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Abstract

Advanced chalcogenide materials are key for state-of-the art memories, energy harvesting materials and
photonics. The properties of thin chalcogenide layers are highly driven by their chemical composition, chemical
depth-profiles and surface/interface effects. The combination of Grazing-Incidence X-ray Fluorescence (GIXRF)
and X-ray Reflectometry (XRR) techniques allows for non-destructive access to such information, in the lab or at
dedicated beamlines. However, the accuracy of the GIXRF-deduced composition slightly degrades with depth, as
the enhancement of the XRF signal by the X-ray Standing Wave (XSW) field is usually limited to the first
nanometers at the surface of the probed sample. In this paper, we suggest the use of (Mo/Si)*N Bragg mirrors,
rather than bare silicon substrates for thin chalcogenide deposition, to improve the sensitivity of GIXRF/XRR
analysis to small process-driven modifications. The aim of such multilayered substrates is to maintain high values
of X-ray reflected intensity even at angles significantly higher than the critical angle, therefore generating an
XSW-induced enhancement of the XRF signal not only at the surface but also in the depth of the layer of interest.
The simulation of GIXRF-XRR data, collected at SOLEIL Metrology beamline and in the lab on Rigaku
SmartLab diffractometer, on arsenic-free Ovonic Threshold Switch materials (Ge, Se, Sb) for advanced Phase
Change memory (PCRAM) applications illustrates the interest of this approach, which is fully-compatible with
numbers of PCRAM materials elaborated with low-temperature physical vapor deposition process.

Key-Words: Grazing-incidence X-ray fluorescence; X-ray fluorescence; chalcogenides; combined analysis;
phase-change memory

1. Introduction

The combination of grazing-incidence X-ray fluorescence (GIXRF) with X-ray reflectometry (XRR) is
particularly adequate to probe thin layered materials at industrial level (i.e. the semiconductor industry) [1-5].
GIXRF is a highly sensitive elementary technique capable to probe chemical depth profiles in films with thickness
ranging from few nm to ~ 200 nm. GIXRF was formalized by De Boer in the early 90’s and recently gained
widespread interest to semiconductor industry due to device miniaturization [6-10]. On the other hand, XRR
technique is a well-established technique widely available in labs and fabs, which provides accurate values of
mass density, thickness and roughness of smooth layered films [11] in almost the same thickness range as GIXRF.
The key advantage of combining XRR with GIXRF is in the drastic reduction of the cross-correlated parameters’
dependencies, e.g. between thickness and mass density in GIXRF-only analysis [12]. GIXRF/XRR combines
electronic density (XRR) and atomic density (GIXRF) profiles, resulting in improved ability to determine accurate
quantitative chemical depth-dependent information in thin layered materials.

In GIXRF experiment conducted on flat surfaces, which is often the case when thin layered materials are grown
on silicon substrates, the monochromatic low-divergence primary beam interferes with the reflected beam, thereby
generating an X-ray standing wave (XSW) field at the surface of the sample. The intensity of the XSW field
strongly varies with the depth and the incident angle, resulting in an XSW-induced enhancement of the emitted
fluorescence intensity. However, the sensitivity of GIXRF slightly degrades with depth, as the enhancement of the
XREF signal by the X-ray Standing Wave (XSW) field is usually limited to the first nanometers at the surface of the
probed sample. As illustrated by Eq(1) in the case of a thick substrate [13], the enhancement factor Axsw of the
fluorescence intensity is driven by the reflectivity

Aysw(0,2) = 1+R(0) +2+JR(0 cos(z"zji""—(p(e)) Eq(1)

Where Gis the glancing angle, z the depth, R(6) the reflectivity, A the wavelength of the monochromatic X-ray
beam and ¢ the phase difference between the incident and the reflected waves. Therefore, the sensitivity of GIXRF
at high (> 5-10 nm) depth may be improved by a significant increase of the reflectivity at angles larger than the
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critical angle, for instance by virtue of multi-layered Bragg mirrors. Note that the careful modeling of the XSW
field has been used to support improved GIXRF characterization of multilayers [14] or even of periodic
nanostructures [15-17].

