ti] in the thin films, see Table 2. This value is 1.80+0.080 for the 100°C
sample, clearly below the stoichiometric value of 2. This indicates that the amorphous oxide is
oxygen deficient. In contrast, for the crystalline films grown at 225°C and 300°C samples, a
value of 2 enters into the interval of uncertainty of the measured [*O]/[Ti] ratio.

Table 3 also gives the film density p as a function of the deposition temperature. To
calculate p we use the physical thickness h given by ellipsometry and the areal densities [Ti],

[*°0], and [*H] given by IBA techniques. The molar mass My g, is given by:

_ [°O] ['H]
Mrio,n, = Mg + Mo [Ti] + My [Ti] (D)
and p is given by:
- MTiO,HU l
p=[Ti] "N, h ()

where Na is Avogadro's constant. The density of the amorphous sub-stoichiometric film grown
at 100°C is about 3.0 g.cm®, significantly lower than the standard density of anatase TiO> (3.78
g. cm3). This suggests that the film is porous. In contrast the calculated density of the crystalline
film grown at 225°C (in the so-called ALD window) is ~ 3.64 g.cm which is close to that of
anatase TiO2. Consequently the “225°C” film is more compact than that grown at 100°C. This
is consistent with the GIXRD data which show the typical anatase diffraction peaks. The

calculated density of the 300°C film is ~3.85 g.cm™, bracketed by that of anatase and that of
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rutile (4.23 g.cm™). This is also consistent with the GIXRD data that indicate a mixture of both
phases.

The XPS core-level (Figures 4 and 5) and valence band (Figure 6) spectra give crucial
information on the electronic structure of the films. However, as the films were prepared ex-
situ and transported in air, the C 1s and O 1s levels are inevitably affected by surface
contamination (water, organics). C 1s and O 1s spectra are presented in the supplementary
material, in section S1 (Figure S1) and section S2 (Figure S2), respectively. The O 1s spectra
are characterized by a main component attributed to bulk O? at around 530.5 eV, with a spectral
weight of 82-83 %. Higher BE components are found at ~531.6 eV (ABE=1.1 eV with respect
to 027) and in the 532.8-532.9 eV (ABE=2.3-2.4 eV with respect to 027) range (the fitting
parameters are given in Table S2). These components can be attributed to hydroxyls, and to O-
containing organic species, in particular carboxylic acids or esters (that appear with a C 1s
component at 289.3 eV, see Figure S1 of the supplementary material). Independently of surface
contamination, the BE of the main O? component of the as-grown samples, reported in Table

3, is a characteristic proxy of the material, helpful for comparison with other TiO> crystalline

XPS
surfaces (anatase and rutile).[24] We can calculate the stoichiometric ratio ("—0) where n,

nri

and ny; are the number of oxygen atoms and titanium atoms per unit volume from the O 1s

XPS
intensity Io 15 and that of the Ti 2p spectrum Ir; ,,. The method and the calculated ("—0)

nri
values are reported in section S3 of the supplementary material (Table S3). These values depend

on calculated inelastic mean free paths and atomic photo-ionization cross-sections. Considering

XPS
the total O 1s intensity, (:—O) is in the range 2.4+0.1 for all three temperatures (diminishing
Ti

to 1.99+0.04 considering only the O% intensity). This XPS result concerns only the outer few
nm of the film, and can be contrasted with the IBA results which give a composition averaged

over the entire film thickness.
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As discussed above, the nitrogen is not detected by NRA. However, the N 1s peaks are

invariably observed in the XPS surveys, for all growth temperatures. They are displayed in

le

Figure 4. The N 1s normalized intensity is defined as the ——= ratio, where Iy s and Ip;,, are

Ti2p

the intensities of the N 1s signal and Ti 2p signal, respectively (the vaIues are reported in

Ti2

Figure 4). For the depositions at 100°C and 225°C, N1s goes not change much, remaining at
Ti2p

~2%. Nitrogen is still detected for the 300°C film, as %~0.7% (smaller by a factor of 3).

