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Abstract 

Refractory transition metal nitrides are attracting attention in many microelectronics research and development 
fields. Their different applications and desired performances require a precise control of the film thickness and 
elemental depth profile. This information can be non-destructively obtained combining Grazing-Incidence X-ray 
Fluorescence (GIXRF) and X-ray Reflectometry (XRR) analysis. GIXRF-XRR joint analysis can be performed 
following a reference-free approach, which requires the knowledge of the whole experimental system. However, 
such a rigorous metrological approach cannot be easily applied to in-lab or in-fab tools due to the difficulty to 
access the various experimental set-up parameters, therefore another approach is needed.  

In this paper, we used a reference-based method consisting in the use of known standard samples, close in 
composition and structure from the samples to analyze, to deduce the key parameters of the instrumental setup, 
which are then used to perform quantitative GIXRF-XRR combined analysis of the samples of interest. We applied 
this method to titanium tungsten nitride thin films elaborated by Physical Vapor Deposition (PVD). Our results 
show that the reference-based method, using carefully determined instrumental functions, can meet the 
requirement for both qualitative and quantitative depth-profiling analysis, being in addition more easily to 
implement into labs and fabs than the reference-free method. 

 

Author Keywords: Grazing-incidence X-ray fluorescence; X-ray Reflectometry; Plasma profiling Time-of-flight 
mass spectrometry; elemental depth profiling; quantitative analysis. 

 

1. Introduction  

TiN materials have been applied in microelectronics since some time due to their low resistance, but it is only in 
recent years that refractory transition metal nitrides such as titanium tungsten nitride (TiWN) and tungsten nitride 
(WN) have attracted attention. These nitrides could find applications in microelectronics as contacts on n-doped 
semiconductor materials for the implementation of Schottky contacts [1-5], as tunable heater inside Phase Change 
Random Access Memory [6], as resistors in IR projectors [7] or as diffusion barrier [8-11]. The desired 
functionality of these materials, similarly to number of other nanoscaled materials, can be obtained by a variation 
of their spatial or elemental composition [7-9], often involving multi-layered structures [2] or elemental depth 
profiles [10]. However, the practical implementation of multi-layered structures requires a precise control of their 
film thickness and composition, thus pushing the research towards the development of new non-destructive 
characterization techniques compatible with fabrication facilities.    

Recently the combination of two techniques, X-ray Reflectometry (XRR) and Grazing-Incidence X-ray 
Fluorescence (GIXRF) has become a strong candidate to answer this need [12-22].  



XRR is a non-destructive characterization technique widely used in in-fab laboratory to determine thickness, 
roughness and mass density of thin films for thicknesses ranging from a few nanometers to some hundreds of 
nanometers, as well as the optical properties of the reflecting surface and interfaces [23]. The technique consists 
in the measure of the intensity of a reflected monochromatic X-ray beam in the specular direction while varying 
its incidence angle near the critical angle of total external reflection. When the interface between the film and the 
substrate is not perfectly sharp, i.e. presents an average mass density profile, the specular reflected intensity 
deviates from the Fresnel’s law reflectivity prediction. The reflectivity curve shape can be brought back to the 
mass density profile normal to the surface, to the layers thickness and to the interfaces roughness [24]. The 
technique uses the average mass density of a layer as a variable and thus cannot provide information on its 
elemental composition. Therefore, prior knowledge of the elemental composition of each layer is necessary to 
obtain their related elemental mass compositionfrom XRR data.  

Instead, GIXRF is a powerful non-destructive characterization technique for elemental depth profiling of thin 
layers up to a few hundred nanometers, giving access the elemental distribution and related doses [25-29]. The 
GIXRF technique is based on the measurement of the fluorescence signal emitted by the elements present in the 
sample as a function of the X-ray grazing incidence angle. In this range, the incident and the reflected beams 
interfere to create an X-ray Standing Wave (XSW) field with locally dependent electric field modulations [30,31]. 
The emitted fluorescence signal is dependent on the intensity of the XSW field at a given depth and therefore on 
the atomic distribution over the overall thickness. However, this technique does not provide an unambiguous 
depth profile reconstruction in terms of mass density and thickness.  

