
Applied Surface Science 638 (2023) 158076

Available online 20 July 2023
0169-4332/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Full Length Article 

An in situ ToF-LEIS characterization of the surface of Ti-based thin films 
under oxygen exposure and at elevated temperatures 

Philipp M. Wolf a,*, Deborah Neuß b, Tuan T. Tran a, Eduardo Pitthan a, Marcus Hans b, Jochen 
M. Schneider b, Daniel Primetzhofer a,c 

a Department of Physics and Astronomy, Ångström Laboratory, Uppsala University, Box 516, SE-751 20 Uppsala, Sweden 
b Materials Chemistry, RWTH Aachen University, Kopernikusstr. 10, D-52074 Aachen, Germany 
c Tandem Laboratory, Uppsala University, Uppsala, Sweden   

A R T I C L E  I N F O   

Keywords: 
Time-of-flight low-energy ion scattering 
Surface analysis 
High-resolution depth profiling 
Titanium 
Transition metal nitride 
In situ 

A B S T R A C T   

Ti-based coatings are utilized in a wide variety of applications, from biomedical implants to mechanical tools. 
Insight into initial stages of processes triggered by gas exposure and temperature change in the near-surface 
region of such coatings is essential for the understanding of their macroscopic behavior. We present an in situ 
time-of-flight low-energy ion scattering (ToF-LEIS) approach for the non-destructive and depth-resolved study of 
composition and morphology of the immediate surface region with sub-nm resolution. Ti-based coatings, with 
increasing compositional complexity, starting from in situ grown Ti, followed by ex situ grown Ti, TiN, and (Ti,Al) 
N, are studied concerning effects of exposure to oxygen and elevated temperatures. On the clean in situ deposited 
Ti surface, a 1.9 nm thick oxide layer is observed after exposure to 4000 Langmuir oxygen at room temperature. 
In contrast, for ex situ grown samples, an oxidic surface layer not removable by surface ion sputtering is found to 
limit effects of further oxygen exposure. TiN does not show significant changes when exposed to oxygen at 
370 ◦C. For (Ti,Al)N, a nm-thick Al-rich surface layer is observed at annealing temperatures above 600 ◦C, both 
in ultra-high vacuum and in 1.0 × 10-3 Pa of oxygen.   

1. Introduction 

Titanium is a versatile transition metal featuring low density, high 
strength, low toxicity, high affinity for living tissue, and high resistance 
to corrosion in, e.g., seawater, aqua regia, and chlorine. These properties 
make titanium interesting for use in applications where thin films can be 
employed to functionalize or enhance the structural integrity of surfaces 
of otherwise lower-cost bulk materials such as steels. Examples of the 
use of pure titanium coatings can be found in biomedical applications, 
like Mg bone implants, where Ti-coatings improve corrosion resistance 
[1], and diamond tools, like diamond grits, where Ti-coatings increase 
the tool lifetime significantly [2]. Additionally, Ti coatings are used in 
vacuum applications for titanium sublimation pumps [3] and as non- 
evaporable getter (NEG) strips [4]. Titanium nitride (TiN) features 
high mechanical hardness, prompting its widespread use as a protective 
and wear-resistant coating [5]. Another area of broad application for 
TiN thin films is found in thin film electronics, where TiN films are used 
as diffusion barriers, gate electrodes, and interconnects [6–10]. The 

mechanical properties of TiN are exceeded by metastable titanium 
aluminum nitride ((Ti,Al)N) protective thin films, which significantly 
increase the wear resistance of steel or cemented carbide cutting tools 
[11,12]. Whereas Ti films readily oxidize at temperatures of 80 ◦C [13] 
and TiN shows oxidation from 550 ◦C, the onset of oxidation of 
(Ti0.5Al0.5)N is > 700 ◦C [11]. Additionally, while titanium shows a 
hexagonally close packed (hcp) structure, both TiN and (Ti,Al)N exhibit 
a face-centered cubic (fcc) crystal structure (NaCl prototype, space 
group Fm3m). Comparing TiN and (Ti,Al)N, it has been shown that the 
addition of aluminum causes the formation of an Al2O3-containing oxide 
scale upon annealing in air [14]. Recent systematic studies revealed that 
the oxidation of (Ti,Al)N coatings is governed by the annealing tem
perature and the aluminum content [15,16]. 

However, the above-discussed studies were concerned with oxide 
scales at the order of several tens to hundreds of nanometers. Since the 
coated components are often stored and utilized in atmosphere, the 
initial interaction of the film surface with an oxygen-containing atmo
sphere at room and elevated temperatures is of interest. Usually, the 
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overall coating composition does not represent the surface composition 
as X-ray photoelectron spectroscopy (XPS) data revealed oxygen con
centrations of 40 to 60 at.% for (Ti,Al)N and (Ti,Al)(O,N) coatings and 
surface oxidation was suggested to occur due to residual gas incorpo
ration or atmosphere exposure [17]. It has also been demonstrated that 
the venting temperature substantially influences the composition and 
thickness of such surface oxides [18]. In addition, the chemisorption of 
oxygen on (Ti,Al)N surfaces has been studied with XPS: Fresh surfaces 
were obtained using Ar sputter cleaning, and oxidation was carried out 
in situ with an oxygen partial pressure of 0.9 × 10-6 Pa [19]. Upon ox
ygen exposure, Ti2O3-like bonding and Ti vacancy formation were 
observed, while the interaction of aluminum with oxygen was not as 
pronounced [19]. The dissociative adsorption of O2 on Ti sites can be 
understood by an increased Ti–O bond strength relative to Al–O bonds as 
predicted by ab initio molecular dynamics calculations [20]. However, 
surface processes have not been studied for (Ti,Al)N at thermal 
decomposition temperatures when, e.g., spinodal decomposition into 
isostructural TiN- and AlN-rich domains [21] is activated. 

Hence, tools sensitive to the composition and morphology of near- 
surface regions and ultra-thin films are of increasing importance. 
Here, we present an in situ time-of-flight low-energy ion scattering (ToF- 
LEIS) characterization of the initial oxidation stages of surfaces of 
titanium-based thin films. 