Ti2p

IN 1s

These findings are comparable to those of Saari et al.[5] who obtained —— ratios of ~2%

Ti2p

(100°C) and ~0.7% (200°C). From the XPS —= IN1s patios and assuming all the nitrogen atoms to

ITi 2p
be on the surface, we have estimated the surface density of nitrogen atoms (supplementary
material, section S4, Table S4) to be in the range 2x10** cm (300°C) to 6x10'* cm™ (100°C-
225°C) for the as grown samples. The Ar bombardment of the “100°C” sample (that sputters a

few monolayers of the material) diminishes the nitrogen N 1s signal by a factor of 2. The effect

of sputtering is even stronger for the “225°C” sample as Ile decreases from 2% to 0.25%.
Ti2p

This is indicative that the nitrogen species tend to dwell at the surface. Since o particles from
N (d,a0)!2C and *N(d,01)*2C nuclear reactions are not detected, we propose that the deuteron
beam stimulates the desorption of nitrogen containing surface species during NRA

measurements.

19



Q SORBONNE
UNIVERSITE

Sample 100°C 225°C 300°C Poly-anatase
BE (eV) BE (eV) BE (eV) Stoichiometric (%)
Water-exposed (*)
BE (eV)
(0*) 0 1s 530.61 530.47 530.46 530.35*/530.64"
N 1s
N1 402.12 (54.1) 402.15 (18.5) 401.80 (16.0)
N2 400.42 (42.4) 400.56 (70.8) 400.48 (68.5)
N3 399.20 (3.5) 399.1(10.7) 399.16 (15.5)
Ti 2par
Ti** 459.12 (98.3) 459.26 (100) 459.29 (100) 459.06*/459.37"
Tis* 457,55 (1.7) no no
Valence
GS 1.08 no no
VBE 3.60 3.44 3.48 3.12*/3.31*

Table 3. Binding energy (BE) of the fitting components and spectral weights (%) of the Ti 2p,

valence band, O 1s and N 1s core-level spectra. Binding energy position of the valence band

edge (VBE) and gap state centroid (GS). Data from UHV stoichiometric and water-exposed

stoichiometric polycrystalline anatase (poly-anatase) from ref [24] are also given for

comparison.
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Figure 4. The N 1s core-level (hv=1487.1 eV) measured with a monochromatized Al Ka.

source for the films produced at 100°C, at 225 °C, and at 300°C. The peak is fitted with

Gaussians of FWHM equal to 1.56 eV. A Shirley background[47] is subtracted. The IN1s ratio

Ti2p
is given for each spectrum. N1 is attributed to DMAH™, N2 to adsorbed DMA, N3 to the amido

ligand (or possibly to adsorbed Me-N=CHy).
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As already pointed out by Head et al.[17] the N 1s spectra give crucial information on the
“ideality” of the ALD process. We recall that the last half-cycle was a water exposure followed
by a N2 purge. The N 1s spectra of the “as-grown” samples shown in Figure 4 are fitted with
only 3 components: N1 in the range 401.8-402.2 eV, N2 at ~400.4-400.6 eV, and N3 at ~399.1
eV. These same three components are also observed in the N 1s spectra of Saari et al..[5] In refs
[5] and [17] the N3 component is attributed the amido component, i.e. unreacted Ti-N(Me):
bonds due to incomplete TDMAT dissociation. However, we note that the BE of adsorbed
imines is expected at 398.4 eV,[48]'[49] which means that their presence cannot be completely
excluded. Whatever the attribution of N3, its contribution is always minor (Figure 4). For the
attributions of the components N1 and N2, we follow those given in refs[5] and [17]. Both N1
and N2 are related to adsorbed DMA, the byproduct of the ligand exchange reactions R1 and
R2. N2 is associated to DMA datively bonded to the undercoordinated Tisc Lewis acidic sites
(the five-coordinated Tisc Ti*'is present on anatase and rutile surfaces, together with the
bridging two-coordinated oxygen O2c). Indeed, the dative bonding of ammonia/amines on
dehydrated (101) anatase is characterized by N 1s BEs ranging from 400.1 eV (ammonia), 400.6
eV (ethylamine) and 401.1 eV (DMA).[50] Similarly, methylamine is bound on the Tis sites
of rutile (110) with a N 1s BE of 400.8 eV.[51] The measured desorption energy of methylamine
on dehydrated rutile (110) ranges from ~1eV (DFT-modeling by a unidentate dative bonding
with Tisc) to 1.53 eV (DFT-modeling by a multidentate site, i.e. dative bonding with one Tisc
plus H bonds with neighboring oxygens).[51] Calculations give a “single head” adsorption
energy of ~2 eV for ethylenediamine on dehydrated (101) anatase[52] which adopts a
multidentate geometry. Relatively large adsorption values would imply that the N2/DMA
species could remain adsorbed on the surface still after a purge at 300°C (573 K). For its part,

