
Surface & Coatings Technology 473 (2023) 130020

Available online 14 September 2023
0257-8972/© 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/).

Is it meaningful to quantify vacancy concentrations of nanolamellar  
(Ti,Al)N thin films based on laser-assisted atom probe data? 

Marcus Hans a,*, Michael Tkadletz b, Daniel Primetzhofer c, Helene Waldl d, 
Maximilian Schiester e, Matthias Bartosik b, Christoph Czettl f, Nina Schalk d, Christian Mitterer b, 
Jochen M. Schneider a 

a Materials Chemistry, RWTH Aachen University, Kopernikusstraße 10, 52074 Aachen, Germany 
b Department of Materials Science, Montanuniversität Leoben, Franz-Josef-Straße 18, 8700 Leoben, Austria 
c Department of Physics and Astronomy, Uppsala University, Lägerhyddsvägen 1, 75120 Uppsala, Sweden 
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A B S T R A C T   

Recently, it was proposed to quantify vacancy concentrations based on laser-assisted atom probe tomography 
(APT) data for a (Ti,Al)N film with a nanolamellar architecture, grown by chemical vapor deposition. To 
determine, whether vacancy concentrations can be reliably estimated based on APT data, we systematically 
compare measurements with an ultraviolet (UV) as well as a green laser to ion beam analysis data. First, 
monolithic TiN and AlN films, which are stoichiometric within the measurement uncertainties of ion beam 
analysis, are investigated. In case of TiN an electric field strength of 39.4 V nm− 1 and a nitrogen content of 49.0 
at.%, consistent with ion beam analysis data, is obtained with both lasers, when using pulse energies of 5 pJ (UV 
laser) and 0.1 nJ (green laser). However, significant differences can be observed for monolithic AlN as nitrogen 
contents from 41.9 to 35.8 at.% and 48.4 to 41.4 at.% are measured, depending on variations of the pulse en
ergies of the UV and green laser, respectively. In order to mimic a nanolamellar architecture for correlative 
compositional analysis by ion beam analysis and laser-assisted APT, a TiN/AlN/TiN trilayer film is synthesized 
and significant deviations with respect to the nitrogen content are evident for the AlN layer. While the average 
nitrogen concentration from ion beam analysis is 51 at.%, nitrogen contents from laser-assisted APT data are only 
38 at.% (UV laser) or 41 at.% (green laser). Hence, the nitrogen content of the AlN layer is underestimated from 
laser-assisted APT data by at least 10 and up to 13 at.% and this significant discrepancy cannot be explained by 
the measurement uncertainties. Thus, the here presented data emphasize that it is not meaningful to quantify 
vacancy concentrations of nanolamellar (Ti,Al)N thin films solely based on atom probe data, since the mea
surement accuracy depends on the field evaporation conditions.   

1. Introduction 

Atom probe tomography (APT) is a powerful characterization tech
nique for identifying composition variations at the nanometer scale, as 
spatially-resolved imaging of field evaporated atoms in three di
mensions is enabled by combination of mass spectrometry and projec
tion microscopy. The measurement of compositional variations at the 
nanometer scale is highly-relevant for understanding the stability of 
hard coatings, e.g. spinodal decomposition and nucleation and growth 

of wurtzite AlN in transition metal aluminum nitrides [1–4], and the first 
atom probe dataset from (Ti,Al)N films was published in 2009 by 
Rachbauer et al. [5]. As the electrical conductivity of nitrides is limited, 
field evaporation from needle-shaped specimens [6] is typically assisted 
by an electric field coupled with thermal pulsing through a femtosecond 
laser [7]. After eventual field evaporation of single atoms, ionization 
occurs in the vicinity of the surface electric field at the specimen [8] and 
these ions are then captured with a position-sensitive detection system. 

Within the last decade the availability of commercial atom probe 
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systems for research groups associated with the hard coating community 
has increased. While there are currently 52 publications with atom 
probe data from hard nitride films,1 a significant increase has to be 
expected in the future. Generally, to avoid misinterpretation of data, 
awareness for the technique-inherent limitations is required. The con
sequences of ignoring such limitations is currently debated for X-ray 
photoelectron spectroscopy data as half a century of data (>10,000 
papers published annually nowadays) appears questionable due to 
incorrect referencing of the binding energy [9]. Recent reports on lim
itations of APT emphasize the limited effective spatial resolution to >1 
nm for the analysis of small particles and solute clusters [10] and that 
lateral neighborhood relationships are typically affected by the field 
evaporation process [11]. Moreover, a large amount of publications on 
systematic compositional discrepancies in GaN [12–17] as well as (Al, 
Ga)N [18,19] is available. 

The limited measurement accuracy of APT for nitrides seems not to 
be recognized by the hard coating community, yet. Recently, vacancy 
concentrations were published for a (Ti,Al)N film with a nanolamellar 
architecture, grown by chemical vapor deposition (CVD). Based on 
quantitative composition data from laser-assisted APT, Qiu et al. 
concluded that titanium-rich volumes exhibit up to 12 % metal va
cancies and aluminum-rich volumes exhibit up to 36 % nitrogen va
cancies [20]. Though it appears reasonable that metal and nitrogen 
vacancies govern nitrogen overstoichiometry and understoichiometry 
[21], thereby affecting the decomposition kinetics [22,23], the mean
ingfulness of quantifying vacancy concentrations solely based on laser- 
assisted APT data has to be questioned. 