Advanced chalcogenide materials, based on tellurium, selenium or sulfur, are key for state-of-the art memories
such as phase change random access memory (PCRAM), energy harvesting materials and photonics. PCRAM are
already produced in advanced fabs (e.g in Resistive Memory Crossbar products such as Intel 3D XPoint™), and
extensive research is being conducted to optimize their properties, for instance for automotive applications.
PCRAM include two main complex thin materials: a chalcogenide phase change material (PCM) and a selector
material, which is required to limit sneak paths issues such as reading fail and cell-to-cell disturbance in Resistive
Memory Crossbar architectures. Selenium-based materials are investigated as arsenic-free solution for the selector
material; for instance, Ge-rich GeSe chalcogenides feature promising characteristics such as a high resistance of
the Off state, and a reasonable threshold voltage when doped with antimony [18]. The properties of thin
chalcolgenide layers are highly driven by their chemical composition, chemical depth-profiles and
surface/interface effects [19]. Lencer et al [20] built a map of chalcogenide materials that enables to identify
suitable phase change materials on the basis only of the material stoichiometry. Similarly, Kau et al demonstrated
that the selector scales with PCM, physically, chemically, and electrically [21].

Thin amorphous chalcogenide films can be deposited by magnetron sputtering technique with limited thermal
budget (deposition temperature ~ 60°C) that will not modify the properties of (Mo/Si)*N Bragg mirrors used as
alternative substrates. Thin chalcogenide stacks are consequently particularly suitable to illustrate the effectiveness
of alternative substrates for GIXRF analysis. In this paper, we suggest the use of (Mo/Si)*N Bragg mirrors rather
than bare silicon substrates for thin chalcogenide deposition in order to improve the sensitivity of GIXRF/XRR
analysis to small process-driven modifications.

2. Experimental

2.1. Sample preparation

We deposited germanium-selenium films on 200 mm silicon (001) wafers using magnetron sputtering technique
in an Evatec Clusterline 200 multi-target chamber. We acquired high quality Bragg mirrors, grown on silicon
substrate and consisting of 40 pairs of {Si (5 nm)/ Mo (2 nm)}, from Applied X-ray optics AXO Dresden GmbH
Company. We cut these multilayer substrates and attached one part to the 200 mm silicon wafer for each process
condition, so as to generate exact duplicated samples on silicon and Bragg mirror substrates.

We deposited different materials and stacks: individual GeSe films (using a GeS, target), Sb-doped GeSe films
(by co-sputtering of Sb and GeSe; targets), and bilayer samples consisting of undoped and Sb-doped GeSe films.
The thickness of each individual layer was set to 10 nm. Finally, we capped the thin chalcogenide materials with a
5-nm thick amorphous carbon layer deposited in situ (no air break) in order to limit ageing-induced concern during
the characterization process [22]. We referenced the samples as indicated hereafter:

- Sample al : C (5 nm) / GeSe (10 nm) / GeSeSb (10 nm) / Si substrate
- Sample a2: C (5 nm) / GeSeSb (10 nm) / GeSe (10 nm) / Si substrate
- Sample bl : C (5 nm) / GeSe (10 nm) / GeSeSb (10 nm) / Bragg mirror
- Sample b2: C (5 nm)/ GeSeSb (10 nm) / GeSe (10 nm) / Bragg mirror