N1 can be attributed to dimethylammonium (DMAH?) resulting from a reaction of DMA with
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a Brgnsted acidic hydroxyl. Indeed, ammonia is protonated on hydrated rutile, with a high N 1s
BE for NH7.[53] During the ALD growth of TiO2, two types of hydroxyls with two different
v(OH) bands are detected by infrared spectroscopy. The band at (3660-3685) cm™ is attributed
to bridging OH (H* +Oxc), while the one at 3700 cm™ is associated to terminal OH (HO Tisc)
respectively.[19] Bridging OH are considered to be acidic on (101) anatase.[54] It is clear from
Figure 4 that the N1/N2 intensity ratio is much greater for the “100°C” film than for the films
made at higher temperature. This same trend was also observed by Saari et al..[5] The
predominance of the N1 (DMAH™) species on the “100°C” oxide suggests there are more acidic
bridging OHs than in the case of films made at higher temperature. Head et al..[17] also
observed the components N1, N2 and N3, but in contrast to Saari et al. and the present study,
they saw a fourth component at ~397.0 eV, which they attributed to the Ti-C-N metallacycle
(see Figure 1(c), left scheme). This is a plausible attribution considering the B-elimination
decomposition mechanisms that were calculated for gas phase TMDAT. If the Ti-C-N
metallacycle compound were ever produced in the present conditions, the N 1s spectra clearly
show it cannot stay on the surface. The discrepancy between our findings and the in-situ study
of Head et al.[17] can be explained by different experimental conditions. First, Head et al.
focused on the growth of the very first layers (the three first cycles). The composition of the
ultrathin titanium oxide layer may have a role in forming or retaining the Ti-C-N metallacycle
(this was already suggested by Sperling et al.[19]). Second, the water exposure during the film
growth in the present work can be more effective to eliminate the Ti-C-N metallacycle (possibly
via a hydrolyzation step followed by desorption).

The N 1s spectra confronted to the IBA results can also give hints on the chemical nature
of hydrogen embedded in the films. The high H bulk content (especially for the “100°C”
growth) cannot be linked to the reaction byproducts DMA (N2) and DMAH™ (N1) that are

necessarily confined at the oxide surface. On the other hand, H can be provided by water (Ti-
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OH left unreacted after TDMAT half-cycles, embedded water molecules). It can also result
from the B-elimination channel (in the gas phase or at the surface, Figure 1 (b,c)) that leads to
Ti-H plus an N-methylmethyleneimine molecule escaping into the gas phase (if the imine
adsorbs it may contribute to N3 in Figure 4). Isotopic tracing experiments using D>O could

reveal the hydrogen source.
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Figure 5. Ti 2p spectra obtained with a monochromatized Al K¢ source from TiO> layers
produced at 100°C, 225°C, and 300°C. A Shirley background[47] is subtracted. The spectra are
normalized to identical areas. Fits of the experimental curves are made with sums of pseudo-
Voigt functions. The FWHM (Gaussian fraction) is 1.083 eV (0.68) for Ti 2pz and 1.980 eV
(0.75) for Ti 2p12. Note the very small Ti** component of the “100°C” sample (Ti**/(Ti®" +
Ti**) ~1.7%).
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Figure 6. Valence band spectra of the TiO2 layers produced with a monochromatized Al
Ko source for the 100°C, 225°C, and 300°C films. No background is subtracted. The valence
band edge (VBE) is indicated by a colored vertical bar, and the Fermi level (FL) by a vertical
dashed dark line. In the layer produced at 100°C, notice the presence of a tail extending from
VBE and a gap state (GS) centered at 1.1 eV. Gap states are not detected for samples produced