We have demonstrated that the measurement accuracy of laser- 
assisted APT for (Ti,Al)N is governed by the electric field strength 
[24]. The electric field strength is correlated with the probability of post- 
ionization and can be estimated based on charge state ratios [25], which 
are extracted from measured mass spectra. Using Ti3+/Ti2+ and Al2+/ 
Al+ charge state ratios, electric field strengths on the order of 40 V nm− 1 

and <30 V nm− 1, respectively, have been obtained for titanium and 
aluminum in (Ti,Al)N [26]. Hence, the field evaporation of aluminum- 
rich volumes requires a significantly lower electric field strength than 
titanium-rich volumes. Based on the comparison with ion beam analysis 
data, which provided a nitrogen concentration of 50.5 ± 1.3 at.%, un
derestimation of the nitrogen content by laser-assisted APT from 4.1 at. 
% at 10 pJ laser pulse energy to 11.4 at.% at 200 pJ laser pulse energy 
was observed and the aluminum content was overestimated by 3.0 and 
8.8 at.%, respectively [24]. Concomitantly, the electric field strength, 
estimated from the Al2+/Al+ charge state ratio, was reduced from 28 to 
25 V nm− 1, when the laser pulse energy was increased from 10 to 200 
pJ. Thus, a reduction of electric field strength by 3 V nm− 1 causes ni
trogen underestimation by >7 at.% and aluminum overestimation by 
>5 at.%. The correlation of lower nitrogen contents with aluminum-rich 
volumes can be also found in numerous publications of different tran
sition metal aluminum nitrides [3–5,27–32]. 

In order to answer the question raised in the title of this work, we 
mimic a nanolamellar CVD-(Ti,Al)N film through synthesis of a trilayer 
architecture of TiN/AlN/TiN with nominal thickness of ~40 nm per 
layer. Such a trilayer architecture exhibits defined, straight interfaces 
and thereby enables the correlation of compositions from ion beam 
analysis and laser-assisted APT data. The effect of the laser type on the 
measurement accuracy is examined through employment of two local 
electrode atom probes with an ultraviolet (UV) as well as a green laser. 
The here presented data emphasize that it is not meaningful to quantify 
vacancy concentrations of (Ti,Al)N thin films solely based on APT data. 

2. Experimental details 

2.1. Film growth 

Three sets of thin films were produced as described in the following. 

(i) Nanolamellar CVD-(Ti,Al)N was synthesized on a cemented car
bide cutting insert in an industrial Sucotec SCT 600TH hot wall 
reactor at 790 ◦C. TiCl4, AlCl3, NH3, H2, N2 and Ar precursors 
were used at a deposition pressure of 9400 Pa and the central gas 
feed was rotated at a speed of 4 min− 1. Further details can be 
found in [33].  

(ii) Monolithic TiN (cubic phase, space group Fm3m) and AlN 
(wurtzite phase, space group P63mc) films were grown on silicon 
(100) substrates using physical vapor deposition (PVD) within an 
industrial CemeCon CC800/9 system. Titanium (>99.5 % purity) 
and aluminum (>99.5 % purity) targets from Plansee Composite 
Materials GmbH were used and the minimum target-to-substrate 
distance during two-fold substrate rotation was 7.6 cm. The 
growth temperature of 550 ◦C was achieved with radiation 
heaters. Argon and nitrogen flows of 200 and 80 sccm were used, 
resulting in a reactive gas mixture of N2/(Ar+N2) = 0.3 and the 
deposition pressure was 0.6 Pa. DC as well as pulsed DC 
magnetron sputtering were employed for the titanium and 
aluminum targets with time-average powers of PTi = 7 kW and 
PAl = 7 kW (50 kHz frequency), respectively.  

(iii) The TiN/AlN/TiN trilayer film was synthesized by unbalanced 
reactive magnetron sputtering in a laboratory AJA International 
ATC 1800 system. Layers with nominal thickness of ~40 nm were 
grown on silicon (100) substrates, which were ultrasonically pre- 
cleaned in acetone and ethanol for 5 min each, mounted on the 
substrate holder and transferred into the deposition system. The 
deposition chamber was evacuated to a base pressure below 3 ×
10− 4 Pa. The substrates were then thermally cleaned at 350 ◦C for 
20 min and the titanium target (75 mm diameter, 99.995 % pu
rity, Kurt J. Lesker) and the aluminum target (75 mm diameter, 
99.99 % purity, Kurt J. Lesker) were sputter-cleaned behind 
closed shutters. The trilayer was grown at the same temperature 
in a mixed argon/nitrogen atmosphere. The argon gas flow was 
set to 14 sccm and the nitrogen gas flow to 6 sccm, corresponding 
to a N2/(Ar+N2) ratio of 0.3 at a total deposition pressure of 0.2 
Pa. The magnetrons were powered in pulsed DC mode (100 kHz 
pulse frequency, 1 μs pause duration). A time-average power of 
350 W was applied to the titanium target and 500 W to the 
aluminum target, resulting in deposition rates of ~5 and ~18 nm 
min− 1 for TiN and AlN, respectively. During film growth, a DC 
bias voltage of − 70 V was applied to the substrates to obtain a 
dense film morphology. The substrate holder was continuously 
rotated at a frequency of ~0.5 Hz during the film synthesis. 

2.2. Ion beam analysis 

Ion beam analysis has been carried out at the Tandem Laboratory of 
Uppsala University [34]. Composition depth profiling was done by time- 
of-flight elastic recoil detection analysis (ToF-ERDA) using 36 MeV 
127I8+ primary ions. The ion beam was directed onto the sample at an 
angle of 67.5◦ with respect to the surface normal and time-energy 
coincidence spectra were obtained at an angle of 45◦ with respect to 
the primary beam. A gas detector was used [35] and further details 
concerning the detection system are available in [36]. Sources of un
certainty for ToF-ERDA are the detection efficiency <1, in particular for 
light recoils which can be calibrated from beams of the specimen of 
interest and thin targets, as well as potential uncertainties from the 
specific energy loss of primary ions and recoil species [23]. In order to 
further minimize these uncertainties [37], ToF-ERDA was combined 

1 Based on a search query of TITLE-ABS-KEY ((“atom probe”) AND (“coating” 
OR “thin film”) AND (“nitride” OR “TiAlN”)) at Scopus on 23 August 2023. 
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with Rutherford backscattering spectrometry (RBS) using 2 MeV 4He+

ions, which were detected at a scattering angle of 170◦. Data analysis 
was done with CONTES [38] and SIMNRA [39]. The total measurement 
uncertainty was 3 % relative from the deduced values. The densities of 
5.34 g cm− 3 for TiN and 3.20 g cm− 3 for AlN as well as the atomic masses 
of titanium, aluminum and nitrogen were used to estimate the depth 
values of the ToF-ERDA profiles in nanometers for the monolithic films. 
In case of the depth profile from the TiN/AlN/TiN trilayer, comple
mentary thickness measurements based on electron microscopy (see 
Section 2.4) were used. 