Sharing many of the fundamental physical concepts with the more 
common Rutherford backscattering spectrometry (RBS), ToF-LEIS, using 
ion energies in the range of 0.5–10 keV, yields depth-resolved infor
mation on the near-surface sample composition and, utilizing shadow
ing and blocking effects, the near-surface structure of samples [22–27]. 
Just as RBS, ToF-LEIS can be considered non-destructive because the 
primary ion current of about 4 × 107 mm− 2 s− 1 is significantly lower 
than the number of surface atoms exposed, even at a typical measure
ment time of 600 s. An example of the capabilities of ToF-LEIS is the 
quantitative in situ analysis of the initial stages of growth of heavy 
metallic species on light substrates, like Au on B [25]. Here, ToF-LEIS, 
which can analyze both ions and neutrals separately with a post- 
acceleration stage, was demonstrated to be capable of determining the 
growth mode as cluster growth and of measuring the aspect ratios of the 
clusters. Making use of crystal symmetries, monolayer resolution has 
been demonstrated to be achievable for CuAu-superstructures [26]. 
Finally, a recent study on phase transitions in ultra-thin nickel silicide 
films illustrated the potential of ToF-LEIS for in situ characterizations of 
ultra-thin films of transition metal compounds [27]. 

To characterize the initial oxidation stages of surfaces of titanium- 
based thin films, we investigate the near-surface composition under 
exposure to oxygen and at elevated temperatures for two Ti films, one of 
the two deposited in situ, then study a TiN film before arriving at the (Ti, 
Al)N samples. By starting with simpler systems and advancing towards 
more compositionally complex and oxidation-resistant systems, a more 
profound understanding of both the Ti-based surfaces and the data ob
tained by ToF-LEIS and corresponding Monte-Carlo simulations is 
reached. As a result, our data show the formation of an aluminum-rich 
surface layer at elevated temperatures for (Ti,Al)N samples. The for
mation of this aluminum-rich surface layer indicates that the onset of the 
formation of the double-layer oxide scale is supported by Al mobility. 
Our data further corroborate the established increase in oxidation 
resistance for the TiN and (Ti,Al)N samples as compared to pure Ti 
samples. 

2. Experimental methods 

Samples were grown both in situ, using e––beam evaporation, and ex 
situ, using sputter deposition. 

The in situ deposition of Ti on a Si(100) substrate was performed by 
e--beam evaporation, using a UHV Evaporator 3T by Omicron, which 
was operated at a filament current of 2.25 A and a high voltage of 1 kV at 
a maximum pressure of 4.1 × 10–8 Pa. With a nominal deposition rate of 

0.16 nm min− 1 and a deposition time of 57 min 30 sec, a film thickness 
of 9 nm was expected. The amount of deposited Ti was determined to be 
49 × 1015 atoms cm− 2, corresponding to a thickness of 8.6 nm assuming 
a density of 4.52 g cm− 3, by an ex situ RBS measurement using a 2 MeV 
He+ beam at the 5 MV pelletron accelerator at the Tandem Laboratory 
[28]. The 5 MV pelletron accelerator was further used to perform time- 
of-flight elastic recoil detection analysis (ToF–ERDA) using 36 MeV and 
44 MeV iodine ions. ToF-ERDA measurements were used to determine 
the native oxygen content in the ex situ deposited Ti, TiN, and (Ti,Al)N 
films, as well as possible changes in the bulk of the films due to the 
exposure to oxygen at elevated temperatures. The ToF-ERDA measure
ments were not performed in situ and not directly after the in situ mea
surements, which can influence the results in the region close to the 
surfaces of the samples. 

High-power pulsed magnetron sputtering (HPPMS) [29] was carried 
out in an industrial CemeCon CC800/9 deposition system. Ex situ grown 
Ti and TiN films were deposited with a rectangular Ti target (grade 2, 
purity > 99 wt.%) with dimensions of 50 × 8.8 × 1 cm, and MgO(100), 
as well as Si(001) substrates, were placed at a target-to-substrate dis
tance of 10 cm. The substrates were heated to 380 ◦C, and the base 
pressure at the end of the heating cycle was < 3 × 10-4 Pa. For Ti films, 
an Ar flow of 200 sccm was used, resulting in a pressure of 0.37 Pa, and 
for TiN, an N2 flow of 30 sccm was added, corresponding to a total 
deposition pressure of 0.43 Pa. One Melec SIPP2000USB-16–500-5 
power supply was used, and the pulsing scheme was identical for the 
growth of Ti as well as TiN with 1.5 kW time-averaged power, 50 μs 
pulse on-time and 1950 μs pulse off-time. The peak target power and 
peak target current densities were 280 W cm− 2 and 0.4 A cm− 2 as well as 
360 W cm− 2 and 0.5 A cm− 2 for Ti as well as TiN depositions, respec
tively. The plasma was stopped after 56 min for Ti and 160 min for TiN, 
resulting in a thickness of 2 μm. The venting temperature was < 100 ◦C 
in order to minimize surface oxidation [18]. 

In case of (Ti,Al)N, a hybrid setup was used [30], and differences to 
the details provided above are described in the following. Besides the Ti 
target, an Al target (>99.9 wt.% purity) was placed in a co-sputtering 
geometry: the target-to-substrate distance was 16 cm, and the angle 
between target and substrate normal was ~ 28◦. The MgO(100) sub
strates were heated to 500 ◦C, and the Ar and N2 flows were 160 and 80 
sccm, respectively, resulting in a deposition pressure of 0.44 Pa. The Ti 
target was DC magnetron-sputtered with a 10 kW ADL GX 100/1000 
power supply, and two Melec SIPP2000USB-16–500-5 power supplies 
were employed for the Al target as well as the substrate bias. The DC 
power at the Ti target was 2.35 kW, and a time-averaged power of 2.5 
kW was used for the Al target, which was operated with HPPMS. The 
peak target power and peak target current densities were 440 W cm− 2 

and 0.6 A cm− 2, respectively. A pulsed substrate bias of − 300 V with a 
pulse length of 70 μs and a delay of 30 μs with respect to the pulse onset 
at the Al target was employed in order to separate the film-forming 
metallic species in time and energy domains [30]. The (Ti,Al)N depo
sition was carried out for 120 min, and a thickness of 3 μm was obtained. 