2.2. Characterization

We first conducted XRR and wavelength dispersive XRF (WDXRF) experiments in the cleanroom in order to
determine the thickness, and the mass density of the layers, and the global composition of the deposited materials.
In addition, inline XRR-WDXRF with dedicated mapping permits to control the quality of the deposition and its
uniformity at the wafer scale. We performed in-line XRR analysis on a Bruker D8 Fabline tool based on theta-
theta geometry and using Cu-Ka (8.048 keV) with limited divergence (1.2 mrad) as primary radiation. In-line
WDXRF experiments were carried out in the primary-vacuum chamber of Rigaku AZX400 instrument. The
samples were irradiated with the polychromatic X-ray radiation emitted by a Rhodium tube operated at 40 kV and
75 mA. We used a Lithium fluoride crystal LiF 200 (resp. a synthetic crystal with 2d = 3.04 nm) mounted on a
high-resolution goniometer to select the wavelengths related to Sb-La and Se-Ka (resp. Ge-La) lines. The X-ray
fluorescence intensities were recorded with a gas flow type proportional counter (for Ge-La and Sb-La) and with
a scintillator (for Se-Ka).

We performed GIXRF experiment, first in the lab to probe Sb-La fluorescence line, then at the Metrology
beamline of SOLEIL synchrotron, in order to access Se-Ka and Ge-Ka fluorescence lines. In the lab, we used
Rigaku SmartLab five-axis high-resolution diffractometer, operated at atmospheric pressure to probe the Sb-La
fluorescence line at 3.605 keV. We conditioned the X-ray beam produced by the 9 kW rotating copper anode in
order to deliver a 30 um-width monochromatic beam (Cu-Ka;, 8.048 keV) with 0.2 mrad divergence on the
sample. We acquired the X-ray fluorescence signal with a Hitachi Vortex 90EX silicon drift detector (SDD)
mounted on a customized set-up provided by Rigaku. The SDD detector was placed at 90° from the sample
surface, 10 mm above the sample. At the Metrology beamline, we acquired GIXRF data on the hard X-ray energy



branch (available range: 3 to 35 keV) of the Metrology beamline at the SOLEIL synchrotron, using high-vacuum
CASTOR analysis chamber [23] and equipped with a silicon drift detector (SDD) mounted at 90° with respect to
the sample surface. We chose 13.5 keV as excitation energy, i.e slightly above Se-K and Ge-K edges in order to
optimize for the detection of Se-Ka (11.222 keV) and Ge-Ka (9.886 keV).

Complementary time-of-flight secondary ion mass spectrometry (ToF-SIMS) experiments were carried out using
an ION TOF GmbH TOF SIMS 5 equipped with a Bi liquid metal ion gun and a Cs sputter source. Depth profiles
were performed in the non-interlaced mode (separate cycles for analysis, sputtering, and charge compensation)
with Cs sputtering incident at 45°. The analysis was performed using the bismuth analysis gun incident at 45° with
an impact energy of 25 keV, and Bi** primary ions were used to enhance the MCsn+ secondary ion yield in the
positive mode.

2.3. Analysis software and sample design

We used Rigaku proprietary software based on fundamental parameters to analyze the inline WDXRF data.
XRR-GIXRF analysis was performed with Medepy software (using PYMCA [24] to first extract the fluorescence
integrated intensities), developed at Cea-Leti, and which allows the combined analysis of multiple datasets
collected on different instruments that may feature different instrumental functions and distinct primary energy
[25]. In addition, Medepy permits to evaluate the XSW-enhancement of the fluorescence signal. We used this
capability to define the thicknesses of the molybdenum and the silicon layers along with the number of pairs in the
Bragg mirror, in order to tune the positions of the maxima of the XSW field, and therefore the sensitivity of
GIXREF to different depth positions, in the capping layer, then in undoped and Sb-doped layers, for Cu-Ka primary
energy (Fig.1).