at 225°C and 300°C.
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The Ti 2p and valence band spectra, given in Figure 5 and 6, respectively, are discussed
together as they both give information on the reduction state of the oxide. The Ti 2p core-level
is actually a doublet (Ti 2psand Ti 2p12) separated by a spin-orbit splitting of 5.72 eV. The
spectra are fitted with symmetric pseudo-Voigt components (a pseudo-Voigt function is a
weighted sum of a Gaussian and a Lorentzian that simulates a VVoigt function). For the pseudo-
Voigt components fitting the Ti 2ps/2 peak, the Gaussian fraction is 67.8% and the FWHM is
1.08 eV. For the broader pseudo-Voigt components fitting the Ti 2p1» peak, the Gaussian
fraction is 74.6% and the FWHM is 1.21 eV. In the 100°C-300°C window, the FWHM of the
Ti 2pa2 component (1.08 eV) is not affected by the deposition temperature. This means that the
Ti 2p core level is essentially influenced by local order, as the 100°C sample is amorphous,
while the “225°C” and “300°C” samples are microcrystalline. This contrasts with the valence
band spectra whose shape changes with deposition temperature and an increased crystallinity.
In anatase[55] and rutile[56] the calculated projected density of state (DOS) shows that the
contribution of the O 2p level is dominant from the valence band edge (VBE) and ~3 eV below.
Lower-lying energy valence band levels are a mixture of Ti 3d and O 2p levels. At hv=1486.71
eV, the O 2p and Ti 3d photoionisation cross-sections of 2.602 10 and 1.894 10 Mbarn
respectively are comparable.[34] The valence band consists of two broad structures. These are
related to the O 2p (~5 eV) and mixed Ti 3d-O 2p levels (~7.5 eV) as may be seen in Figure 5.
The VBE is determined as the intersection of the tangent at the inflection point of the low BE
O 2p flank with the horizontal baseline (the method is illustrated in the S, section S6, Figure
S4). The VBE positions are indicated by vertical bars (the values are also given in Table 3). To
help interpreting the VBE position with respect to the Fermi level, we recall that the band gaps
of the low temperature crystalline phase (anatase) are 3.23 eV (indirect gap) and 3.8 eV (direct
gap).[57] The smaller direct and indirect gaps of rutile are ~3.0 eV.[58] The BEs of Ti 2pa.

peak and VBE are collected in Table 3. An in-depth analysis of the titanium oxidation state was
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not possible using layer-by-layer sputtering of the oxide with Ar bombardment, because this
commonly used technique led to strong O losses and hence reduction of the oxide (see
supplementary material, section S7).

For the amorphous “100°C” sample, an accurate fit of the Ti 2p spectrum (Figure 5) needs
the introduction of a weak component shifted to a BE (-1.57 eV) lower than the main Ti 2pas
peak at 459.12 eV characteristic of Ti**.[24] The low BE peak is attributed to the Ti®* state. In
the valence band spectrum (Figure 6) VBE is at a BE of 3.60 eV. Given the band gap values of
the crystalline polymorphs (3.0-3.3 eV), we can assume that the Fermi level is aligned with the
bottom of the conduction band. We see a “tail” of occupied states extending from VBE. In the
oxide gap, a peak (denoted GS) is observed centered at ~1.1 eV below the Fermi level. The gap
state peak intensity is also rather weak, about 0.5% of the total valence band signal integrated
from the Fermi level to 10 eV below, which is consistent with the Ti** intensity in the Ti 2p
spectrum (Tid*/(Ti®" + Ti*") = 1.7%). Note that the deep gap states of Figure 6 are different from
the shallow gap states that result from creating O vacancies under Ar bombardment. In fact,
these defects extend from the Fermi level: the Ar-etched spectrum of the 225°C (anatase)
sample shown in Figure S6, section S7 of the supplementary material, presents a marked Fermi
edge.

To sum up, from the point of view of XPS, the oxidation state of titanium in “100°C” film
is essentially Ti**, while IBA points to an O-deficient ([*°0]/[Ti]~1.8) and H-rich film
([*H]/[Ti]~0.5). Both latter two observations should strongly impact the electronic structure,
which is apparently not the case. To reconcile the IBA and XPS results, one must recall that
XPS is sensitive to the outermost few nm of the material. This would mean that the XPS-probed
layers of the “100°C” sample are much less reduced than the inner ones. However, the

complexity of the electronic structure of a reduceable cation oxide like titania and the presence
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of large impurity contents (H) deserves much more attention than a mere statement on depth
inhomogeneity.