The phase formation of ex situ grown films was studied with X-ray 
diffraction (XRD) using a Siemens D5000 system in Bragg-Brentano 
geometry. Voltage and current of the X-ray tube with Cu Kα radiation 
were 40 kV and 40 mA, respectively. A 2θ range of 20 to 80◦ was scanned 
with 0.5◦ step size, and 4 s dwell time. 

All sample surfaces were analyzed in the ACOLISSA setup, consisting 
of a ToF-LEIS scattering chamber and a connected preparation chamber 
allowing for in situ analysis of the samples. The preparation chamber, 
housing the UHV Evaporator 3T used for the deposition of the Ti film, 
further includes setups for Auger electron spectroscopy (AES), low- 
energy electron diffraction (LEED), and ion sputtering. In the prepara
tion chamber, samples can additionally be subjected to different gases. 
Exposure of samples to elevated temperatures is possible both in the 
preparation chamber and the scattering chamber. More detailed de
scriptions of the ACOLISSA setup are given by Draxler et al. [31] as well 
as by Ström and Primetzhofer [28]. 
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The ex situ deposited samples were cleaned before the exposure to 
oxygen and elevated temperatures by ion sputtering using a 3 keV Ar+

beam to remove potential surface impurities. The effect of the ion 
sputtering was assessed by AES measurements performed before and 
after the sputter runs. The cleaning process was continued until no 
further reduction in the oxygen content was visible, and the carbon 
surface contaminations were removed entirely. 

Samples were exposed to elevated temperatures using a heating 
filament and by additionally applying a potential difference between 
filament and sample, leading to electron bombardment. Annealing 
temperatures were measured employing an optical pyrometer. 

The samples were exposed to oxygen in situ by introducing 1.0 ×
10–3 Pa of oxygen for 9 min or 1.0 × 10–4 Pa for 90 min into the prep
aration chamber, corresponding to a surface exposure of 4000 Lang
muir. The lower oxygen pressure was chosen at elevated sample 
temperatures for the (Ti,Al)N and for the TiN sample to avoid damaging 
the filament used for heating the sample, while the Ti samples were 
exposed to the higher oxygen pressure. In cases in which the sample was 
exposed to an elevated temperature as well as oxygen, the oxygen was 
introduced into the chamber as soon as the sample reached the target 
temperature. The base pressure before the introduction of oxygen was 
on the order of 10-8 Pa in case of the sample not being exposed to 
elevated temperatures and on the order of 10-6 Pa for samples at 
elevated temperatures. 

ToF-LEIS measurements were conducted in situ, before and after each 
exposure to oxygen. All presented ToF–LEIS measurements were per
formed using a He+ beam at a scattering angle of 129◦, an acceptance 
angle of 0.29◦, an incident angle of 0◦, and an exit angle of 51◦ both 
regarding the samples surface normal. ToF-LEIS spectra recorded after 
exposure to oxygen and high temperatures are normalized to the mul
tiple scattering backgrounds of the spectra recorded before exposure to 
oxygen and high temperatures for easier comparability. 

Simulations using the TRBS (TRIM for Rutherford backscattering) 
code [32], based on the Monte-Carlo code TRIM (Transport of Ions in 
Matter) [33], were performed to interpret the ToF-LEIS results. To in
crease the speed of simulations, the TRBS code exploits azimuthal 
symmetry under normal incidence and considers only large angle scat
tering events explicitly. At the same time, nuclear and electronic energy 
losses are calculated globally, enabling the time-efficient simulation of 
backscattering spectra for which millions of ion histories must be 
calculated. The stopping power data used in these simulations for 
compounds are taken from the stopping and range of ions in matter 
(SRIM) data [34]. Screening and scattering potentials were simulated 
according to the Ziegler-Biersack-Littmark (ZBL) model [35]. In the case 
of titanium, the stopping power was extrapolated from data obtained 
from measurements performed on the in situ grown titanium at helium 
beam energies of 4, 6, 8, and 10 keV. The stopping power for aluminum 
was extrapolated from the experimental data published in Ref. [36]. All 
TRBS simulations were run with 200 million projectiles. For the simu
lations with 6 keV helium projectiles, a cutoff angle of 9.2◦ was used, 
while a cutoff angle of 8.0◦ was applied for 2 keV helium projectiles. The 
results of the TRBS simulations are convoluted with a Gaussian distri
bution with an expectation value proportional to E3/2 to account for the 
finite and energy-dependent detector resolution of the ToF-LEIS setup. 

In addition to ToF-LEIS, AES was performed before and after each 
exposure to oxygen and elevated temperatures. All AES measurements 
were performed using a PHI 10–155 AES system. Compositions were 
calculated based on the peak heights observed in the AES spectra and the 
corresponding sensitivity factors as described by Davis et al. [37]. 

The transmission electron microscopy (TEM) images were taken 
using a FEI Titan Themis 200 TEM system at the acceleration voltage of 
200 kV. The images were captured with the Ceta CMOS camera (Thermo 
Fisher Scientific). Lamellae for TEM were extracted from the samples 
using the focused ion beam (FIB) method with in situ lift out employing a 
FEI DualBeam FIB/SEM235 setup. Prior to the FIB process, protective 
Au/Pd and Pt layers were deposited on the sample surface. 

A comparison of depth resolutions and probing depths of the tech
niques used in this work is summarized in Table 1. 