A combined GIXRF and XRR analysis is possible and has already been identified to be a promising 
methodological approach to reliably characterize nanostructures by de Boer et al. in the early 1990s [33]. Both 
techniques use similar measurements procedures, i.e. increasing the incidence angle and collecting data at various 
angles, and the same fundamental physical principles can be used to analyze the data. These are based on the same 
recursive Parratt’s formalism [32], originally developed for XRR and more recently reformulated for GIXRF by 
de Boer [33]. Therefore, the two techniques can be run on the same experimental apparatus and the results 
analyzed together. Their combination allows a better characterization of the sample in terms of thickness, 
roughness, mass density and elemental profile. Furthermore, the use in conjunction of the electronic and the mass 
density profiles reduces the uncertainties of the individual methods [13].  

It has been reported by Hönicke et al. [34-36] that is possible to use combined GIXRF-XRR analysis via a 
reference free method to quantitatively determine the elemental profile of a multilayers. This method, despite 
being very precise, can be run only at large scale facilities, where a complete knowledge and calibration of each 
individual instrumental component is possible. 

Another possibility is using a reference-based method to access the quantitative elemental depth profile of 
unknown samples maintaining an adequate accuracy. Despite the fact that there are reports on the potentialities 
of this method [16, 35, 36], no actual (or practical ?)application of this approach is presently available in literature. 
The reference-based approach is very interesting because it is applicable not only at large facilities instruments, 
but also in laboratory with in-fab instruments where some instrumental parameters might be covered by the 
supplier’s intellectual property. To implement a reference-based XRR-GIXRF, a set of well-known and 
characterized standard materials is essential. In the case of thin films nanotechnology, these references should 
respect specific requirements: i) the film should be of high quality, i.e. with a precise control of the composition 
and homogeneity; ii) the thickness of the layer should be comparable to that of the unknown specimen and in any 
case thin enough to avoid self-absorption phenomena; iii) should contain an exhaustive combination of elements 
present in the matrix of the specimens of interest. The main limitation of the diffusion of a reference-based 
approach is due to the scarcity of reference materials at the nanoscale. 

In this work, we demonstrate the potentialities of a GIXRF-XRR combined strategy on a transition metal nitrides 
material and we present for the first time a quantitative elemental depth profile characterization using a reference-
based method. Our results are compared with the results obtained using two destructive depth profiling techniques: 
Plasma Profiling Time-Of-Flight Mass Spectrometry (PP-TOF-MS) and Time-Of-Flight Secondary Ions Mass 
Spectrometry (TOF-SIMS) [37, 38].  

 



2. Experimental 

2.1 Sample preparation 

Two different sample sets have been prepared at CEA-Leti laboratories: the first set, named the reference set, 
includes samples with well-known composition needed for the determination of the instrumental parameters 
required for reference-based GIXRF-XRR quantitative analysis; the second set, named the evaluation set, consists 
in a sample with unknown composition. 

The reference set consists in two samples: a thin Ti50N50 layer and a thin W50N50 layer. The evaluation sample 
includes one TixWyN thin layer of unknown composition. All the layers (with10 nm nominal thickness) were 
deposited on 200 mm silicon (001) substrates and capped in-situ with a 10 nm-thick amorphous carbon layer to 
avoid ageing effects.  

All samples have been deposited by magnetron sputtering in Evatec Clusterline 200 industrial tool. The thin films 
were deposited from two distinct targets: titanium (purity 99.99%) and tungsten (purity 99.9%). Nitrogen was 
inserted via a gas mixture of Ar and N2. A density of power of 0.4 to 2.5 W.cm-2 was applied to Ti and W targets 
in order to tune the composition.  

From each wafer, three samples of 2 cm x 4 cm (close to each other) were cut off. One specimen was used for PP-
TOF-MS analysis, the second one for TOF-SIMS measurements and the last one for both Wavelength Dispersive 
X-Ray Fluorescence (WDXRF) and GIXRF-XRR combined analysis.  