2.3. X-ray diffraction 

X-ray diffraction of the CVD-(Ti,Al)N as well as the monolithic TiN 
and AlN films was carried out using a Bruker D8 Advance diffractometer 
equipped with a Cu X-ray tube and parallel beam optics (i.e. a Göbel 
mirror on the primary and a 0.12◦ equatorial soller collimator on the 
secondary side). Scans were performed in grazing incidence geometry at 
an incidence angle of 2◦ and covering a 2θ range of 30 to 80◦, using a 
step size of 0.02◦ and a dwell time of 1.2 s. Diffractograms of the CVD- 
(Ti,Al)N as well as monolithic TiN and AlN films are shown in Fig. SI1 of 
the Supplementary information, while the crystalline domains of the 
TiN/AlN/TiN trilayer were too small for XRD characterization. The 
CVD-(Ti,Al)N consists predominantly of the cubic phase and only traces 
of wurtzite AlN are observable. Monolithic TiN and AlN films exhibit 
cubic and wurtzite single-phase formation, respectively. 

2.4. Electron microscopy 

The microstructure and thickness of the monolithic films as well as 
the TiN/AlN/TiN trilayer were investigated by scanning transmission 
electron microscopy (STEM). Cross-sectional thin lamellae were pre
pared by focused ion beam (FIB) techniques using a FEI Helios Nanolab 
660 dual-beam microscope with gallium ions. Micrographs were ac
quired with a STEM III detector in bright field mode at 30 kV acceler
ation voltage. Moreover, electron backscatter diffraction (EBSD) was 
employed to identify a grain with (001) orientation in the CVD-(Ti,Al)N 
film for site-specific specimen preparation. An EDAX system with a 
Hikari camera was used at 10 kV acceleration voltage, 20 nA current and 
the step size was 50 nm. Atom probe specimens were prepared by FIB 
techniques according to a standard protocol [40] in a FEI Versa 3D and 
the above mentioned FEI Helios Nanolab 660 dual-beam microscope. 
Final annular milling of the needle-shaped specimens was done at low 
voltage ≤5 kV to reduce the gallium contamination. 

2.5. Atom probe tomography 

Local composition measurements at the nanometer scale were done 
by laser-assisted atom probe tomography using two local electrode atom 
probes: a CAMECA LEAP 4000X HR (UV laser, λ = 355 nm) and a 
CAMECA LEAP 3000X HR (green laser, λ = 532 nm). These systems will 
be referred to according to the laser type (UV, green) in the following. 
Field evaporation of the three sets of films described above was assisted 
by laser pulsing. Besides constant base temperature of 60 K, the 
following parameters were used:  

(i) The nanolamellar CVD-(Ti,Al)N specimen with (001) orientation 
was measured in the atom probe with the UV laser at constant 
laser pulse energy of 30 pJ, 125 kHz frequency and 0.5 % 
detection rate. 1 million ions were detected before fracture of the 
specimen.  

(ii) Monolithic TiN and AlN films were measured in both systems. 
The pulse energy of the UV laser was varied from 5 to 10, 30, 50, 
30, 10 and 5 pJ within a single measurement, while the laser 
pulse frequency was 200 kHz and the detection rate was 1.0 %. 
Similarly, the pulse energy of the green laser was varied from 0.1 

to 0.5, 1.0, 1.5 and 2.0 nJ within a single measurement at 250 
kHz laser pulse frequency and 0.5 % detection rate. 5 × 106 ions 
were collected per pulse energy in both systems.  

(iii) The TiN/AlN/TiN trilayer film was also characterized in both 
atom probes. Based on the findings for the monolithic films a 
pulse energy of 10 pJ was used for the UV laser and the laser pulse 
frequency and detection rate were 125 kHz and 0.5 %. Mea
surements with the green laser were carried out with identical 
parameters as employed by Qiu et al. [20]: 0.5 nJ, 200 kHz and an 
average detection rate of 0.2 %. 

Data analysis was carried out with AP Suite 6.1 and IVAS 3.6.14. 
Ranging of the mass spectra was intended to minimize the contribution 
of thermal tails. For each peak the mass-to-charge state ratio of the 
maximum intensity was identified (e.g. 13.494 Da for Al2+) and 
compared to the peak onset from the background (e.g. 13.450 Da for 
Al2+). The range was then defined symmetrically by the difference of 
these mass-to-charge state ratios (e.g. 13.450 to 13.538). This symmetric 
ranging approach was compared systematically to ranging including the 
thermal tails for monolithic TiN and AlN films, measured with the UV 
laser. Average isotope ratios of nitrogen and titanium as well as quan
tified compositions for different laser pulse energies are provided in 
Tables SI1 to SI4 in the Supplementary information. It can be learned 
that the ranging approach has no significant effect on the quantification 
as the compositional deviations are within the precision of laser-assisted 
APT (±1 at.%) [26]. 

