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Depth profiling of Cr‑ITO dual‑layer 
sample with secondary ion mass 
spectrometry using MeV ions 
in the low energy region
Marko Barac1,2*, Marko Brajković1, Zdravko Siketić1, Jernej Ekar2,3, Iva Bogdanović Radović1, 
Iva Šrut Rakić4 & Janez Kovač3

This work explores the possibility of depth profiling of inorganic materials with Megaelectron Volt 
Secondary Ion Mass Spectrometry using low energy primary ions (LE MeV SIMS), specifically 555 keV 
 Cu2+, while etching the surface with 1 keV  Ar+ ions. This is demonstrated on a dual‑layer sample 
consisting of 50 nm Cr layer deposited on 150 nm  In2O5Sn (ITO) glass. These materials proved to have 
sufficient secondary ion yield in previous studies using copper ions with energies of several hundred 
keV. LE MeV SIMS and keV SIMS depth profiles of Cr‑ITO dual‑layer are compared and corroborated 
by atomic force microscopy (AFM) and time‑of‑flight elastic recoil detection analysis (TOF‑ERDA). 
The results show the potential of LE MeV SIMS depth profiling of inorganic multilayer systems in 
accelerator facilities equipped with MeV SIMS setup and a fairly simple sputtering source.

Secondary Ion Mass Spectrometry using MeV ions (MeV SIMS)1 is a fairly new Ion Beam Analysis (IBA) tech-
nique that is being increasingly used for the analysis and imaging of organic materials in various fields, such as 
forensics  (fingerprints2 and  inks3–5), cultural heritage  (paints6), biology  (plants7 and  tissues8), etc. Conventional 
keV SIMS, on the other hand, is a well-established technique used mainly in the analysis and depth profiling 
of inorganic materials, with the most popular application in the semiconductor industry, i.e. studies of dopant 
 profiles9,10, diffusion,  corrosion11,  contamination12, etc. It is also convenient for analyzing biomolecules, but with 
decreased ionization efficiency compared to MeV  SIMS1 and keV cluster  SIMS13,14. Techniques developed in 
order to enhance the ionization efficiency involve the use of high energy gas cluster ion beams (GCIBs) such as 
 C60

+ and  Arx (x = 500–5000)13,14 and recently water cluster ions  (H2O)n
+ (n = 1−10 000)15,16, which have proven 

superior over former.
KeV SIMS is a surface-sensitive technique (ions are detected from a few uppermost monolayers) and can 

be extended to depth profile analysis by introducing ion sputtering. A variety of applications in SIMS depth 
profiling arise from high sensitivity to inorganic species and excellent depth  resolution17,18. Recently, depth 
profiling of organic films has proven promising by employing either cluster ion beams or low energy  Cs+ ions 
for sputtering, due to reduced surface  degradation19. Depth resolution, a quantitative measure of the depth 
range, is by convention the sputtered depth measured between 84 and 16% of the maximum yield at an ideally 
sharp interface between two  media20. Several different parameters contribute to the profile broadening that 
originate from instrumental factors, ion beam-sample interactions, and sample characteristics. These include 
surface roughening caused by  sputtering21, atomic mixing in the collision  cascade22, information depth of the 
 technique23, non-uniform etching ion beam density in the analyzed  area24, differential sputtering due to crystal-
line/amorphous  regions25, etc. For thicker metallic layers, sputtering-induced roughness is generally the dominat-
ing contribution to depth  resolution26. The best resolution in SIMS (below 5 nm) is achieved with low sputtering 
ion beam  energy27 (below 1 keV) and high incidence angle, in combination with sample rotation in order to 
minimize sputtering-induced  roughness28. At this point, atomic mixing and information depth are of increasing 
importance for depth  resolution26.

On the other hand, modification of the original element distribution due to matrix effects poses a significant 
limitation in quantitative SIMS depth profiling. This phenomenon arises from the secondary ion yield depend-
ence on the surrounding chemical state (of the matrix). The matrix effect depends largely on experimental 
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conditions, namely the nature of the primary ion, the incident angle, the detected species, and the energy of 
secondary  ions29. In data analysis, this is usually tackled with the use of reference materials containing similar 
 matrix10,30,31. Many studies have investigated the parameters involved in matrix effects and possible methods 
for reducing  them32,33.