Calculations show that O vacancies (point defects) create gap states.[22] Once one O
vacancy is created, two electrons are transferred to two Ti** to give two Ti®* states (with one
unpaired electron 3d* on each atom). Gap states are also related to the presence of impurity
atoms, and H is particularly abundant in the “100°C” sample. According to GGA-U
calculations, an interstitial hydrogen in TiO, bonds like a proton H* to an O? ion (to produce
an HO") and the released electron occupies a 3d state (3d').[23] Assuming that a mixed
oxide/hydroxide is formed with a stoichiometry Ti* Ti3*02Z,.(OH)y, then the ratio Ti%*/(Ti®"
+ Ti*") should also be x. Therefore, one should expect a very large Ti®* intensity in the Ti 2p
and valence bands, which is not the case. However, H atoms may exist not as interstitials, but
rather as H atoms trapped into O vacancies, [59][60] where they are much more tightly bound.
We note that given the growth temperatures, the assumption of H interstitials is not realistic[59].
H at a neutral oxygen vacancy site is negatively charged according to calculations: hydrides are
formed [59] and up to two atoms can be trapped.[60] The trapped atoms may siphon the charge
of the occupied 3d level resulting from O vacancy formation, which would explain the small
concentration of Ti3* states seen by XPS. The high H content of the “100°C” sample and its
amorphous nature, remind us of black amorphous H-TiO.. For this material, the Ti 2p XPS
spectra given by Chen et al.[61] show no Ti®* states. However, gap states extend from the top
of the valence band, reducing the gap width, [61] similar to the “tailing” seen above the VBE
in Figure 6. This is a further indication that high H contents do not necessarily imply the
reduction of Ti** to Ti%*.

For the “crystalline” samples grown at 225°C and 300°C, the Ti 2p spectra (Figure 5)
indicate that the oxidation state is 100% Ti**. We recall that the [**O]/[Ti] ratio of 2 fits within

the measurement interval of IBA. However, ERDA still detects substantial hydrogen atoms in
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the crystalline films that have average stoichiometries TiO2Ho.12 and TiO2Ho.07 when grown at
225°C and 300°C, respectively. As discussed above, the presence of hydrogen does not
necessarily imply the presence of Ti**, and we may imagine crystallites whose core is crystalline
with a thin H-rich and disordered external layer, as is the case for amorphous H-TiO.[61] The
valence band spectra (Figure 6) are markedly different from that of the amorphous “100°C”
sample. In particular the dip between the “mixed O 2p-Ti 3d” and “O 2p” bands is much more
pronounced. This feature is clearly associated with crystallographic ordering. The VBE are
found at 3.44 eV (“225°C”) and 3.48 eV (“300°C”), values smaller than that of the “100°C”
film. Given the VBE position, and band gaps in the 3.0-3.3 eV range for anatase and rutile, we
can consider that the Fermi level lies close to the conduction band (see below). We see no gap
states in the valence band. Looking to the XPS proxies, that is Ti 2psp, (0%) O 1s and VBE
energy positions of the “225°C and 300°C” samples, we can verify (Table 4) that they are closer
to the values reported by Kashiwaya et al.[24] for the water-exposed stoichiometric
polycrystalline anatase, than to those of the same “dry” UHV surface. As discussed by
Kashiwaya et al. water adsorption leads to an increase in BE, which is interpreted as a
downward band bending leading to an accumulation layer at the oxide surface. This can be
considered as an a posteriori justification of our assumption concerning the positioning of the
Fermi level at the conduction band minimum.

The present study illustrates that the TiO2 ALD deposition conditions have a strong
impact on the nature of the grown layers. In particular, the equal half-cycle time lengths for the
metallic precursor and oxidant used here have resulted in quite different film properties to those
obtained with very different half-cycle times. Indeed, Saari et al..[5] used the TDMAT /water
couple in the 100°C-200°C window to produce amorphous films. While in both works, the
TDMAT pulse durations are comparable, 1.6 s in Saari et al. [5] and 1.5 s here, the water pulse