3. Results and discussion 

First, we present the in situ grown titanium sample, serving as a 
reference point for the ex situ samples. The AES measurement performed 
before the exposure to oxygen, included in Fig. 1a, shows a composition 
of 76 % titanium and 24 % oxygen. In the ToF–LEIS measurement 
(Fig. 2a), recorded before exposure to oxygen, a clean Ti signal is visible. 
The AES and the ToF–LEIS spectra change significantly due to the 9 min 
exposure to 1.0 × 10–3 Pa oxygen. In the AES spectra, a significant in
crease in the size of the oxygen KLL peak is observed, and the compo
sition derived from the spectra changes to 43 % titanium and 57 % 
oxygen, which could indicate the formation of a near-surface Ti2O3 
layer. Alternatively, a gradient in oxygen content with more oxygen, 
likely TiO2, at the surface and an oxygen decrease with increasing depth 
is possible. Such an oxygen gradient would not be visible in AES, which 
is not depth resolved. Another effect observed in the AES spectrum is the 
increase of the Ti peak at 387 eV compared to the size of the Ti peak at 
418 eV. It is known that this change in the relative size of the two peaks 
can be related to the oxidation state of titanium and that an increase of 
the 387 eV peak relative to the 418 eV peak indicates a higher amount of 
oxygen. The reason for this relative change in peak size is that only the Ti 
peak at 418 eV, the LMV peak, includes valence electrons involved in the 
oxidation of the sample [41,42]. Calculating the ratio between the 
height of the two peaks, Ti(418 eV)/Ti(387 eV), yields a value of 0.9 for 
the measurement before and a value of 0.6 for the measurement taken 
after the exposure to oxygen. According to Rao et al. [41], a value of 0.6 
corresponds roughly to a TiO oxidation state, which is close to the 
compositions calculated from the peak heights. 

Not only the AES spectrum but also the ToF-LEIS spectrum, shown in 
Fig. 2a, changes significantly due to the exposure of the sample to ox
ygen. The yield close to the kinematic energy of helium ions scattered 
from titanium decreases, while it stays unchanged at lower energies, 
with a step appearing at an energy of roughly 1.3 keV. This decrease in 
yield related to titanium indicates a decrease in the number of titanium 
atoms present in the surface area, one of two effects of oxidation 
observable in ToF-LEIS spectra. The other effect would be the appear
ance of a peak at the energy corresponding to the kinematic energy of a 
primary ion scattered from oxygen. The second option is explained by an 
enlarged probability of the incoming ions scattering on oxygen atoms, 
increasing the number of ions reaching the detector with the corre
sponding energy. An increased probability for the incoming ions to 
scatter on oxygen atoms consequently leads to a decreased probability 
for the incoming ions to scatter on the heavier elements because their 
relative number at the surface is decreased, which results in a reduction 
in yield from scattering from the heavier elements at the surface thus 
explaining the effect observed for the in situ titanium sample. The 
appearance of an oxygen peak is, in most cases, only visible for a sub
stantial increase in the amount of oxygen, mainly due to the low scat
tering cross section of oxygen; thus, commonly, oxygen is evidenced 
indirectly. 

To thus further confirm that the decrease in yield is caused by 
oxidation of the surface, Monte-Carlo simulations using the TRBS code 
were performed. The simulations, shown in Fig. 3a, assume the forma
tion of a surface oxide with TiO2 composition. A good fit of the exper
imental data obtained from the oxidized sample is achieved by assuming 

Table 1 
Depth resolutions and probing depths of the methods employed in this study.  

Method Depth resolution Probing depth Ref. 

ToF-LEIS < 1 nm ≈ 10 nm [38] 
AES – ≈ 1 nm [37,39] 
ToF-ERDA > 10 nm ≈ 400 nm [40]  
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a TiO2 layer thickness of (18.36 ± 3.66) × 1015 at. cm− 2, equivalent to 
(1.91 ± 0.38) nm with a density of 4.25 g cm3, on the surface of the 
titanium sample. TRBS simulations depicting the uncertainty limits for 

the TiO2 thickness are included in the figure as thinner purple lines. For 
the ToF-LEIS spectrum recorded before exposure to oxygen, the simu
lation of a clean Ti surface results in a good agreement between 

Fig. 1. AES measurements performed before (blue) and after annealing and exposure to oxygen (red) using a 3 keV e--beam for (a) in situ Ti, (b) ex situ Ti, and (c) TiN, 
as well as (d) a 5 keV e–-beam for (Ti,Al)N. Peaks are marked with the corresponding elements. The spectra for (Ti,Al)N (d) are normalized to the sample current 
recorded during the measurement while the spectra for in situ Ti (a), ex situ Ti (b), and TiN(c) are normalized to the height of the titanium LMV peak at 418 eV. 

Fig. 2. ToF-LEIS spectra recorded before the exposure to oxygen (blue squares) and after the exposure to oxygen (red circles) using 2 keV He+ ions for (a) the in situ 
deposited Ti as well as using 6 keV He+ ions for (b) ex situ Ti, annealed to 350 ◦C during oxygen exposure, (c) TiN, annealed to 370 ◦C during oxygen exposure, and 
(d) (Ti,Al)N, annealed to 870 ◦C during oxygen exposure. ToF-LEIS spectra recorded after exposure to oxygen and high temperatures are normalized to the multiple 
scattering backgrounds of the spectra recorded before exposure to oxygen and high temperatures. 
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simulation and experiment. While a larger film thickness than the here 
employed 9 nm would be preferable for comparison with industrially 
relevant coatings, the film thickness is shown to be large enough to study 
the often not considered initial stages of oxidation with the ToF-LEIS 
method and with AES. 

The phase formation of the ex situ grown Ti, TiN, and (Ti,Al)N films is 
presented in Fig. 4. All films are single-phase, and the diffraction peaks 
of the Ti and TiN films are consistent with the corresponding reference 
lines (Fig. 4a,b). In case of (Ti,Al)N, a metastable cubic solid solution is 
formed. 