 

2.2 Instrumentation  

In-line WDXRF experiments were carried out in the primary-vacuum chamber of a Rigaku AZX400 
instrumentation (or spectrometer ?). The samples were irradiated with the polychromatic radiation of a rhodium 
X-ray tube operated at 45 kV and 75 mA. We used a LiF(200) crystal (2d = 4.027 A) mounted on a high-resolution 
goniometer to select the wavelengths related to Ti-Kα and W-Lα fluorescence lines. The intensity of Ti-Kα was 
recorded with a gas-flow type proportional counter, whereas W-Lα signal was measured using a scintillator. We 
applied the fundamental parameters approach [39], using pure titanium and tungsten –samples (or targets ?) to 
determine the spectrometer sensitivity values, in order to quantify the deposited mass of titanium and tungsten, 
then the Ti:W ratio in the TiWN thin materials. More details on the WDXRF calibration and uncertainties can be 
found in Supporting Information. 

GIXRF-XRR combined measurements were acquired using a dedicated instrument, CASTOR, that has been 
developed by the Laboratoire National Henri Becquerel (CEA) [40] and that can be installed on the Metrology 
beamline at the French synchrotron SOLEIL (Saclay). The incoming beam was circularly shaped by a pinhole of 
diameter 400 (5) µm positioned at 0.995 m distance from the surface of the samples. . The analysis chamber is 
composed of a 7-axis goniometer allowing a fine alignment of the sample with respect to the incoming beam and 
its rotation during measurements. Two detectors complete the set-up: a photodiode to record the XRR signal in a 
theta/2theta configuration and a silicon drift detector (SDD) including a collimator to acquire the fluorescence 
one, placed at 90° with respect to the incoming beam. The chamber is maintained under a vacuum lower than 10-

6 mbar. Details on XRR-GIXRF sample alignment procedure can be found in Supporting Information. 

The GIXRF data have been acquired using two different incident energies of 6 keV and 10.5 keV, above the Ti-
K edge and the W-L3 edge, respectively. These values are enough far from the white line to avoid possible effects 
of sharp changes of intensity in the NEXAFS region, while enough close to the edge to maximize the photon-
electron coupling. The sample was rotated in the range 0° to 6° with a step of 0.005° during the measurement. 
The XRR signal have been recorded only at 6 keV and the sample rotated in the range 0° to 1.2° with a step of 
0.005°.  

Destructive Time of flight-secondary ion mass spectrometry (TOF-SIMS) depth profiles were acquired using an 
Ion Tof GmbH TOF-SIMS 5. MCs+ analysis mode [41] (M being the element of interest) was chosen to limit 
matrix effects as much as possible. Sputtering was done using a 1 keV Cs+ beam and analysis with a 25 keV Bi3

+ 



primary beam. Both ion guns were incident on the sample surface at an angle of 45°. The sputtered craters were 
300 x 300 µm² while the analysis zones were 80 x 80 µm² positioned at the center of the sputtering crater to avoid 
crater sidewall effects. Four shots per pixel were acquired in order to increase the counting statistics. In this 
analysis mode, a cesium rich environment is produced at the sample surface by cesium sputtering. Monitoring 
cesium adducts instead of monoatomic ions reduces the dependence of the secondary ions yields on the matrix 
material, and lowers artefacts at the interfaces. 

Additional depth profiling was done using a Horiba Scientific Plasma Profiling Time of Flight Mass Spectrometry 
(PP-TOF-MS). The technique uses a pulsed radio frequency argon plasma for sample sputtering and ionization, 
coupled to an orthogonal time of flight mass spectrometer. When compared to TOF-SIMS, the technique is faster 
and exhibits limited matrix effects. Calibration-free semi-quantitative results have been obtained on a wide range 
of materials [16, 37, 42, 43]. Analysis conditions, namely plasma pressure and applied power, must be material-
wise optimized in order to have a flat sputtering crater bottom and thus a good depth resolution. In this study we 
could not obtain plasma conditions delivering satisfying crater shapes for both the capping and the nitride 
materials. We selected the sputtering conditions leading to a flat crater bottom in the capping layer to preserve the 
depth resolution at the interface with the nitride layer. We used a 4mm diameter anode, the source pressure was 
set to 1.7 mbar and the applied power was 40 W. Pulsing period was 2000 µs with a pulse duration of 400 µs. 
Each point in the depth profiles corresponds to the average of the signals from 60 pulses. Depth profiles are 
presented in Ion Beam Ratio [44], which is the ratio of the ion currents weighed by their isotopic abundances. 