3. Results and discussion

3.1 Inline XRR and WDXRF characterization

Prior to any deposition, we measured the multilayer substrates provided by AXO with Bruker D8 Fabline inline
XRR tool. The XRR data (Fig.2) highlight the expected presence of well-defined Bragg peaks and were
reasonably modeled using 40 pairs of molybdenum (2.0 nm; 10.2 g/cm?) - silicon (5.0 nm; 2.33 g/cm?) bilayer. We
used a 1.5 nm-thick SiO; layer to account for the oxidation of the top (silicon) layer of the multilayer substrates.
Silicon and molybdenum layers feature XRR-deduced roughness of 0.3 and 0.4 nm respectively, which slightly
lowers the reflectivity at the position of the two first Bragg peaks (reflectivity equals 0.84 and 0.33 respectively)
when compared to expectation. As the intensity of higher order Bragg peaks is less than 0.1, we expect significant
XSW-induced enhancement of the XRF signal close to the position of the two first Bragg peak only.

We used inline WDXRF and fundamental parameters approach [26] to quantify the deposited mass of
germanium, selenium and antimony on samples al, a2, bl and b2. In order to determine the spectrometer
sensitivity values required for WDXRF-based quantification, we used pure germanium and antimony targets,
along with a selenium-rich Geo3Seo7 PVD target. The quantified values are listed in the Table 1, which clearly
shows that the samples deposited on silicon and multilayer substrates are almost perfect duplicates. ). To build
rigorous uncertainty budget related to such inline WDXRF quantitative analysis appears rather difficult, since we
do not have access to some proprietary information such as the database used of fundamental parameters.
Nevertheless, we can reasonably expect a global accuracy in the 1 at% range (absolute), based on recent studies
conducted on thin inorganic films using the same WDXREF tool and similar quantification methodology [27, 28]

Sample 1 Ge Sb Te 1 Ge Sb Te
: Deposited mass (ug/cm?) %at

al D211 1.20 7.15 ' 30.6 10.4 59.0

a2 D213 1.11 7.24 ' 30.8 9.6 59.6

b1 L2011 1.17 7.36 ' 30.0 10.0 60.0

b2 | 2.08 1.17 7.34 1 29.9 10.0 60.1

Table 1: Deposited mass of germanium, antimony and tellurium deduced from WDXRF analysis, and related
composition of the thin chalcogenide material

3.2 GIXREF characterization and TOF-SIMS analysis

Inline WDXRF and XRR analysis do not provide accurate information on the depth-dependent characteristics of
the thin layered samples: WDXRF does not feature in-depth sensitivity, whereas the density of undoped and Sb-
doped GeSe thin materials are too close to allow unambiguous depth-dependent information based only on XRR.



We ran qualitative TOF-SIMS on samples al and a2 in order to evidence the difference between undoped and
Sb-doped GeSe layers in the two distinct stacks (Fig. 3) and to confirm the lack of diffusion of germanium,
selenium and antimony in the carbon layer. The different materials come with significantly different relative
sensitivity factors (RSF: Sb > Ge > Se, with possible differences between RSF in GeSe and GeSeSb layers).
Therefore, we can only suggest, based on Fig.3, that the addition of antimony in the germanium selenide might
decrease the selenium content in the material. However, the comparison with WDXRF quantification of
elementary samples (GeSe and GeSeSb) shows that the addition of up to 18 at% of antimony leads to negligible
modification in the Se/Ge ratio.

We conducted GIXRF experiments in the Lab, then at the Metrology beamline at SOLEIL. In both cases, we
used elementary samples to determine the instrumental function of the GIXRF tool, following the methodology
explained in [1]. The experiments were performed at two monochromatic excitation energies (8.048 keV and 13.5
keV) and the related illustrations, such as angle-dependent XRF intensity graphs, are plotted against the scattering
vector (q = 418in6/A) for sake of clarity. Figures 4 and 5 show the angle-dependent XRF intensity of Si-Ka and
Sb-La as measured on the SmartLab tool for a and b samples. Angle-dependent Si-Ka has a bulk-like behavior
for a samples whereas the presence of silicon in the multilayer substrates results in added features at Bragg peak
positions for b samples. The order of the layers in the stacks is clearly highlighted by the angle-dependent Sb-La
graphs, for both a and b samples. Higher intensity of Sb-La below the critical angle is a clear and unambiguous
indication the Sb-doped GeSe materials are the upper layers in a2 and b2 samples. In addition, the intensity of Sb-
La far above the critical angle (q > 3.qc) is almost identical, which is consistent with almost identical deposited
mass of antimony deduced from WDXRF analysis (Table 1). Lastly, we notice that the angle-dependent Sb-La
graphs show additional features around the first Bragg peak that should reinforce the sensitivity of GIXRF. As
expected from the XRR analysis of the multilayer substrates, the Bragg peaks of higher orders do not contribute to
this potential increase of sensitivity.