3. Results and discussion 

3.1. Composition of nanolamellar CVD-(Ti,Al)N from APT with UV laser 

The film surface of the CVD-(Ti,Al)N film has been imaged with 
backscattered electrons in order to visualize grains and grain boundaries 
(Fig. 1a). EBSD mapping provides evidence for the formation of a 
polycrystalline film, composed of grains with sizes in the range of 200 
nm to 1 μm (Fig. 1b). A site-specific lift-out from a grain with orientation 
close to (001) has been carried out since the nanolamellae in such a 
grain are arranged parallel to the surface as can be seen by STEM im
aging of the atom probe specimen [41] before transfer to the atom probe 
microscope (Fig. 1c). Atom probe measurements were carried out with 
the UV laser and the reconstruction of atomic positions from a volume of 
~30 × 30 × 100 nm3 provides evidence for composition modulations 
(Fig. 1d). The composition profile, obtained from a cylinder with 5 nm 
diameter, reveals nitrogen variations, depending on the metal sublattice 
(Fig. 1e): titanium- and aluminum-rich nanolamellae exhibit an average 
nitrogen content of 42 ± 4 and 34 ± 3 at.%, respectively. Moreover, 
mass spectra of titanium and aluminum-rich nanolamellae have been 
obtained from cuboid volumes of 1 × 1 × 25 nm3 (Fig. 1f, volume 
indicated by solid lines in Fig. 1d). It is evident that for the aluminum- 
rich nanolamella the aluminum signal is increased significantly more 
than the nitrogen signal. 

However, the composition of individual nanolamellae from CVD-(Ti, 
Al)N films cannot be resolved by ion beam analysis, as the measurement 
spot size during ToF-ERDA and RBS is ~3 × 1 and ~1 × 1 mm2, 
respectively, thus covering millions of grains with different orientations 
(see Fig. 1b). Since the nanolamellae from CVD-(Ti,Al)N films are 
titanium-rich and aluminum-rich, a systematic comparison of nitrogen 
quantification using laser-assisted APT with the UV and green laser has 
been carried out for monolithic TiN and AlN in the following. 

3.2. Effect of laser type on the quantification of monolithic films 

The composition of monolithic TiN and AlN thin films has been 
quantified through ion beam analysis and ToF-ERDA depth profiles, 
supported by RBS data, are presented in Fig. 2a and b, respectively. The 
TiN film exhibits a homogeneous composition profile and, neglecting the 
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oxygen impurity level (0.1 at.%), the average nitrogen concentration is 
50.4 ± 1.5 at.%. Similarly, a nitrogen concentration of 49.7 ± 1.5 at.% 
is obtained for AlN without considering oxygen (1.0 at.%) and argon 
(0.6 at.%) impurities. Hence, the monolithic films are stoichiometric 
within the measurement uncertainties. Furthermore, the microstructure 
has been characterized through STEM and the insets of Fig. 2a and b 
demonstrate dense, columnar grain morphologies. 

Nitrogen contents were also quantified from APT data, employing 

the UV as well as the green laser. The pulse energies were varied within a 
single measurement and corresponding voltage and background evolu
tions can be found in Figs. SI2 and SI3 in the Supplementary informa
tion. Electric field strengths for different laser pulse energies were 
obtained from Kingham curves [25] and the electric field strength- 
dependent nitrogen content is shown in Fig. 2c and d for TiN and AlN, 
respectively. In case of TiN thin films (Fig. 2c), the electric field 
strengths were estimated from Ti2+/Ti3+ charge state ratios and the 

Fig. 1. Composition and mass spectrum analysis of CVD-(Ti,Al)N. (a) Backscattered electron image of the film surface at a tilt angle of 52◦. The crack formation is 
caused by thermal stresses during cooling down after film deposition and the crack is highlighted as reference for the (b) inverse pole figure, obtained by EBSD 
mapping. An atom probe specimen was prepared from a grain with (001) orientation (highlighted in (a) and (b)). (c) STEM imaging of the atom probe specimen 
before transfer to the atom probe microscope [41]. (d) Reconstruction of atomic positions of elemental titanium and aluminum ions, measured with the UV laser. The 
analyzed total volume is indicated in (c). (e) Composition profile from the cylindrical volume (5 nm diameter) shown in (d). (f) Mass spectra of titanium- and 
aluminum-rich nanolamellae. The volumes (1 × 1 × 25 nm3) used for the mass spectrum analyses are highlighted by solid lines in (d). 
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decrease from 39.4 to 38.8 V nm− 1 for the UV laser (corresponding to an 
increase of the pulse energy from 5 to 50 pJ) caused a slight reduction of 
the measured nitrogen content from 49.0 to 47.9 at.%. Decreasing the 
electric field strength for the green laser from 39.4 to 36.8 V nm− 1 

(corresponding to an increase of the pulse energy from 0.1 to 2 nJ) was 
accompanied by a nitrogen reduction from 49.0 to 42.3 at.%. As evident 
from Fig. 2c, the nitrogen quantification from both APT datasets is in 
very good agreement and exhibits an almost linear reduction with 
decreasing electric field strength. Moreover, at minimum laser pulse 
energies (5 pJ for the UV laser and 0.1 nJ for the green laser) the ni
trogen content of 49.0 at.%, measured by APT, is in very good agreement 
with the 50.4 ± 1.5 at.%. nitrogen concentration from ion beam analysis 
data. 

In contrast, the nitrogen quantification of the AlN film depends 
significantly on the laser type as well as the laser pulse energy (Fig. 2d). 
Electric field strengths were estimated from Al2+/Al+ charge state ratios 
and the decrease of the electric field strength from 27.5 to 25.7 V nm− 1 

for the UV laser (corresponding to an increase of the pulse energy from 5 

to 50 pJ) caused a reduction of the nitrogen content from 41.9 to 35.8 at. 
%. The dependence of the nitrogen quantification from the electric field 
strength for the UV laser is consistent with recently published data of 
AlN, synthesized by metal-organic chemical vapor deposition: nitrogen 
contents of 42.3 and 36.8 at.% were obtained for Al2+/Al+ charge state 
ratios of 6.50 and 0.82 [42], which correspond to electric field strengths 
of 27.8 and 25.9 V nm− 1, respectively. A significantly higher nitrogen 
content was measured with the green laser. The decrease of the electric 
field strength from 29.3 to 27.4 V nm− 1 (corresponding to an increase of 
the pulse energy from 0.1 to 2.0 nJ) resulted in a reduction of the ni
trogen content from 48.4 to 41.4 at.%. 

