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Abstract 

The influence of ion irradiation on residual stress and microstructure of thin films is not 

fully understood. Here, 5 MeV Si2+ ions were used to irradiate a 7 µm thick tungsten film 

prepared by magnetron sputtering. Cross-sectional X-ray nanodiffraction and electron 

microscopy analyses revealed a depth-localized relaxation of in-plane compressive 

residual stresses from −2.5 to −0.75 GPa after the irradiation, which is correlated with 

the calculated displacements per atom within a ~2 µm thick film region. The relaxation 

can be explained by the irradiation-induced removal of point defects from the crystal 

lattice, resulting in a reduction of strains of the 3rd order, manifested by a decrease of X-

ray diffraction peak broadening, an increase of peak intensities and a decrease of lattice 

parameter. The results indicate that ion irradiation can be used to perform residual stress 

design in thin films at particular depths.  
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1. Introduction 

An understanding of the influence of post-deposition ion irradiation on the 

microstructure, stress state and physical properties of thin films is important for their 

further technological application in microelectronics, space components and fusion 

reactors [1][2][3]. Employing various ions types and fluences, ion irradiation has been 

extensively used to modify especially the films’ microstructure, residual stresses, 

biocompatibility and electronic properties. One of the motivation was to relax and/or to 

design residual stresses in as-deposited films and to understand the microstructural 

changes caused by ions [4][5].  

Tungsten and tungsten thin films have been used in microelectronic and space 

components, optical and sensor applications due to their particular physical properties 

like high melting point of ~3700 K, good thermal conductivity, high solar wind absorption 

and diffusion barrier characteristics [2][4][5][6]. The films prepared by physical and 

chemical vapor deposition techniques (PVD, CVD) usually exhibit tensile or compressive 

residual stresses, which may enhance the functional properties of the components or 

result in degradation phenomena like cracking and loss of adhesion. In order to perform 

post-deposition stress engineering in tungsten and also other types of thin films, ion 

irradiation has been used to modify (mainly tensile) stresses [4][7][8].  For instance, 

Snoeks et al. [4] used B and P ions to relax tensile stresses of 260 MPa in 0.34 µm thick W 

films and observed an exponential decrease as a function of the applied fluence, 

accompanied also by the formation of minor structural features like defects loops and 

small crystalline inclusions, revealed by transmission election microscopy (TEM). During 

a continuous irradiation with He, Ne, Ar and Kr ions, Pranevicius et al. [5] observed the 

formation of compressive stresses in growing W/Cu multilayers, followed by a time-

dependent stress relaxation after the deposition had finished. The relaxation was 

interpreted as a structural rearrangement in the multilayer, caused by mobile structural 

defects resulting in the formation of a new microstructure with a lower energy [5]. 

Similarly, Fu et al. [7] used He ions to reduce tensile stresses in Cu thin films from 757 to 

452 MPa, which was interpreted as an incorporation of excess atoms at the Cu grain 

boundaries. It should be noted, however, that in the majority of the previous ion 

irradiation experiments on thin films, changes in volume-averaged stresses were 

evaluated primarily using X-ray diffraction (XRD) and/or wafer curvature techniques and 

therefore, no detailed information on depth localization of the stress changes could be 
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provided.  The only exception to this is the recent work of Du et al. [9], which showed a 

correlation between the concentration of implanted He atoms and tensile strain formation 

in an epitaxial 285 nm thick Nb film on MgO substrate.  

Because of its unique physical properties, tungsten is considered also as a very promising 

plasma-facing material in divertors of fusion reactors [10][11]. During service, high heat 

and radiation fluxes of H isotopes, He ions and/or neutrons are expected to impact the W 

surface and to induce severe microstructural and stress changes, resulting in materials 

porosity and/or embrittlement, which may be a critical factor for the fusion plant’s service 

life [11][12]. In the majority of previous studies, He-ion and self-implantation were used 

to simulate radiation damage in W and W alloys. Hofmann et al. [13] used µ-Laue 

diffraction and ab initio calculations to analyze lattice swelling and reported out-of-plane 

lattice tensile strain of ~1.5 % down to a depth of ~4 µm in a W-1 at.%-Re alloy. In the 

most recent study, Phillips et al. [14] used self-implantation to mimic neutron irradiation 

damage in W and analyzed lattice swelling using multi-reflection Bragg coherent 

diffractive imaging (MBCDI) and µ-Laue diffraction. The swelling was interpreted as out-

of-plane tensile strain of ~1 % reaching a depth of ~1 µm in a tungsten cylinder with a 

diameter of ~1 µm.   