 

2.3 Methodology  

In this study, the GIXRF analysis have been performed using 6 keV and 10.5 keV energy for the incident beam. 
The choice of these measurement energies was made to be sufficiently above the absorption K-edge and the L3-
edge to have fluorescence yield from the elements of interest present in the system, i.e. 4.966 keV for the Ti and 
10.207 keV for W, but close enough to avoid intensity losses due to inefficient X-ray-electron coupling. All 
fluorescence spectra were analyzed with the PyMca software [45] using batch processing, to obtain the 
dependence of the integrated intensity of each element of interest with respect to the incident angle. The 
background was simulated using a linear model before the batch processing. 

Two methods are described in the literature to perform combined GIXRF-XRR data analysis. The first one,  known 
as the “reference-free method”, is based on the calibration of the whole instrumentation in terms of detector 
efficiency, geometrical parameters, and incident beam intensity, shape and divergence [29, 46]. The second 
approach is the “reference-based method” [16]. It consists in the use of reference samples containing the same 
elements than the samples of interest to determine different instrumental parameters at each specific fluorescence 
emission line: the dimension of the detector collimator, the distance between the sample and the detector, and the 
detector response function. All these instrumental parameters were kept fix during the fit of GIXRF-XRR data of 
the unknown samples, while the thickness, roughness, mass density and stoichiometry were set as free parameters. 
All GIXRF and XRR data were processed using the home developed software MEDePY: Material Elemental 
Depth profiling using Python [47] for model simulation and fitting. More details on the XRR-GIXRF fitting 
procedure and MEDepy theoretical background and implementation can be found in Supplementary Materials. 

 

3. Results and discussion 

3.1 Analysis of the reference samples Ti50N50 and W50N50 

We used WDXRF, TOF-SIMS and PP-TOF-MS analysis techniques to verify the elemental composition, the 
depth profile and possible cross-contamination of the reference samples, respectively.  

The elemental composition of the films was determined by WDXRF and the results are reported in Table 1. 
Quantitative elemental analysis was performed using the fundamental parameter method [39] with relative 
sensitivity factors deduced from measurements of pure titanium and tungsten samples. WDXRF allowed a precise 



determination of the samples composition with an absolute uncertainty on each elemental concentration close to 
1.0 at. % (see Supporting Information for a more detailed discussion).   

Sample Ti (at. %) W (at. %) 
Ti50N50 100 0 
W50N50 0 100 
TixWyN 20.4 79.6 

 

Table 1. Quantitative analysis of the reference samples and the unknown sample + 1 at%. For these samples, we 
did not estimate the nitrogen content as it would have required dedicated work to deal with the overlap between 
N-Kα (0.392 keV) and T-Ll (0.395 keV) fluorescence lines. 
 
TOF-SIMS measurements were instead carried out to evaluate potential interdiffusion between the capping and 
the nitride layer. Despite their shallow depths, the layers are well resolved as shown in Fig. 1. The observed 
gradients between CCs2

+ and MCs+ ions lie in the nanometer range, which is close to the depth resolution of the 
technique. We can then conclude that the elemental interdiffusion is not present or very limited into the samples. 
It worth noticing that the variation of the CsTi+ ion intensity at the interfaces is related to so called ‘matrix effects’ 
(dependence of the secondary ions yield over the local material composition). These effects are mitigated by using 
the MCs analysis method (following Cs adducts ions) but not completely removed. 

We also used the TOF-SIMS measurements to evaluate nitrogen distribution in the nitride layers. As N+ or CsN+ 
ion intensities are too weak to be monitored in MCs+ mode, we decided to use CsTiN+ and CsWN+ instead. The 
depth profiles obtained for MCs+ and MNCs+ ions are presented Fig. 2. MCs+ and MNCs+ ions vary in a similar 
way for both samples suggesting homogeneous nitrogen content. However, this indirect method does not allow 
for the quantification of nitrogen as a function of depth. 
Due to its homogeneous sensitivity to a wide range of elements, PP-TOF-MS was favored over TOF-SIMS to 
evaluate a possible target cross-contamination during the deposition process. The technique has shown good 
abilities to detect contaminants in previous work [48]. 