The here presented datasets on monolithic TiN and AlN thin films 
illustrate that the influence of the employed laser on the quantification 
of nitrogen depends strongly on the material system. In case of TiN an 
electric field strength of 39.4 V nm− 1 and a nitrogen content of 49.0 at.% 
is reached with both lasers, when using pulse energies of 5 pJ (UV laser) 
and 0.1 nJ (green laser). Hence, a factor ~20 higher laser pulse energy is 
required in case of the green laser to achieve an electric field strength 

Fig. 2. Comparison of ion beam analysis and atom 
probe tomography data of monolithic TiN and AlN 
films. (a) ERDA/RBS depth profile of TiN and the 
microstructure of the film with a thickness of ~4.9 
μm is presented within the inset using STEM. (b) 
ERDA/RBS depth profile of AlN and the microstruc
ture of the film with a thickness of ~3.6 μm is pre
sented within the inset using STEM. (c) Electric field 
strength-dependent nitrogen content of TiN, obtained 
with varying laser pulse energies (UV and green 
laser) as well as the titanium-rich nanolamella of the 
CVD-(Ti,Al)N sample (UV laser). (d) Electric field 
strength-dependent nitrogen content of AlN, obtained 
with varying laser pulse energies (UV and green 
laser) as well as the titanium- and aluminum-rich 
nanolamellae of the CVD-(Ti,Al)N sample (UV laser) 
and literature data from monolithic c-(Ti,Al)N (UV 
laser) [24]. Electric field strengths were obtained 
from Ti2+/Ti3+ isotope ratios for TiN as well as Al2+/ 
Al+ isotope ratios for AlN.   
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comparable to the UV laser. The green and UV laser have different spot 
sizes (~10 and <5 μm diameter, respectively, determined at the e− 2 

intensity [43]), thus, thermal energy input from the green laser is less 
efficient due to the larger spot size. An order of magnitude higher laser 
pulse energy is usually required for the green laser to obtain similar 
electric field strength as with the UV laser [44]. Experiments on silicon 
revealed a factor ~15 difference of energy input between green and UV 
laser [45]. However, for AlN films a substantially higher electric field 
strength of up to 29.3 V nm− 1 is reached with the green laser at 0.1 nJ, 
resulting in a nitrogen content of 48.4 at.%. While the highest electric 
field strength of 27.5 V nm− 1 and a nitrogen content of 41.9 at.% is 
obtained with the UV laser at a pulse energy of 5 pJ, a similar electric 
field strength of 27.4 V nm− 1 and corresponding nitrogen content of 
41.4 at.% is found for a pulse energy of 2 nJ with the green laser. Thus, 
there is a factor ~ 400 difference of energy input between green and UV 
laser for AlN films, while for TiN this factor is only ~20. These sub
stantial differences in energy input between the UV and green laser for 
TiN and AlN are obviously material-dependent. While TiN is electrically 
conductive [46], AlN is a wide bandgap semiconductor [47]. In addi
tion, one order of magnitude difference in thermal conductivity between 
TiN and AlN has been reported [48]. These properties likely influence 
the evaporation behavior, when using different laser systems, but are 
out of scope of this work. 

The nitrogen content of the titanium-rich nanolamella (analyzed 
volume of 1 × 1 × 25 nm3, see Fig. 1d and f) from the CVD-(Ti,Al)N film 
is also compared to the monolithic TiN films (Fig. 2c). Despite the 
limited measurement statistics for the titanium-rich nanolamella, its 
electric field strength and nitrogen content is with 38.2 V nm− 1 and 45.1 
at.%, respectively, in very good agreement with the electric field 
strength-dependent nitrogen content of monolithic TiN. Furthermore, 
the recently published nitrogen contents of PVD-(Ti,Al)N films as a 
function of electric field strength [24] exhibit a similar evolution as the 
monolithic AlN films (Fig. 2d). However, the PVD-(Ti,Al)N solid solution 
films exhibit 2 to 3 at.% higher nitrogen contents than monolithic AlN, 
which can be understood by the fact that TiN has a higher evaporation 
field than AlN (Fig. 2c and d). Under the assumption of a linear rela
tionship between nitrogen content and electric field strength, the 
enhancement of the electric field strength by 1 V nm− 1 within mono
lithic TiN, AlN and even c-(Ti,Al)N causes an increase of the measured 
nitrogen content between 2 and 4 at.%. It appears reasonable that this 
range of 2 to 4 at.% is affected by both the film material as well as the 
employed laser. 

However, a completely different relationship is obtained, when 
considering the nitrogen contents and electric field strengths estimated 
from Al2+/Al+ charge state ratios for the nanolamellar CVD-(Ti,Al)N 
film (Fig. 2d). The titanium-rich and aluminum-rich nanolamellae 
exhibit nitrogen contents of 45.1 and 33.5 at.%, while the corresponding 
electric field strengths are 27.0 and 26.3 V nm− 1, respectively. Conse
quently, the transition from the aluminum-rich to the titanium-rich 
nanolamellae, results in an enhancement of the electric field strength 
by 0.7 V nm− 1 and an increase of the measured nitrogen content by 11.6 
at.%, which is substantially larger than the 2 to 4 at.% increase for 
monolithic films. Thus, it can be learned that changes in electric field 
strength in nanolamellar CVD-(Ti,Al)N affect the measured nitrogen 
content more drastically than the laser spot size or the laser wavelength. 
Next, ion beam analysis and laser-assisted APT data is correlated for a 
trilayer film, which mimics the modulations in composition of nano
lamellar CVD-(Ti,Al)N. 