In contrast to the in situ grown Ti sample, the ex situ grown Ti, TiN, 
and (Ti,Al)N samples all show an oxidized surface, visible both in AES 
and ToF-ERDA measurements, already before being exposed to oxygen 
in the ACOLISSA setup. Due to the exposure to the atmosphere during 
transport, oxidation of the surface has to be expected. The results of the 
ToF-ERDA measurements are presented in Figure S1 and Table S1 of the 
supplementary material. In the case of the as-deposited ex situ grown Ti 
sample, the ToF-ERDA measurement confirms surface oxidation up to a 
depth of approximately 150 × 1015 atoms cm− 2, or about 26 nm, 
assuming a density of 4.52 g cm− 3. Since this is the density of bulk Ti and 
ToF-ERDA shows the oxide layer to have a gradient with a decrease of 
oxygen with depth, the conversion from thin film thickness units to nm 
can only be an estimation. The average amount of oxygen detected in the 
first 100 × 1015 atoms cm− 2 (ca. 18 nm) of the sample is (15.4 ± 1.4) %, 
while the oxygen amount in the bulk of the sample is (0.3 ± 0.1) %. 
Additionally, small amounts of carbon (1.3 ± 0.6) % and nitrogen (1.4 
± 0.6) % are detected in the surface region but not in the bulk. For the 
as-deposited TiN sample, a similar picture emerges, with ToF-ERDA 
showing surface oxidation up to a depth of approximately 100 ×
1015 atoms cm− 2, which corresponds to about 20 nm assuming a density 
of 5.21 g cm− 3. The oxygen content in the first 100 × 1015 atoms cm− 2 is 
(6.7 ± 0.8) %, while the nitrogen content is reduced to (34.0 ± 2.1) %, 
and the titanium content is (59.0 ± 2.0) %. In the bulk of the sample, 
almost no oxygen is present with (0.3 ± 0.1) %, while the nitrogen and 
titanium contents are as expected for TiN, with (50.2 ± 0.9) % nitrogen 
and (49.4 ± 0.8) % titanium. Additionally, a small amount of hydrogen, 
with a concentration of around 0.2 %, is detected. For the as-deposited 
(Ti,Al)N sample, the ToF-ERDA measurement shows surface oxidation 
to a depth of approximately 200 × 1015 atoms cm− 2, corresponding to 

37 nm, assuming a density of 4.69 g cm− 3. The oxygen content within 
the first 100 × 1015 atoms cm− 2 (ca. 18 nm) is (11.0 ± 0.7) %, while the 
nitrogen is reduced to (40.9 ± 1.3) % from a bulk concentration of (51.4 
± 0.7) %. Oxygen is almost absent from the bulk of the sample, with a 
concentration of (0.6 ± 0.1) %. Both titanium and aluminum show an 
essentially constant concentration throughout the sample, with a bulk 
concentration of (20.9 ± 0.4) % for titanium and (26.7 ± 0.5) % for 
aluminum. Additionally, small amounts of hydrogen and argon, stem
ming from the sputter deposition of the film, can be seen in the sample. 
Both the hydrogen and the argon concentration are significantly lower 
than 1 % in the bulk of the sample. For all ex situ synthesized samples, it 
thus can be concluded that they feature high-purity crystallites with 
contaminants likely being concentrated along grain boundaries. Oxygen 
diffusion along grain boundaries has been observed before in metallic 
[43] as well as carbide [44] and nitride [45] thin films. Thus, the grain 
boundaries are also expected to be the favored pathway for oxygen 
diffusion during oxygen exposure of the here studied systems. 

The ex situ grown samples were sputter cleaned using argon ions in 
the preparation chamber to remove the oxidized surface layer. After 
multiple hours of sputter cleaning, the amount of oxygen did not reduce 
further, leaving a significant percentage of oxygen at the sample surface, 
visible through the oxygen peak at around 500 eV seen in the AES 
spectra of all ex situ grown samples recorded before the deliberate 
exposure to oxygen (Fig. 1b-d). The remaining oxygen possibly results 
from a reduced sputter yield of oxygen as compared to other elements in 
the film leading to an equilibrium of the surface composition. Alterna
tively, residual H2O or O2, might oxidize the surface during Ar sput
tering or AES. Such an oxidation by residual gases has not been observed 
for other samples in the setup though. 

For the ex situ grown Ti sample, the oxygen content observed in the 
AES measurements stayed unchanged after multiple cycles of sputtering 
at roughly 72 %, the level also observed in the AES measurement per
formed before annealing and concomitant oxygen exposure shown in 
Fig. 1b. The composition indicated by the AES measurement fits that of a 
titanium dioxide layer at the surface. Exposing the sample for 9 min to 
1.0 × 10–3 Pa oxygen to achieve the same surface exposure as for (Ti,Al) 
N and TiN, at a temperature of 350 ◦C, did consequently not increase the 
amount of oxygen at the surface significantly, visible by the unchanged 
size of the oxygen peak in the AES measurement (Fig. 1b), from which an 

Fig. 3. (a) ToF-LEIS spectra of the in situ Ti sample before and after exposure to oxygen utilizing a 2 keV He+ beam fitted by TRBS simulations of a clean Ti sample 
and a Ti sample with a TiO2 surface layer. (b) ToF-LEIS spectra of the in situ grown Ti sample and the ex situ grown Ti sample utilizing a 6 keV He+ beam as well as 
TRBS simulations of clean Ti samples and a Ti sample with an oxidized surface. TRBS simulations depicting the upper and lower uncertainty limit of the TiO2 
thickness are included as thinner purple lines in both figures. 
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oxygen content of about 70 % follows. An elevated temperature of 
350 ◦C was chosen for this experiment since the already present surface 
oxide made a further oxidation at room temperature unlikely. As in the 
AES spectra, the ToF-LEIS spectra, depicted in Fig. 2b, do not show 
significant differences. A small visible difference is a slight reduction in 
yield at an energy of roughly 3.25 keV. This decrease might indicate a 
reduction of the fraction of titanium at a deeper level in the sample, 
which could be explained by an increased thickness of the surface oxide 
layer. Nevertheless, due to the small size of the change in the spectra, 
this increased oxide layer thickness cannot be asserted beyond all doubt. 
In the ToF–ERDA measurement, which is presented in the supplemen
tary Figure S1b and Table S1, no change in composition is observed in 
the bulk region of the sample exposed to oxygen at an elevated tem
perature. The thickness of the surface oxide layer is approximately 200 
× 1015 atoms cm− 2, up from about 150 × 1015 atoms cm− 2 for the as- 
deposited sample (Figure S1a). The average oxygen content in the 
topmost 100 × 1015 atoms cm− 2 increased by 19.4 percentage points to 
(33.2 ± 1.0) % compared to the ToF-ERDA measurement recorded 
before the annealing in an oxygen atmosphere. Since the ToF-ERDA 
measurement was performed ex situ, parts of the oxygen in the surface 

region might stem from exposure to atmospheric oxygen. The differ
ences between the results of AES and ToF-LEIS on the one side and ToF- 
ERDA on the other can be explained by the different information depths 
and depth resolutions of the different methods. 