MeV SIMS is also surface-sensitive and can in theory be extended to depth profiling. The fundamental dif-
ference between keV and MeV SIMS lies in the interaction mechanism of the primary ions with the material. 
While keV SIMS operates with energies of a few tens of keV through direct energy transfer to the secondary ions 
via nuclear stopping, MeV SIMS uses heavy energetic ions of a few tens of MeV that interact through electronic 
stopping with the target’s electronic system. It was shown in our previous  work34 that lowering the primary ion 
beam energy from a standardly used few MeV to a few hundred keV enhances the efficiency of secondary ion 
detection for some inorganic species. Their detection was successful at all three primary ion beam energies used 
(200 keV  Cu2+, 440 keV  Cu2+, and standardly used 5 MeV  Si4+), exhibiting the expected behavior of secondary 
ion yield with respect to the primary ion velocity: their yields decreasing with increasing velocity, i.e., decreasing 
nuclear stopping in the inorganic material, which is a driving force in collisional sputtering. This energy mode 
was named LE (Low Energy) MeV SIMS. In the present work, LE MeV SIMS depth profiling was explored based 
on previously confirmed good sensitivity to several inorganic species, in order to compare the achieved depth 
resolution against keV SIMS, as well as to observe the magnitude of eventual matrix effects, given that specific 
primary ion beam conditions are introduced in LE MeV SIMS. Up until now, the authors have found no record 
of an attempt of a dual-beam MeV SIMS depth profiling of inorganic matter in the literature.

This first demonstration of MeV SIMS depth profiling of an inorganic target at low primary ion beam energy 
opens up possibilities in both fundamental understanding of the impact of the primary ion characteristics on 
secondary ion yield of inorganic species, as well as expanding the application of MeV SIMS and other types of 
instruments, such as ion implanters, to perform mass spectrometry of inorganic species within their technical 
limits. This also presents a novelty for Ion Beam Analysis (IBA) laboratories in terms of the possibility to expand 
(and possibly improve) the set of existing techniques capable of depth profiling.

Experimental and methods
A dual-layer Cr-ITO sample was prepared by magnetron sputtering of roughly 50 nm Cr on top of 150 nm ITO 
 (In2O5Sn), deposited on a soda-lime glass substrate. The sample was first characterized by Time-of-Flight Elastic 
Recoil Detection Analysis (TOF-ERDA) to determine layers’ atomic content and layer thicknesses. TOF-ERDA 
measurement was performed by 23 MeV 127I7+ ions with 20° incidence angle toward the sample surface. TOF-
ERDA spectrometer was positioned at an angle of 37.5° toward the beam direction. More details about the used 
TOF-ERDA spectrometer can be found in the Ref.35,36.

The sample was also examined by atomic force microscopy (AFM) in tapping mode at several different places 
over areas of 2 × 2 μm2 to 10 × 10 μm2 before and after sputtering, in order to obtain RMS roughness.

KeV TOF SIMS depth profiling was performed on the dual-layer Cr-ITO sample on a TOF.SIMS 5 instru-
ment produced by ION TOF, Germany, at Jožef Stefan Institute in Ljubljana, Slovenia, in a dual-beam mode 
using 30 keV  Bi+ analysis ion beam with ion current of 2 pA and 1 keV  Ar+ etching ion beam with ion current 
of 127 nA. The analysis was performed over an area of 100 × 100 μm2, while etching was done over 400 × 400 
μm2. The base pressure in the chamber was 5·10–9 mbar. Hydrogen was introduced in the analysis chamber at 
pressure 7·10–7 mbar to reduce matrix  effects32. Mass spectra were obtained in the positive secondary ion mode.