3.3. Correlative compositional analysis of TiN/AlN/TiN trilayer 

In order to mimic nanolamellar architectures with defined, straight 
interfaces for correlative compositional analysis, a TiN/AlN/TiN trilayer 
with nominal thickness of ~40 nm per layer was synthesized. The cross- 
sectional STEM micrograph (Fig. 3) reveals that the TiN layers exhibit a 
thickness of 33–34 nm, while the AlN layer thickness is 49 nm. This total 

thickness of 116 nm is beneficial for the correlative characterization. 
Both, Rutherford backscattering spectra as well as ToF-ERDA depth 
profiles are suited to cover the entire TiN/AlN/TiN trilayer. An atom 
probe reconstruction from a measurement with the UV laser is also 
included in Fig. 3 as an overlay and it is evident that a reasonable 
amount of APT data can be collected, including the AlN layer as well as 
the TiN layer at the film–substrate interface, while the top TiN layer is 
sacrificed for sharpening of the atom probe specimens. 

The compositional characterization of the TiN/AlN/TiN trilayer 
using laser-assisted APT with the UV as well as the green laser is pre
sented in Fig. 4a and b, respectively. Based on the data of monolithic 
films a pulse energy of 10 pJ was chosen for the UV laser. While for 5 pJ 
laser pulse energy the measurement accuracy was slightly higher (ni
trogen contents of 49.0 at.% at 5 pJ and 48.9 at.% at 10 pJ for TiN, 
Fig. 2c, as well as 41.6 at.% at 5 pJ and 41.1 at.% at 10 pJ for AlN, 
Fig. 2d), a lower background was obtained at 10 pJ (7 ppm ns− 1 at 5 pJ 
and 5 ppm ns− 1 at 10 pJ for TiN, Fig. SI2c, as well as 40 ppm ns− 1 at 5 pJ 
and 30 ppm ns− 1 at 10 pJ for AlN, Fig. SI3c). In addition, the mea
surement stability was enhanced, when using higher laser pulse energy 
and premature fracture of the specimen at the layer interfaces could be 
avoided by using 10 pJ. The laser pulse energy of 0.5 nJ was adopted 
from Qiu et al. [20] for the green laser. The following analyses are 
focused on the AlN layer as well as the TiN layer at the film–substrate 
interface. 

Consistent with the microstructural analysis (Fig. 3), the re
constructions of atomic positions reveal sharp interfaces. Composition 
profiles were extracted from cylindrical volumes with 10 nm diameter at 
the center of the reconstructions. Independent of the employed laser, the 
oxygen and argon impurities in the AlN layer are 0.6 ± 0.2 and 0.5 ±
0.2 at.%, respectively, and the argon content in the TiN layer is 0.2 ±
0.1 at.%. Significant oxygen incorporation is visible within the TiN layer 
and average contents are 5.7 ± 0.7 at.% for the measurement with the 
UV laser and 7.3 ± 0.7 at.% for the green laser. Since the oxygen content 
in the AlN layer is significantly lower compared to the TiN layers, 
despite the higher purity of the titanium target (Kurt J. Lesker, purity 
99.995 %) than the aluminum target (Kurt J. Lesker, purity 99.99 %), it 
is unlikely that the oxygen originates from the target materials. Instead, 
a plausible explanation is that titanium acts as a getter material for re
sidual oxygen (or water vapor). As the sputtering process progresses, the 
effect diminishes, as both targets were continuously operated 
throughout the deposition process (with only the shutters being opened 
or closed). Accordingly, a higher oxygen content is observed in the TiN 
layer at the film–substrate interface than in the top TiN layer (Fig. 4a 
and b). 

The effect of the electric field strength on the measured composition 

Fig. 3. Cross-sectional micrograph of the TiN/AlN/TiN trilayer architecture 
with an overlay of the reconstructed volume of titanium and aluminum atomic 
positions analyzed by atom probe tomography with the UV laser. 
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of the TiN/AlN/TiN trilayer is compared to monolithic TiN and AlN 
films in Fig. 4c and d, respectively. The electric field 
strength–composition data of the monolithic films is identical to Fig. 2c 
and d, but due to the significant oxygen incorporation in the TiN layers 
of the trilayer, the metal contents are plotted in Fig. 4c and d. Titanium 
and nitrogen contents of the TiN layer at the film–substrate interface of 
the trilayer are 50 ± 1 as well as 43 ± 1 at.% for the UV laser (Fig. 4a) 
and 53 ± 1 as well as 39 ± 1 at.% for the green laser (Fig. 4b), respec
tively. Despite the presence of oxygen impurities, the electric field 
strength and composition of the TiN layer is in good agreement with the 
monolithic TiN films (Fig. 4c), when considering the precision of laser- 
assisted APT on the order of ±1 at.% for both instruments (error bars in 
Fig. 4c and d were obtained from the cylindrical composition profiles in 
Fig. 4a and b). The higher nitrogen content of 43 ± 1 at.% for the UV 
laser compared to 39 ± 1 at.% for the green laser is consistent with the 
electric field strengths of 39.0 and 38.7 V nm− 1, respectively. The 
electric field strength and composition of the AlN layer is also in good 

agreement with the monolithic AlN films (Fig. 4d). Aluminum and ni
trogen contents of the AlN layer are 60 ± 1 as well as 38 ± 1 at.% for the 
UV laser (Fig. 4a) and 57 ± 1 as well as 41 ± 1 at.% for the green laser 
(Fig. 4b), respectively. The corresponding electric field strengths are 
26.9 V nm− 1 for the UV laser and 27.1 V nm− 1 for the green laser. Hence, 
the measured nitrogen content is increased due to the larger electric 
field strength in case of the green laser. 