was only 0.1 s in Saari et al. and is 2 s in the present case. These authors characterized their
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films with monochromatized Al Ko XPS as we did, but they did not measure the H-content in
the oxide. They observed that the Ti®* weight in the Ti 2p spectrum is already substantial in the
amorphous film made at 100°C (11%), and that it increases with temperature, reaching 30% at
200°C. This temperature trend is not seen here, and the Ti®* weight does not exceed 1.7% for
the “100°C” sample, and is null for higher growth temperatures. The gap states are also different
in ref[5]. Shallow gap states are observed at the Fermi level, similar to the O-deficient Ar-
bombarded anatase film reported in section S7, Figure S6 of the supplementary material. We
propose that long oxidant half-cycles produce films with the highest oxidation state of the
cation. The comparison of the present experiment with that of Saari et al. emphasizes the
“versatility” of titania ALD deposition using the TMDAT/water couple. It is clear that the
oxygen deficiency, H content and Ti oxidation state, that are of paramount importance to define
the electronic structure (conductivity and optical properties) and network structure (order,

defects etc.) can be tuned with temperature and water exposure times.

CONCLUSIONS

lon Beam Analysis and monochromatized X-ray photoemission spectroscopy were used
in combination to characterize titanium dioxide thin (~11 nm) films produced by ALD in
conditions where the TMDAT and water exposures have comparable time lengths. Ancillary
techniques like X-ray diffraction and ellipsometry were also used to determine the
crystallography and film thickness, respectively. IBA and XPS enabled us to characterize the
material from different viewing angles, as IBA counts all atoms (Ti, O, N, H) comprised in a
unit area of the oxide film and gives access to “in-depth” atomic profiles (H), while XPS is a
surface technique sensitive to the chemical bond and the band structure. Nitrogen is not detected
by IBA, but protonated and unprotonated DMA molecules are seen by XPS at the oxide surface.

This observation enters into the picture of ligand exchange reactions, as the DMA molecule is
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the expected by-product. Concerning the self-dissociation of TMDAT in the gas phase or at the
surface, that would compete with the ligand exchange reaction, we see no Ti-C-N metallacycle
moieties on the surface, in contrast with a previous in-situ NAP-XPS study. As the DMA
molecules are confined to the surface, they cannot be the source of the H-content detected by
IBA in the films. This a unique deduction from the combination of IBA and XPS techniques.

The amorphous films, produced at the lowest temperature of 100°C, are less dense than
the crystalline forms of TiO; and defective. IBA shows that they are sub-stoichiometric in
oxygen ([O]/[Ti]=1.80+0.08) and hydrogen-rich ([H]/[Ti]~0.5). For its part, XPS indicates that
in the outermost layers (several nanometers) probed by the technique the titanium cations are
essentially (98.3%) in the Ti*" state. The valence band edge binding energy suggests that the
Fermi level is close to the conduction band (n-type sample). A tail of states extends from the
valence band edge into the gap, and a (weak intensity) gap state level is seen peaked at 1.1 eV
from the Fermi level (likely a Ti%* 3d* state). Consequently, the large O-deficiency and high H-
content are expected to yield a considerably higher content of reduced Ti®* state than that
actually observed by photoemission. We discuss this point, considering the theoretical literature
on defects in crystalline titania forms, and emphasize similarities with amorphous H-TiO- for
which no correlation between H content and reduction of Ti** to Ti** has been observed.

In contrast to the “100°C” sample, films grown in the so-called ALD window (225°C)
and above (300°C) are crystalline (anatase at 225°C, anatase plus rutile at 300°C) and have
densities close to those of the crystalline phases. An [O]/[Ti] ratio of 2 is within the error bars
of the IBA measurements. Only Ti*" states are seen in the XPS Ti 2p levels, and no gap states
are found in the valence band spectra. The binding energy of the valence band edge shows that
the films are n-type. The H content given by ERDA, although substantially reduced with respect

to the “100°C” sample, remains significant with [H]/[Ti] in the 10 at% range. The absence of
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reduced Ti%* states in the core and valence XPS spectra suggests again that the hydrogen content
does not correlate with the reduction of Ti** to Ti®".

The TDMAT /water couple and the growth temperature do not define alone the outcomes
of the ALD process. By adopting water half-cycle times as long as those of the TDMAT, we
have deposited film with Ti ions almost exclusively in the Ti** state in the 100°C-300°C range,
but with substantial variations in the O and H content. The comparison of the present
experiment with the recent work of Saari et al.[5] emphasizes that the composition, electronic
and network structure can be tuned in a wide range thanks to the “versatility” of the ALD
deposition process, which paves the way to applications where conductive films with Ti in its

highest oxidation state is an advantage, for instance in electron storage materials.
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