LE MeV SIMS depth profiling was performed on the dual-layer Cr-ITO sample on an in-house MeV TOF 
SIMS setup described  elsewhere37. The chosen analysis beam was 555 keV  Cu2+, having currents in the range of 
1–5 fA in pulsed primary ion mode. The analysis covered an area of 300 × 300 μm2, under vacuum pressure of 
 10–6–10–7 mbar. Sputtering was carried out using PREVAC Ion Source IS 40C1, operating with 1 keV  Ar+ ion 
beam and emission current of 10 mA. The ion source was mounted at an angle of 45° with respect to the surface 
normal. The sputtering beam spot size was approximately 1 × 1  cm2, as provided by the manufacturer. During 
ion sputtering, the sample holder was scanned in two directions in an attempt to homogenize sputtering, thus 
creating a sputtering area in the shape of a parallelogram with an unspecified area. Ar pressure was ranging from 
6·10–5 to 3·10–4 mbar and the unsuppressed ion current measured on the target was ranging from 6 to 12 μA 
(changed between cycles). Depth profiling was conducted in a dual-beam mode, in cycles consisting of SIMS 
analysis of the sample surface by 555 keV  Cu2+ and sputtering by 1 keV  Ar+ for 10–20 min. Mass spectra were 
obtained in a positive secondary ion mode. While generating depth profiles, peak areas of selected secondary 
ions were normalized to the primary ion current and measurement time.

Results and discussion
Dual-layer Cr-ITO sample was first evaluated with TOF-ERDA depth profiling. The resulting depth profile of 
the main species constituting the sample is shown in Fig. 1. Analysis of TOF-ERDA spectra was performed by 
software  Potku38. Despite the fact that depth resolution in ERDA deteriorates with depth due to multiple scat-
tering, one can obtain the thickness of each layer by integrating the depth profile, or directly by measuring the 
distance between half of the maximum of the elemental curve at the layer surface (which marks the beginning 
of the layer) and at the interface (which marks the end of the layer). Cr and ITO layer thickness is calculated to 
be 44 ± 3 nm and 154 ± 9 nm, respectively (atomic density of Cr and ITO was considered in conversion from 
atoms/cm2 to nm). It should be noted that because of deteriorating depth resolution (which is roughly 22 nm at 
the Cr-ITO interface), ERDA has limited capability to resolve eventual structure in the depth profile at the layers’ 
interface. Since ERDA is a quantitative technique, elemental concentrations are provided in atomic percentages.

KeV SIMS profiles of selected species with respect to the sputter ion dose density (ions/cm2) are shown in 
Fig. 2. Cr-ITO interface is clearly resolved, and layers’ compositions are mostly uniform. Another ToF SIMS 
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measurement (not shown here) using a 2 keV  Cs+ etching beam observed the presence of increased  CrO- at the 
surface of the Cr layer and interface with ITO. As a result, partial oxidation of Cr at the Cr-ITO interface causes 
a matrix effect by enhancing secondary ion yield of  Cr+, as shown in Fig. 2. Many other oxides were detected as 
well, but with much lower efficiency.

LE MeV SIMS profiles of detected secondary ions from inorganic species are shown in Fig. 3. The x-axis 
is expressed in “quasi-dose” (cumulative sputtering ion current x sputtering time, per sputter cycle) since the 
sputter ion dose density could not be calculated due to the inability to precisely define the sputtering area. The 
main constituents of both layers and substrate  (Cr+,  In+,  Sn+,  Si+) are detected as positive ions, together with their 
isotopes with expected abundancies. In the case of Cr and In, the depth profile represents the sum of normalized 
peak areas of secondary ions of all detected isotopes. The profiles demonstrate significant chemical sensitivity to 
inorganic secondary ions. No oxides were detected in both positive and negative secondary ion mode, possibly 
due to lower efficiency to eject oxides with 555 keV  Cu2+ primary ion beam, and/or due to the presence of a 
higher amount of background in the mass spectra while operating in the low energy mode. Also, there is gener-
ally a significantly lower total secondary ion yield in negative than in positive secondary ion mode. No cluster 
secondary ions were detected in positive secondary ion mode.