Most of the previous experimental studies on thin films (and bulk materials) indicated 

that ion irradiation induces complex micro- and nano-scopic changes to microstructure 

and to residual stresses. The previous studies on residua stress gradients were performed 

however on monocrystalline Nb thin film using TEM [9] and single-crystalline tungsten 

grains using XRD [13][14]. Currently, however, it is still not known how ion irradiation 

modifies locally already existing stress gradients, which were present in polycrystalline 

thin films before the irradiation experiment. Therefore, the aim of this experimental work 

is to investigate changes to a pre-existing gradient of compressive stress and 

microstructure in a nanocrystalline tungsten thin film after the irradiation with silicon 

ions. Tungsten was chosen for this study because of its relevance to microelectronics and 

also in fusion reactors. 

 

2. Experiment 

In this work, a tungsten film with a columnar-grained morphology was grown on a WC 

substrate by direct current pulsed magnetron sputtering using two sputter sources with 

3 inch W targets operated at 400 W. Film growth was carried out in an argon atmosphere 
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with a total pressure of 0.5 Pa and at a deposition temperature of 150 °C. In order to reach 

a thickness of ~7 µm, the deposition time was set to ~190 min. The morphology and 

density of the material was tuned by a power-controlled RF bias of 20 W, in order to reach 

high compressive stress in the film.  

The as-deposited film was irradiated at the Tandetron Laboratory of the Nuclear Physics 

Institute of the Czech Academy of Sciences employing a 3 MV Tandetron MC 4130 

accelerator [15] to induce radiation damage using Si2+ ions with an energy of 5 MeV at 

room temperature. A fluence of 2x1016 ions/cm2 was achieved, with a beam current 

density of 168-279 nA/cm2 on the target and an irradiation time of 8 hours. The 

anticipated radiation damage was predicted using the software package The Stopping and 

Range of Ions in Matter (SRIM) [16]. Using the approach of Kinchin and Pease [17], this 

software is capable to calculate the average number of displacements per atom (DPA) 

inside the material. In this particular case, a simulation was performed for 5000 Si2+ ions 

of 5 MeV energy to assess the damage and penetration depth. The maximal DPA of ~6 was 

calculated at a depth of ~1.1 µm below the surface, as indicated in Fig. 1. 

Cross-sectional lamellae with a thickness of ~50 µm were prepared from both the as-

deposited and the irradiated samples. The lamellae were investigated using cross-

sectional X-ray nanodiffraction (CSnanoXRD) [18]. The as-deposited sample was 

characterized at the Nanofocus Endstation of P03 beamline of the PETRA III synchrotron 

source in Hamburg (D), using a photon energy of 15.0 keV and an X-ray beam cross-

section of 0.5 x 2.0 µm2. The implanted sample was investigated at the ID13 beamline of 

the ESRF synchrotron source in Grenoble (F) using a photon energy of 15.2 keV and a 

beam size of 0.1 x 2.0 µm2. The experimental setup is presented in Fig. 2.  Both films were 

scanned along their cross-sections using the X-ray beams and two-dimensional detector 

images capturing the W 110 and 200 Debye-Scherrer rings were collected at each scanned 

position. The W 110 rings were used to evaluate the intensities and full widths at half 

maxima (FWHM), as well as the residual stresses as a function of film thickness, using the 

methodology presented in our previous works [18][19].  For the stress evaluation, X-ray 

elastic constant (XEC) for W of 𝑆1
W,110 = −7.29 × 10−4GPa−1 and 

1

2
𝑆2
W,110 = 3.302 ×

10−3GPa−1 were used. Bright-field scanning TEM analysis was performed using a JEOL 

2200 FS system operated at 200 kV. The spot size was set to 0.7 nm. TEM lamella was 

carefully prepared using a FEI Helios NanoLab 660 focused ion beam (FIB) microscope 
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and a standard lift-out technique applying accelerating voltages of 30 to 2 kV and currents 

of 30 nA to 50 pA. 