The Ti50N50 sample did not evidence any tungsten contamination as no tungsten peak was observed in the layer-
averaged mass spectra (not shown). For such counting statistics, ppm range sensitivity is expected. By contrast, 
for the sample W50N50, titanium isotopes were observed. The titanium contamination is low with an estimated 
atomic fraction of titanium over tungsten (Ion Beam Ratio method) of 3.10-4.  

 

Fig. 1. 
TOF-SIMS depth profiles of the reference samples Ti50N50 (a) and W50N50 (b), respectively. 
 
 



Fig. 2. 

TOF-SIMS depth profiles of CsMN ions for Ti50N50 (a) and W50N50 (b) respectively. 

 
 
All these measurements confirm that the reference samples Ti50N50 and W50N50 do not present any noticeable 
contamination and that there is not significant interdiffusion occuring at the layer/capping interface. This allows 
us to ascertain the validity of the elemental models of our references set and be sure of the accuracy of the 
calibration of the XRR-GIXRF with them. 

We first modeled the XRR data of the reference set to retrieve initial values of thickness, mass density and 
roughness of the different layers (see Table 2). Then, we included the GIXRF data to perform the GIXRF-XRR 
combined analysis (see Fig. 3 and Table 2). All the physical parameters of the reference samples (thickness, 
roughness and mass density), and all the instrumental parameters (distance sample to XRF detector, detector 
pinhole height and pinhole width, detector quantum efficiency), were left free during the fitting process, whereas 
the elemental composition was fixed. The obtained refined instrumental parameters are reported in Table 3 and 
were used afterwards for the quantitative analysis of the unknown TiXWyN sample. 

For the fit of reference samples, the uncertainties in the distances and sizes for the instrument parameters are in 
the range of few hundreds of µm or lower. More generally, relative uncertainties are all close or below 1%. The 
correlation matrix show for almost all of the parameters correlations below 10% and any correlation above 50%, 
suggesting that variables are independent and that we are not over interpreting data (see Table S1 in Supporting 
Information). 

The uncertainties for the derived sample parameters are  about few dozens of pm for the thickness, a few dozens 
of g/mm3 for the density a few dozens of pm or the roughness. These uncertainties might not be pushed as the one 
possible with a reference-free method on a fully calibrated metrology beamline, but are enough accurate to 
consider results reliable and sufficiently precise.  



 

Fig. 3. 
XRR-GIXRF measurements (black) and simulated curves (red) of the reference sample set. The instrumental 
parameters deduced from these fits are reported in Table 3. 
 
 

 
 
Table 2 
Results issued from the XRR and GIXRF-XRR combined analysis, for both Ti50N50 and W50N50 reference 
samples.  
 



 

 

 

Table 3 
Instrumental parameters obtained from the GIXRF-XRR combined analysis of the references samples Ti50N50 and 
W50N50. These parameters were then used for the GIXRF-XRR combined analysis performed on the TiXWyN 
sample. 
 

3.2 Analysis of the unknown TiXWYN sample  

We started the fitting procedure of TiXWyN sample with the model obtained from a preliminary XRR analysis 
alone, using the previously determined instrumental parameters shown in Table 3 that were kept fixed during the 
fits. The physical parameters of the unknown thin films are summarized in Table 4 (XRR model) and were used 
as initial values for the combined GIXRF-XRR analysis.  

Both the GIXRF and XRR are reasonably represented by a simple bilayer model, which only includes the carbon 
capping layer and the TiWN thin layer (Fig. 4 and Table 4) (GIXRF-XRR model). However, slight discrepancies 
can be seen between the data and the best-model calculation on both GIXRF XRR curves (see arrows in Fig. 4.), 
thereby suggesting an in-depth elemental profile in the TixWyN layer (see also Table S2 in Supporting Information 
for the correlation matrix). To be sure that uncertainties in the instrumental parameter could not be the responsible 
for such a discrepancy, we modeled the XRR and GIXRF curves using instrument parameters away from those 
reported in Table 3 by a factor 2σ. The results are reported in Figure S1 in Supporting Information and show that 
the uncertainty on instrument parameters cannot account for the discrepancies present in the bottom layers of 
Figure 4. 