As in the case of the in situ titanium sample, TRBS simulations were 
used to further analyze the ToF-LEIS spectra of the ex situ titanium 
sample. For this reason, an additional measurement using a 6 keV he
lium beam was performed on the as-deposited in situ titanium sample to 
compare it to the ex situ titanium sample. Both the ToF-LEIS spectra of 
the in situ titanium and of the ex situ titanium are presented together 
with TRBS simulations in Fig. 3b. In the case of the in situ grown titanium 
film, the thickness of only 49 × 1015 atoms cm− 2 (ca. 8.6 nm) means that 
the information depth of the ToF-LEIS measurement at 6 keV is large 
enough to penetrate the titanium layer, resulting in the depicted tita
nium plateau and the yield corresponding to the silicon substrate 
appearing below roughly 2.5 keV. The ToF-LEIS spectrum of the in situ 
titanium sample agrees with the TRBS simulation of a clean 8.6 nm ti
tanium layer on a silicon substrate. 

In contrast, the ex situ sample shows an apparent deviation from the 
TRBS simulation of a clean titanium sample at energies above 3.5 keV. A 
better agreement between the ToF-LEIS spectra for ex situ titanium and 
the TRBS simulation is reached when a (33.36 ± 6.63) × 1015 at. cm− 2 

titanium oxide (TiO2) layer, or (3.47 ± 0.69) nm again assuming ρ =
4.25 g cm− 3, is added to the sample surface (Fig. 3b). Thus, the ToF-LEIS 
measurement, together with the TRBS simulation, agrees with the AES 
results that indicate the presence of a persistent oxide layer on the ex situ 
titanium surface. Since SRIM data often deviates from experimental data 
at low ion energies, like the ones used here, the oxide thickness indicated 
by the TRBS simulation might not be accurate. However, it can serve as a 
well-founded assumption. 

For TiN, the AES spectra (Fig. 1c) do not allow a determination of the 
complete surface composition due to the overlap of the titanium LMM 
line at 387 eV with the nitrogen KLL line at 379 eV, rendering the 
determination of the nitrogen amount impossible. Nevertheless, it is 
possible to determine the relative amounts of titanium, and oxygen, 
disregarding nitrogen. The observed ratio before the annealing to 370 ◦C 
and accompanying exposure to oxygen is 47 % titanium to 53 % oxygen, 
while it is 40 % titanium to 60 % oxygen afterward. Although the AES 
spectra show a slight increase in oxygen, this is not indicated by a 
change in the ToF-LEIS spectrum (Fig. 2c), which appears unchanged 
compared to the spectrum recorded before annealing and the concom
itant oxidation. The experiment was conducted at the elevated tem
perature of 370 ◦C since the already present surface oxide made further 
oxidation at room temperature unlikely. A possible explanation for the 
lack of changes in the ToF-LEIS spectra is given by the similar mass of 
nitrogen and oxygen, the effect of which is a very similar kinematic 
factor for ions being scattered on nitrogen and oxygen. Additionally, as 
mentioned before, the scattering cross sections of oxygen and nitrogen 
are significantly lower than the scattering cross section of titanium. 
Based on the Ziegler-Biersack-Littmark potential, the differential scat
tering cross section of oxygen is 9.2 × 10–25 m2 sr-1, of nitrogen is 7.0 ×
10–25 m2 sr–1, and of titanium is 5.1 × 10–24 m2 sr-1 for 6 keV helium at a 
scattering angle of 129◦. If the increased amount of oxygen close to the 
surface comes at the cost of a reduced amount of nitrogen, while the 
total amount of titanium atoms in the surface region stays unchanged, 
and oxygen and nitrogen contribute equally to the electronic energy 
loss, a difference in the ToF-LEIS spectra recorded before and after the 
annealing and oxidation would be minimal. While the ToF–LEIS spectra 
indicate no change, the ToF-ERDA measurements, included in supple
mentary Figure S1d and Table S1, show an increase of the oxygen 
content by 7.2 percentage points to (13.9 ± 1.4) % within the topmost 
100 × 1015 atoms cm− 2 (≈20 nm) of the in oxygen annealed TiN sample. 
The composition in the bulk of the sample stays unchanged as compared 
to the as-deposited sample. While it is known that TiN oxidizes for 
higher temperatures and/or higher amounts of offered oxygen, we do 
not observe significant oxidation at the here-employed oxygen 

Fig. 4. X-ray diffractograms of (a) Ti, (b) TiN, and (c) (Ti,Al)N. Reference lines 
are taken from the International Centre for Diffraction Data (ICDD) and 
correspond to 00–044-1294 (blue) for hexagonal (hex-)Ti, 00–038-1420 (cyan) 
for fcc-TiN and 00–025-1495 (purple) for fcc-AlN. 
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pressures, which are orders of magnitude lower than in ambient air. 
For (Ti,Al)N, again, the overlap between the nitrogen KLL and the 

titanium LMM line, as occurring in the case of TiN, limits the possibility 
of calculating compositions based on the AES data (Fig. 1d). Dis
regarding nitrogen, the peak height in the AES spectrum amounts to 
roughly 21 % of titanium, 20 % of aluminum, and 59 % of oxygen in the 
unannealed and not further oxidized sample. The ToF-LEIS spectrum 
(Fig. 2d) recorded before the annealing under oxygen exposure shows 
the titanium and the aluminum within the sample as distinct steps 
observable in the spectra. After the sample was annealed for 90 min at a 
temperature of 870 ◦C and an oxygen pressure of 1.0 × 10–4 Pa, two 
distinct changes appeared in the ToF-LEIS spectrum. The experiment 
was conducted at 870 ◦C, because it is known that the stability of (Ti,Al) 
N films decreases at these temperatures and spinodal decomposition 
occurs [21,46]. 