 

3. Results 

In Fig. 3, a TEM micrograph showing the microstructure of the near-surface region of the 

irradiated tungsten film’s cross-section is presented.  The TEM analysis does not indicate 

any significant microstructural changes within the sample, like the presence of 

precipitates or bubbles [1][10]. These were also not observed in high-resolution TEM 

mode. The columnar-grained microstructure was preserved within the film after the 

irradiation and no changes in crystallites diameter or length have been observed. This can 

be explained by the relatively small dose and the particular type of implanted ions, which 

were apparently not sufficient to induce any more remarkable microstructural changes.  

In Figs. 4a and b, results from CSnanoXRD show the depth evolutions of the W 110 

reflection across the as-deposited and irradiated films, respectively. In the case of the as-

deposited film (Fig. 4a), the position of the reflection does not change significantly as a 

function of film thickness, whereas in the case of the implanted film, one can observe an 

abrupt change in the reflection’s position at a depth of ~2 µm below the surface, as 

indicated by the arrow (Fig. 4b). Additionally, the intensity of the W 110 reflection in the 

film’s surface region (Fig. 4b) is also significantly increased.  Please note that the 

difference in average Bragg’s angles of the W 110 reflections in Figs. 4a and b is caused by 

the differing photon energies used at the PETRA and the ESRF beamlines, which were 

used to characterize the as-deposited and irradiated samples, respectively.  

The elliptical distortion of Debye-Scherer rings was used to evaluate in-plane X-ray elastic 

strains and stresses using the XECs of tungsten. Furthermore, the strain-free direction is 

also given by the XECs and thus lattice parameter changes could be measured [18]. In 

Fig. 5, in-plane and out-of-plane X-ray elastin strain depth-dependencies obtained from 

W 110 reflection indicate a respective relaxation of compressive and tensile strains down 

to a film depth of ~2 µm. Similarly, the (unstressed) lattice parameter of the irradiated 

film decreased in this region (Fig. 4d), in agreement with the W 110 peak shift visible in 

Fig. 4b. The magnitudes of the observed strains (Fig. 5) are in the same range as the 

results in Ref. [13].   

In the next step, the X-ray elastic strains from both films were used to evaluate in-plane 

residual stress gradients, which are presented in Fig. 4c. Across the entire thickness of the 
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as-deposited film and at depths of 2 − 7 µm within the irradiated film, there are relatively 

constant compressive stresses present, at a level of approx. −2.5 GPa. Down to a depth of 

~2 µm, however, compressive stresses in the irradiated sample relaxed to a relatively 

constant value of about −0.75 GPa. This stress relaxation is accompanied by a decrease in 

FWHM and an increased intensity of the W 110 reflection at the same depths (cf. Fig. 2d). 

The diffraction peak intensity increase close to the film’s surface within the irradiated 

sample is presented also in Suppl. Fig. 2, along with the intensity depth-profile of the as-

deposited sample, documenting the significant intensity increase in the irradiation-

affected film region. 

 

4. Discussion 

The comparison of the DPA data from Fig. 1 and the CSnanoXRD data from Fig. 4 allows 

obtaining the correlation between the applied irradiation conditions on one side and 

localized residual stress as well as microstructure changes on the other side. The 

correlation between the observed in-plane compressive stress relaxation (Fig. 4c) and the 

SRIM DPA profile (Fig. 1) down to a depth of ~2 µm within the irradiated tungsten film is 

presented in Fig. 3.  The results document that the irradiation by 5 MeV Si2+ ions caused a 

relaxation of in-plane compressive strains and stresses within the irradiated region 

subjected to a relevant level of DPA. Since the TEM micrograph in Fig. 3 does not show 

any significant irradiation-induced morphological changes, the decrease of lattice 

parameter, the decrease of FWHM and the increase of the diffraction intensity (cf. Fig. 4d) 

can be interpreted as irradiation-induced changes in the atomistic structure of the 

sputter-deposited tungsten. It is commonly accepted that the thermodynamically non-

equilibrium magnetron sputtering process is accompanied by the formation of point 

defects in growing films, such as incorporation of self-interstitials and vacancies [20][21]. 

These defects can be removed from the crystal structure by thermal treatment, as 

indicated in our previous studies [22], which is always also accompanied by a decrease of 

compressive intrinsic stresses, XRD peak FWHM and lattice parameter as well as an 

increase in XRD peak intensity. It appears also in the present case that similar atomistic 

structure recovery processes were induced in the sputtered tungsten film during the 

irradiation with Si2+ ions. It seems plausible that the kinetic energy of the ions, transferred 

to the film during the irradiation, resulted in the activation of point defects which were 

thus removed from the crystal structure by diffusion-controlled mechanisms. In this way 
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strains of 3rd order were consequently also removed from the tungsten crystal lattice, as 

indirectly indicated by the observed FWHM decrease and intensity increase of the XRD 

peaks.  