We faced some unexpected difficulties when running the GIXRF experiment at the Metrology beamline, and we
could not properly measure samples a2 and bl, which limits our ability to quantify the added sensivity of
multilayer substrate approach. We used Medepy software to model the data of sample b2, combining XRR
acquired inline, Sb-La GIXRF data collected in the Lab at 8.048 keV and Se-Ka and Ge-Ko GIXRF data
acquired at the beamline at 13.5 keV. We used the Névot-Croce model to describe the top and interfacial
roughness, and xraylib [29] as database for optical constants. The GIXRF and XRR instrumental functions were
evaluated from the data collected on elementary sample. Then, we performed the analysis of b2 sample (Fig. 6)
with fixed instrumental functions, by virtue of careful refinement of thickness, density, roughness and composition
of the thin-layered materials based on simultaneous analysis of GIXRF and XRR data.

4. Conclusions

GIXRF/XRR combined analysis can reveal the depth-dependent characteristics of thin-layered materials for
advanced memory in a non-destructive manner, which is particularly suitable for inline metrology. As suggested
by the good results obtained with SmartLab lab tool, a lab or inline tool that would combine two primary energy
(e.g Cu-Ka and Mo-Ka), low divergence and small spot capability, would certainly fit the requirement for inline
non-destructive depth-dependent compositional analysis at the wafer level. The introduction of carefully designed
multilayer substrates, with optimized reflected intensity of the two first Bragg peaks, should increase the
sensitivity of GIXRF to small process-induced variability. The characteristics of (Mo/Si)-based multilayer
substrates do not degrade during the low-temperature physical vapor deposition process of numbers of PCRAM
materials, whereas multilayers with optimized composition can offer stability up to 500°C [30], thereby extending
the range of acceptable material deposition process. In addition, as only small parts of such substrates could be
attached to silicon wafer during the deposition process, the related added cost would be negligible.
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6. Figures and captions
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Figure 1. In-depth distribution of the X-ray standing wave field in targeted stacks of samples al deposited on silicon and b1 deposited on MoSi
Bragg mirror, as simulated with Medepy software at Cu-Ko primary energy.
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Figure 2. XRR data of (Mo/Si)*40 substrate (provided by AXO) collected on inline Bruker D8 Fabline tool operated at 8.048 keV, along with
best-model calculation. P1 and P2 indicate the positions of the two first Bragg peaks.
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Figure 3. Chemical depth-profiles in samples al (buried Sb-rich GeSe) and a2 (top Sb-rich GeSe) as measured by TOF-SIMS,
using C+, GeCsx+, SeCs+, SbCsx+, and SiCs»+ ions to monitor C, Ge, Se, Sb and Si respectively.
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Figure 4. Comparison of the angle-dependent fluorescence intensity of Si-Ka line measured with SmartLab lab tool at Cu-Ka primary energy
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Figure 5. Comparison of the angle-dependent fluorescence intensity of Sb-La line measured with SmartLab lab tool at Cu-Ka primary energy
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Figure 6. Experimental GIXRF-XRR data and best model calculation for sample b2. We collected the XRR data with inline Bruker D8 Fabline
tool at 8.048 keV, the Sb-La XRF data in the lab on Rigaku SmartLab tool operated at 8.048 keV, and Se-Ka and Ge-Ka XRF data at the Soleil
Metrology beamline using 13.5 keV excitation energy
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