The first change is a shift of the front edge of the yield corresponding 
to titanium from an original position of approximately 4.6 keV to lower 
energies, and the second is the appearance of a peak at 3.7 keV, the 
energy corresponding to helium ions scattered on aluminum close to or 
at the surface of the sample. Both the shift of the titanium edge and the 
appearance of the aluminum peak reveal the formation of an aluminum- 
rich layer at the sample surface. The likely composition of this surface 
layer will be explored in more detail using Monte Carlo simulations. 
Again, the region of the spectrum corresponding to helium scattered on 
oxygen or nitrogen does not change significantly, thus indicating no 
large changes in the total oxygen and nitrogen content of the sample 
surface. The AES spectrum recorded after annealing under oxygen 
exposure supports these observations (Fig. 1d) and yields a composition, 
again excluding nitrogen, of 8 % titanium, 45 % aluminum, and 48 % 
oxygen. Thus, compared to titanium and aluminum, the percentage of 
oxygen even decreases during annealing under oxygen exposure. As 
ToF-LEIS, with its information depth of about 10 nm, and AES, with its 
sub-nm information depth, do not show an oxygen increase at the im
mediate surface area, a deeper look into the bulk of the sample using 
ToF–ERDA also does not show any increase in oxygen, nor any other 
significant composition change, compared to the measurement per
formed on a pristine twin sample. An analysis of the surface composition 
was impossible due to a thin platinum and palladium film deposited 
during the sample preparation for the TEM measurement, performed 

after the sample was exposed to elevated temperatures and oxygen in the 
ACOLISSA setup. The ToF-ERDA depth profile and the derived compo
sitions are included in supplementary Figure S1f and Table S1. 

The shift of the titanium edge is not only observed when the sample 
is exposed to oxygen during annealing, as the case for Fig. 2d, but also 
when the sample is annealed in an ultra-high vacuum. ToF-LEIS spectra 
recorded after sequential vacuum annealing steps of a (Ti,Al)N sample 
are presented in Fig. 5a. The spectra show that a significant shift of the 
titanium edge is observed at annealing temperatures above 600 ◦C, 
accompanied by the appearance and growth of a peak at ≈3.7 keV 
corresponding to 6 keV He+ scattered from aluminum at ϑ=129◦. The 
magnitude of the shift can be determined by fitting the titanium edge 
with an error function to determine the edge position, the results of 
which are displayed in Fig. 5b. These fits show that the titanium edge is 
shifted towards lower energies by (145 ± 33) eV after annealing the 
sample to 950 ◦C, compared to the original titanium edge position. The 
error bars depicted in Fig. 5b consist of the uncertainty given by the 
fitting of the experimental edges. Additional sources for uncertainties on 
the edge position include the channel width and the sample position (see 
Figure S4). Both the channel width and the sample position can be 
classified as systematic errors and hence have no influence on the trend 
observed in Fig. 5b. As in the case of the titanium edge shift, a quanti
fication of the aluminum peak growth shows a significant change at 
temperatures above 600 ◦C with an increase in yield corresponding to 
aluminum at the surface. The yield in the aluminum peak calculated by 
integrating the energy spectrum from 3250 eV to 3686 eV and sub
tracting the yield observed at room temperature is shown in the sup
plementary Figure S3. The upper integration limit is the energy of a 6 
keV helium ion scattered on aluminum at a scattering angle of 129◦, 
while the lower limit is chosen to contain the whole aluminum peak 
within the integrated area as observed at the highest annealing 
temperature. 

As mentioned before, the shift of the titanium edge, together with the 
appearance of the peak at the energy corresponding to 6 keV He+

scattered on aluminum, shows the formation of an aluminum-rich sur
face layer. Fitting the ToF-LEIS spectra with TRBS yields further infor
mation on the thickness and composition of this aluminum-rich surface 
layer. Before simulating the spectrum of an annealed sample, the spec
trum of an unannealed sample is simulated to serve as a starting point. 

Fig. 5. (a) ToF-LEIS measurements utilizing a 6 keV He+ beam showing spectra recorded after sequential annealing steps in an ultra-high vacuum of a (Ti,Al)N 
sample and (b) the shift of the position of the Ti surface edge in the ToF-LEIS spectra determined by fitting the edge with an error function. In (b) the shift of the Ti 
surface edge during the annealing in an ultra-high vacuum is represented by red squares, while the shift during annealing under oxygen exposure is depicted by a 
blue circle. 
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There are two sources of information on the composition of the unan
nealed sample. The first is the ToF-ERDA measurement which indicates 
a surface composition of 20.2 % titanium, 27.2 % aluminum, 11.0 % 
oxygen, 40.9 % nitrogen, and minimal amounts of hydrogen and argon. 
In contrast, the second source of information, which is the AES mea
surement, indicates roughly 21 % of titanium, 20 % of aluminum, and 
59 % of oxygen, disregarding nitrogen, as mentioned before. The fact 
that the nitrogen content was disregarded in the AES composition does 
not significantly impact the TRBS simulations of the ToF-LEIS spectra, 
which are mostly shaped by the ratio of titanium to aluminum and in 
which the oxygen has very similar effects as the nitrogen would have. 
Using the ToF-ERDA composition in the TRBS simulation leads to an 
overestimation of the aluminum compared to the titanium. In contrast, a 
TRBS simulation based on the AES composition fits the ToF-LEIS spectra 
well, as seen in Fig. 6a. Due to its high surface sensitivity, it is not sur
prising that the ToF-LEIS spectrum is in better agreement with the 
composition derived from the AES measurement than the ToF-ERDA 
measurement. Consequently, the combined ToF-LEIS and AES data 
indicate that the surface of the (Ti,Al)N sample is aluminum depleted 
before the annealing of the sample, compared to the bulk composition 
derived from the ToF-ERDA data. These results are in agreement with 
the findings of Kunze et al. [19], who observed a larger interaction be
tween titanium and oxygen than between aluminum and oxygen on the 
surface. One additional reason for the observed aluminum depletion at 
the surface could lie in the sample preparation, during which the surface 
was cleaned using 3 keV argon ions to sputter away surface impurities. If 
the aluminum is preferentially sputtered by argon ions, an aluminum 
depletion on the surface occurs. Such a preferential sputtering of 
aluminum is indicated by the empirical formula for sputtering yields 
published by Yamamura et al. [47,48], with sputtering yields of 
2.5 atoms per ion for aluminum and 1.2 atoms per ion for titanium for 
the case of 3 keV argon ions at normal incidence. 