The relaxation of overall compressive stresses was reported already in the work by 

Pranevicius et al. [5] , where He, Ne, Ar and Kr ions were used to irradiate a W/Cu 

multilayer. The present results indicate that this relaxation is a localized effect and can be 

correlated with the energy, irradiation time and the type of the ions resulting in a specific 

DPA depth-profile (Fig. 1). In contrast to the results from MBCDI and µ-Laue diffraction 

on almost defect-free tungsten single crystals by Hofmann et al. [13] and 

Phillips et al. [12], the present data were measured in originally very defect-rich and 

nanocrystalline tungsten films. According to our view, the build-up of tensile out-of-plane 

strain in the irradiated volume reported in their work actually represents a lattice 

parameter increase due to the incorporation of point defects in the W lattice, while in this 

work, the amount of point defects present in the crystal lattice was diminished as a result 

of the irradiation. Furthermore, it should be noted, that in-plane and out-of-plane residual 

strains (Fig. 5), as well as in-plane residual stresses (Figs. 3 and 4c) presented here, are 

evaluated by a methodology very different to MBCDI and µ-Laue diffraction. The present 

approach allows for the decoupled observation of lattice swelling/shrinkage (3rd order 

strains) and “macroscopic” in-plane stresses of 1st order. The present results, compared 

with the mentioned previous single crystal studies thus also suggest that the presence of 

atomistic defects and pre-existing intrinsic residual stresses could be used to tune the 

material’s response to irradiation. 

 

5. Conclusion 

Cross-sectional X-ray nanodiffraction and TEM analyses on a magnetron-sputtered W thin 

film showed a depth-localized relaxation of compressive residual stresses from approx. 

−2.5 to 0.75 GPa after the irradiation with 5 MeV Si2+ ions. The irradiation process is 

accompanied by an apparent atomistic structure recovery which was attributed to the 

removal of crystal lattice point defects and relaxation of strains of 3rd order, manifested 

by a decrease of FWHM and an increase of intensity of XRD peaks, respectively, as well as 

a lattice parameter decrease. 
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Figure 1 Calculated damage in displacements per atom (DPA) across the tungsten film 

depth caused by the implantation with Si2+ ions with an energy of 5 MeV. 

 

 

 

Figure 2 A schematic sketch of the cross-sectional X-ray nanodiffraction experiments on 

~50 µm thick sample lamellae. The 7 µm thick W films were scanned along the vertical 

direction (y) and W 110 and 200 Debye-Scherer rings were collected using two-

dimensional detector. Pencil beams with dimensions of 0.5 x 2.0 µm2 and 0.1 x 2.0 µm2 

were used to analyze as-deposited and irradiated samples at the beamlines P03 and ID13, 

respectively. The figure shows schematically on the side of the sample, that the maximal 

DPA was located about 1.1 µm below the surface. 
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Figure 3 The distribution of calculated DPA and the observed in-plane compressive 
residual stress distribution, featuring a relaxation from approx. −2.5 to −0.75 GPa, is 
superimposed onto a TEM bright-field micrograph, which shows the columnar 
microstructure of the upper region of the tungsten film, apparently unaltered by the 
irradiation.  
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Figure 4, CSnanoXRD data, showing the evolution of the W 110 reflection as a function 
of film thickness in the as-deposited (a) and irradiated (b) films. The arrow in (b) 
indicates the lower border of the irradiation-affected film region. Depth-dependencies 
of residual stresses in (c) show a nearly constant level of approx. −2.5 GPa in the as-
deposited film and a stress relaxation to −0.75 GPa in the irradiated film, down to a 
depth of ~2 µm. The supposed structure recovery in the irradiated film is supported by 
a decrease in FWHM and an increase in peak intensity of the W 110 reflection, as well 
as a lattice parameter decrease (d). 
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Figure 5 Depth profiles of X-ray elastic strains across the implanted film thickness 
indicate a decrease of compressive in-plane strains and tensile out-of-plane strains in 
the near-surface film region.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