 

Table 4 
Fitting results of the data using the different models: XRR monolayer, GIXRF-XRR monolayer and PP-TOF-MS 
tri-layer. 
 



 

Fig. 4. 

GIXRF-XRR measurements (black line) and simulated curves (red points) using the GIXRF-XRR combined 
analysis and the instrumental parameters reported in the Table 3. 
 



In order to evaluate this hypothesis, PP-TOF-MS and MCs+ TOF-SIMS analyses were also performed on the 
unknown sample. Depth profiles of the ternary sample analyzed using both techniques are presented in Fig. 5, 
which also displays the relative composition of titanium and tungsten in the nitride layer. Relative Sensitivity 
Factors (RSF) were applied to match WDXRF estimated average composition. PP-TOF-MS has the advantage of 
a similar sensitivity to titanium and tungsten, while TOF-SIMS, although not as sensitive to tungsten with respect 
to titanium, achieves a better depth resolution. Both techniques show gradients in the nitride layer with a relatively 
higher titanium content at the capping / nitride layer interface and a relatively higher tungsten content at the nitride 
/ substrate interface. As a consequence, a three sub-layers model seems more appropriate to represent the titanium 
and tungsten distribution in the nitride layer than the homogeneous one previously proposed.  

 

 

Fig. 5. 
Depth profiles of capped sample obtained using (a) PP-TOF-MS and (b) TOF-SIMS. Insets present the 
estimated relative composition of titanium and tungsten in the outlined nitride layer. 

 

We integrated the elemental profile suggested by the PP-TOF-MS/TOF-SIMS analysis in the refined GIXRF-
XRR model, in which the sample thickness was subdivided in three discrete thin layers. The thickness, mass 
density, roughness and elemental concentration of titanium, tungsten and nitrogen were left as free parameters in 
all the three layers and their values deduced by the combined GIXRF-XRR fit. The recorded data and the fitted 
curves of the combined analysis of multilayer model (see Fig. 6 and Table 4 (XRR-GIXRF)) highlight the benefit 
of the introduction of a compositional gradient. The GIXRF-XRR analysis pointed out the following general trend 
in the TiWN layer: i) at the capping-film interface, there is a thin layer of 0.9 nm showing a large concentration 
of titanium; ii) a second thicker layer is characterized by a stoichiometry rich in tungsten; iii) a thin third layer 
still richer in tungsten, but accompanied by a lower titanium content respect to the previous one. The total 
thickness of the TiWN layer is equal to the value found by the XRR analysis.  

Covariance matrix analysis showed, to the exception, correlations below 10% among parameters (see Table S3 in 
supporting Information). It is true that we have the largest correlation (~40%) between the density and the 
thickness of each layer in the 3-layers model. This results induces (?) a lower accuracy in the determination of 
one or the other parameter (see Table 4) in each layer, remaining however reasonably precise. 

The analysis of TiXWyN allowed in the end the definition of the following stoichiometry in the three modeled 
layers (from top to bottom): i) Ti0.32W0.77N; ii) Ti0.20W0.62N; iii) Ti0.14W0.7N. All the parameters retrieved from the 
combined GIXRF-XRR analysis are reported Table 4. 

 



 

Fig. 6. 
GIXRF-XRR measurements (black points) and simulated curves (red line) using the GIXRF-XRR combined 
analysis, the instrumental parameters reported in the Table 3 and the model suggested by PP-TOF-MS analysis. 



4. Conclusions 

In this study, we demonstrated that reference-based GIXRF-XRR combined analysis can meet the need for non-
destructive quantitative depth-profiling of complex transition metal nitride thin materials. This reference-based 
methodology relies on the use of reference (or at least well-known) samples, which contain the same elements 
than the unknown samples, in order to determine the instrumental function of the setup. We used this methodology 
to reveal small titanium depth-profile in the 0.9 nm upper part of a 10 nm-thick TiWN layer. This titanium profile 
was confirmed by destructive techniques based on time-of-flight mass spectrometry (PP-TOFMS and TOF-
SIMS). Reference-based GIXRF-XRR could therefore be propagated to lab and fab tools so as to allow for non-
destructive quantitative depth-profiling in industrial process control schemes. 
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