The identical TiN/AlN/TiN trilayer film has been characterized by 
ion beam analysis as presented in Fig. 5. The three individual layers can 
be identified from the Rutherford backscattering spectrum, i.e. two in
dividual titanium contributions in the energy range of ~1.30 to ~1.45 
MeV as well as aluminum at ~1.05 MeV, Fig. 5a. Moreover, argon, 
oxygen and nitrogen were considered and the best fit is obtained with 
49 at.% titanium, 46 at.% nitrogen as well as 5 at.% oxygen for the TiN 
top layer, while the TiN layer at the film–substrate interface exhibits 
concentrations of 48 at.% titanium, 45 at.% nitrogen and 7 at.% oxygen. 
The composition of the AlN layer is close to the 1:1 stoichiometry with 

Fig. 4. Atom probe analysis of the TiN/AlN/ 
TiN trilayer architecture using the UV and 
green laser. (a) Reconstruction of atomic po
sitions of elemental titanium and aluminum 
ions as well as molecular TiO ions, measured 
with the UV laser. The composition profile 
originates from the cylindrical volume with 10 
nm diameter. (b) Reconstruction of atomic 
positions of elemental titanium and aluminum 
ions as well as molecular TiO ions, measured 
with the green laser. The composition profile 
originates from the cylindrical volume with 10 
nm diameter. The distance of 0 nm corre
sponds to the film–substrate interface in both 
composition profiles. (c) Comparison of the 
electric field strength-dependent titanium 
content of the TiN/AlN/TiN trilayer (TiN layer 
at the film–substrate interface) to monolithic 
TiN films. (d) Comparison of the electric field 
strength-dependent aluminum content of the 
TiN/AlN/TiN trilayer (AlN layer) to mono
lithic AlN films. Electric field strengths were 
obtained from Ti2+/Ti3+ isotope ratios for TiN 
as well as Al2+/Al+ isotope ratios for AlN. The 
legend provided in (c) is also valid for (d).   
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49 at.% aluminum, 50 at.% nitrogen as well as 1 at.% argon. Since the 
nitrogen content of the AlN layer has been quantified in the range of 38 
± 1 to 41 ± 1 at.% based on APT data (Fig. 4), two simulations with 49 
and 59 at.% aluminum are additionally compared in Fig. 5b. It is obvious 
that the fit from the simulation with 59 at.% aluminum represents an 
overestimation with respect to the experimental data. 

The depth profile, obtained by ToF-ERDA (Fig. 5c), is within the 
measurement uncertainties (<±2 at.% for nitrogen) in good agreement 
with the RBS data. Average concentrations of 46 at.% titanium, 48 at.% 
nitrogen and 6 at.% oxygen are obtained for the TiN top layer. The AlN 
layer exhibits 47 at.% aluminum, 51 at.% nitrogen as well as 1 at.% 
argon and 1 at.% oxygen. In case of the TiN layer at the film–substrate 
interface, average concentrations of 48 at.% titanium, 45 at.% nitrogen 
and 7 at.% oxygen are quantified. Consequently, the N/(Ti+Al) ratio of 
the individual layers is in the range of 0.9 to 1.1, while at the interfaces 
(indicated with dashed lines in Fig. 5c) the variations are larger in the 
range of 0.8 to 1.2. 

Finally, composition data obtained from ion beam analysis (Fig. 5) as 
well as laser-assisted APT (Fig. 4) is correlated in Fig. 6a and b for the UV 
and green laser, respectively. Significant deviations with respect to the 
nitrogen content are observed for the AlN layer. While the average ni
trogen concentration from ion beam analysis is 51 at.%, the nitrogen 
content from laser-assisted APT data is only 38 at.% for experiments 
with the UV laser (Fig. 6a) or 41 at.% in case of the green laser (Fig. 6b). 
Hence, the nitrogen content of the AlN layer is underestimated from 
laser-assisted APT data by at least 10 and up to 13 at.%. This significant 
discrepancy cannot be explained by the measurement uncertainties, 

which are <±2 at.% for APT data and <±2 at.% for individual data 
points in ToF-ERDA depth profiles. 

In contrast, the composition data from ion beam analysis and laser- 
assisted APT of the TiN layer is in very good agreement for the dataset 
measured with the UV laser (Fig. 6a). The composition of 48 at.% tita
nium, 45 at.% nitrogen and 7 at.% oxygen has been obtained by ion 
beam analysis, while laser-assisted APT data consistently resulted in 50 
at.% titanium, 43 at.% nitrogen and 7 at.% oxygen. Hence, in case of the 
TiN layer the compositional deviations of titanium and nitrogen are 
within the measurement uncertainties of both techniques. Larger de
viations can be observed for the dataset measured with the green laser 
(Fig. 6b), since 53 at.% titanium, 39 at.% nitrogen and 8 at.% oxygen 
were obtained. The lower nitrogen content (39 at.%) in comparison to 
the dataset measured with the UV laser (43 at.%) is a consequence of the 
relatively high laser pulse energy of 0.5 nJ. Based on the electric field 
strength-dependent nitrogen content, presented in Figs. 2c and 4c, it is 
reasonable to assume that a lower pulse energy of the green laser (such 
as 0.1 nJ) would cause a higher electric field strength and consequently 
yield consistent composition data with the UV laser pulse energy of 10 
pJ for analysis of TiN. 