Based on the TRBS simulation fitting the ToF-LEIS spectrum of the 
(Ti,Al)N sample before the annealing, simulations of the spectrum 
recorded after annealing to 950 ◦C can be performed. Here, we explored 
three options concerning the composition of the aluminum-rich layer 
formed on the sample surface. The first option is a pure aluminum layer, 
the second is an aluminum nitride (AlN) layer, and the third is an 
aluminum oxide (Al2O3) layer. To obtain the shift of the titanium edge 
observed in the experiment, a 1.60 nm aluminum layer (ρ = 2.70 g 
cm− 3), a 1.05 nm aluminum nitride layer (ρ = 3.26 g cm− 3), or a 0.90 nm 

Al2O3 layer (ρ = 3.99 g cm− 3) is necessary in the TRBS simulations, the 
results of which are presented in Fig. 6b. In all three cases, a reduction of 
the aluminum content in the subsurface layer by ten percentage points is 
necessary to reach a good agreement between simulation and experi
ment. While the simulations assuming an aluminum nitride or 
aluminum oxide surface layer underestimate the height of the aluminum 
peak, the simulation using pure aluminum fits the experiment well. 
However, it should be noted that even though the simulation of a pure 
aluminum surface layer shows the best agreement with the experimental 
data, it cannot be inferred that the surface layer consists only of 
aluminum. This inference is impossible since the TRBS simulations of 
aluminum nitride and aluminum oxide are performed using SRIM data 
for the electronic stopping power, which can be inaccurate at low ion 
energies. In order to obtain quantitative depth scales, reference stopping 
cross sections must be measured experimentally. Here, a lower elec
tronic stopping power for the nitride and the oxide would mean that a 
thicker layer is needed to explain the shift of the titanium edge, which 
would also increase the size of the aluminum peak and lead to a better 
agreement with the experiment. Because we cannot exclude the possi
bility of the SRIM stopping power being larger than the actual stopping 
power, we cannot exclude the options of the surface layer being 
aluminum nitride or aluminum oxide. Additionally, a pure aluminum 
layer on the surface is thermodynamically unlikely, since the final 
annealing temperature of 950 ◦C significantly exceeds the melting point 
of aluminum at 660 ◦C. While the unknown electronic stopping power 
makes it impossible to report the exact thickness of the aluminum-rich 
surface layer, the total aluminum amount in the layer can be deter
mined from the aluminum peak size. Here, the TRBS simulations indi
cate that the aluminum-rich surface layer contains approximately 9.6 ×
1015 atoms cm− 2 of aluminum. A ToF-ERDA depth profile of the in UHV 
conditions annealed (Ti,Al)N sample is included in supplementary 
Figure S2. 

Additionally, in order to detect larger-scale changes in the sample 
due to the annealing and the exposure to oxygen, TEM images were 
taken of an as-deposited (Ti,Al)N film and the film exposed to oxygen at 
870 ◦C. The TEM images included in Fig. 7 show no visible change due to 
the exposure to oxygen at 870 ◦C. In the case of the as-deposited sample, 
the Pd/Au and Pt protection layers, applied during the FIB preparation 
of the lamella for TEM, delaminated slightly from the film. Both samples 
show a polycrystalline structure, and no changes in this structure are 
observed between them. 

Fig. 6. (a) ToF-LEIS spectrum employing a 6 keV He+ beam of a (Ti,Al)N sample, before annealing, fitted by TRBS simulations using compositions based on ToF- 
ERDA and AES. (b) ToF-LEIS, before and after annealing to 950 ◦C, fitted by TRBS simulations assuming an Al2O3, an AlN, and an Al surface layer. 
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The temperature-induced formation of an aluminum-rich surface 
layer can be understood by the comparatively low activation energy for 
Al displacement compared to Ti and N [49]. Moreover, the experimental 
observation of surface Al-enrichment can act as a precursor enabling the 
formation of a double-layer oxide scale with Al2O3 at the top during 
annealing in air [14]. 

4. Conclusions 

The presented results show four main effects originating from the 
exposure of titanium and transition metal nitride surfaces to oxygen and 
elevated temperatures: (1) A clean titanium surface is shown to form a 
(1.91 ± 0.38) nm oxide layer already when exposed to oxygen amounts 
as low as 4000 Langmuir at room temperature. With TRBS simulations, 
it is possible to extract the thickness of this oxide layer from the recorded 
ToF-LEIS spectra. (2) Samples grown ex situ exhibit persistent oxidation 
of the surfaces, not removable through sputtering with argon ion doses 
of up to ≈9 × 1016 atoms cm− 2 in the case of Ti, ≈1 × 1017 atoms cm− 2 

in the case of TiN, and ≈3 × 1017 atoms cm− 2 in the case of (Ti,Al)N. For 
the ex situ grown titanium film, the ToF-LEIS results, in combination 
with the TRBS simulations, determine the persistent oxidic surface layer 
to be (3.47 ± 0.69) nm thick. (3) Ex situ grown titanium and titanium 
nitride films do not experience a significant increase in oxygen at the 
surface, even when exposed to oxygen at temperatures of 350 ◦C and 
370 ◦C, respectively. (4) While (Ti,Al)N films do not exhibit a detectable 
increase in oxygen in their surface region when exposed to oxygen at 
870 ◦C, the formation of an aluminum-rich surface layer as confirmed by 
the ToF-LEIS measurements in connection with the TRBS simulations 
occurs. The formation of an aluminum-rich surface layer is not limited to 
the exposure of the (Ti,Al)N films to elevated temperatures and oxygen 
but is also observed when the sample is annealed at UHV conditions. 
This formation of an aluminum-rich surface layer, explained by the 
comparably low activation energy for the diffusion of aluminum, can be 
seen as the first step of the formation of the double-layer oxide scale with 
Al2O3 at the top which was observed during annealing in air by McIntyre 
et al. [14]. Finally, the here presented results show a qualitative agree
ment between ToF-LEIS and AES with quantitative differences stemming 
from the differing probing depths of the two methods. Thus, our findings 
exemplify the analytical power of ToF-LEIS in the depth-resolved char
acterization of surfaces and thin films, especially in connection with in 
situ sample preparation and modification. 
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