In summary, this work clearly demonstrates the limited measure
ment accuracy of laser-assisted APT, which depends substantially on the 
electric field strength. Correlation of compositions from ion beam 
analysis and laser-assisted APT data for the TiN/AlN/TiN trilayer film 
revealed that underestimation of nitrogen for aluminum-rich volumes 
has to be expected to an extent of 10 to 13 at.%. While in case of 
titanium-rich volumes reasonable measurement accuracy has been 

Fig. 5. Ion beam analysis of the TiN/AlN/TiN trilayer architecture. (a) Rutherford backscattering spectrum. (b) Magnification of the aluminum signal with two sets 
of simulations: 49 at.% aluminum (best fit, solid lines) and 59 at.% aluminum (dashed lines). (c) ToF-ERDA depth profile of the elemental concentrations as well as 
the N/(Ti+Al) ratio. The depth was calibrated with thickness measurements from STEM (see Fig. 3) and 0 nm corresponds to the film–substrate interface. 
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Fig. 6. Comparison of ion beam analysis and atom probe tomography data of the TiN/AlN/TiN trilayer architecture. Atom probe data has been obtained with the (a) 
UV and (b) green laser. Ion beam analysis data is shown with data points, while compositions measured with the atom probes are presented with solid lines. The 
distance of 0 nm corresponds to the film–substrate interface in all profiles. 
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obtained with the UV laser pulse energy of 10 pJ, it is evident that the 
laser pulse energy is a critical parameter, which governs the electric field 
strength. Therefore, underestimation of the nitrogen content can also 
occur for titanium-rich volumes as the observed 4 at.% with the green 
laser at a pulse energy of 0.5 nJ. 

The strong underestimation of nitrogen for aluminum-rich volumes 
is caused by the relatively low evaporation field (<30 V nm− 1 for AlN, 
Fig. 4d) compared to titanium-rich volumes (>36 V nm− 1 for TiN, 
Fig. 4c). For GaN it has been demonstrated that dissociation of nitrogen- 
containing molecular ions occurs, causing the formation of neutral 
fragments [16]. The mass spectra of the here investigated samples 
(Fig. 1f, Figs. SI4 to SI29) exhibit e.g. pronounced fractions of molecular 
N2
+ ions at 28 Da, hence, dissociation thereof results in neutral nitrogen 

fragments, which are not detected. In case of aluminum-rich volumes 
the low electric field strength appears to be insufficient for ionization of 
these neutral fragments. Therefore, strong underestimation of nitrogen 
is observed for both monolithic AlN as well as the AlN layer in the tri
layer film and it is reasonable to expect similar effects in nanolamellar 
(Ti,Al)N. 

Consequently, the interpretation of 36 % nitrogen vacancies in 
aluminum-rich volumes as well as 12 % metal vacancies in titanium-rich 
volumes of nanolamellar (Ti,Al)N proposed by Qiu et al. originates from 
the limited measurement accuracy of APT, induced by the electric field 
strength. While it appears reasonable that metal and nitrogen vacancies 
govern nitrogen overstoichiometry and understoichiometry, the here 
presented correlative ion beam analysis and APT data unequivocally 
prove that the quantification of vacancy concentrations in nanolamellar 
(Ti,Al)N thin films solely based on atom probe data is not meaningful. In 
order to draw scientifically sound conclusions, complementary charac
terization techniques are essential as the measurement accuracy of APT 
– or lack thereof – critically depends on the field evaporation conditions 
[24]. 

4. Conclusions 

Motivated by the recent APT-based quantification of vacancy con
centrations for a CVD-(Ti,Al)N film with nanolamellar architecture [20], 
we have systematically compared laser-assisted APT measurements with 
a UV as well as a green laser to ion beam analysis data for this material 
system. 

First, a CVD-(Ti,Al)N film was measured by APT with a UV laser and 
titanium- and aluminum-rich nanolamellae exhibited average nitrogen 
contents of 42 ± 4 and 34 ± 3 at.%, respectively. A systematic com
parison of nitrogen quantification from laser-assisted APT with the UV 
and green laser has been carried out for monolithic TiN and AlN films, 
which were stoichiometric within the measurement uncertainties of ion 
beam analysis. In case of TiN an electric field strength of 39.4 V nm− 1 

and a nitrogen content of 49.0 at.%, consistent with ion beam analysis 
data, was obtained with both lasers, when using pulse energies of 5 pJ 
(UV laser) and 0.1 nJ (green laser). However, significant differences 
were observed for monolithic AlN as nitrogen contents from 41.9 to 
35.8 at.% and 48.4 to 41.4 at.% were measured, depending on variations 
of the pulse energies of the UV and green laser, respectively. Moreover, 
electric field strengths extracted from the nanolamellae of the CVD-(Ti, 
Al)N film revealed that changes of the electric field strength affect the 
measured nitrogen content more drastically than the laser spot size or 
the laser wavelength. 

In order to mimic a nanolamellar architecture with defined, straight 
interfaces for correlative compositional analysis by ion beam analysis and 
laser-assisted APT, a TiN/AlN/TiN trilayer film was synthesized. Signif
icant deviations with respect to the nitrogen content were evident for the 
AlN layer. While the average nitrogen concentration from ion beam 
analysis was 51 at.%, nitrogen contents from laser-assisted APT data were 
only 38 at.% (UV laser) or 41 at.% (green laser). Hence, the nitrogen 
content of the AlN layer is underestimated from laser-assisted APT data by 
at least 10 and up to 13 at.% and this significant discrepancy cannot be 

explained by the measurement uncertainties. In case of the TiN layer 
reasonable agreement has been obtained between ion beam analysis and 
APT data with the UV laser at 10 pJ laser pulse energy. In contrast, the 
nitrogen content was underestimated by 4 at.% in case of the green laser 
due to the relatively high pulse energy of 0.5 nJ. 

Thus, the here presented correlative ion beam analysis and APT data 
unequivocally prove that the quantification of vacancy concentrations in 
nanolamellar (Ti,Al)N thin films solely based on atom probe data is not 
meaningful. In order to draw scientifically sound conclusions, comple
mentary characterization techniques are essential as the measurement 
accuracy of APT – or lack thereof – critically depends on the field 
evaporation conditions [24]. 
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