The satisfactory quality of LE MeV SIMS depth profile is reflected in the depth resolution at the Cr-ITO 
interface that is comparable to that in keV SIMS: the estimated difference in depth between 16 and 84% of the 
plateau is roughly 10 nm and 11 nm, for keV SIMS  (Cr2

+) and LE MeV SIMS  (Cr+), respectively. This estimation 
was done by directly converting the x-axes to thickness (in nm) according to ERDA profiles. However, at the 
end of the dual-layer, the depth resolution in LE MeV SIMS worsens compared to keV SIMS, presumably due to 
Ar ion gun sputtering conditions during LE MeV SIMS analyses, which could potentially be improved. Another 
significant observation in LE MeV SIMS depth profile is the reduced matrix effect on  Cr+ secondary ion yield 
at the Cr-ITO interface where keV SIMS indicated the presence of oxidized Cr. There is no sharp increase in 
secondary ion yield at the surface and at the end of the Cr layer as it is observed in the keV SIMS analyses for 
the  Cr+ signal, instead the profile is rather steady. However, it is known that monoatomic metallic ions are more 

Figure 1.  TOF ERDA depth profile of dual-layer Cr-ITO sample on soda-lime glass.

Figure 2.  keV SIMS depth profile of selected species from dual-layer Cr-ITO sample on soda-lime glass.
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prone to matrix effect than cluster ions, hence, in keV SIMS, such layers are usually displayed through metallic 
dimers or trimers.

AFM of the pre-sputtered sample was performed in several segments. For virgin surface (Cr), an average 
RMS of 3.6 ± 0.2 nm was obtained. Virgin ITO surface before deposition of Cr layer revealed an average RMS 
of 3.8 ± 0.1 nm. Because the glass plate came with an already deposited ITO layer, the roughness of the virgin 
substrate (soda-lime glass) was measured from the substrate backside with an average RMS of 4.6 ± 0.5 nm. In the 
case of LE MEV SIMS, the crater in the post-sputtered sample revealed an average RMS of 8.1 ± 2.4 nm, whereas 
for keV SIMS, an average RMS of 9.1 ± 0.4 nm was obtained for the crater. The depth resolution degradation at 
the end of the ITO layer in LE MeV SIMS compared to keV SIMS is obviously not a consequence of roughness 
since the crater RMS is comparable to that of keV SIMS. However, it could be attributable to inhomogeneous 
 Ar+ sputtering-induced non-horizontal crater bottom since  Ar+ beam was not focused as in keV SIMS, and the 
analysis beam covered a fairly large area of 300 × 300 μm2.

Another difference between keV and LE MeV SIMS profiles concerns the ratio of the widths of Cr and ITO 
layer profiles. The width of each profile depends on the sputter yield of that element, given the energy and species 
of the etching ion beam (atoms/ion). Since profiles from both techniques were generated with the same type of 
etching beam (1 keV  Ar+), one would expect a linear dependence between their x-axes. However, the vacuum 
conditions during sputtering were notably different (7·10–7 mbar for keV SIMS, and 6·10–5–3·10–4 mbar for LE 
MeV SIMS). There is evidence in the literature that the sputtering yield may be affected by background  pressure39. 
Other than that, the authors have found no other explanation for this discrepancy.

Conclusions
Obtained LE MeV SIMS depth profiles of a dual-layer Cr-ITO sample demonstrate significant chemical sensitivity 
to inorganic secondary ions, as well as satisfactory depth resolution comparable to that of keV SIMS performed 
on the same type of sample using the same type of etching beam (1 keV  Ar+). However, at the end of the dual-
layer, depth resolution in LE MeV SIMS worsens compared to keV SIMS, but this is probably due to Ar sputter-
ing conditions, which could potentially be improved by focusing the beam and defining a more uniform beam 
rastering. A notable revelation was a sign of majorly reduced matrix effect on Cr + secondary ion at the partially 
oxidized locations in Cr layer (surface and interface with ITO), compared to keV SIMS. This phenomenon is 
worth further exploring systematically.

One should note that LE MeV SIMS depth profiling is not as straightforward as on the commercial keV SIMS 
instruments, providing a significantly fewer number of points per sputter cycle, which can be time-consuming. 
All things considered, all of the observed limitations in LE MeV SIMS profiles seem to be a consequence of the 
sputtering rather than the analysis conditions. Overall, this work shows the benefit for other IBA laboratories 
that possess MeV SIMS instrument in expanding its application to inorganic samples by lowering the energy 
of the primary ion beam, thus gaining multiple orders of magnitude higher efficiencies of inorganic ions and 
obtaining depth profiles of intermediate-thickness samples with satisfactory depth resolution. Moreover, this 
can be realized using a relatively low-cost sputtering source.

In theory, this also paves the way for MeV SIMS depth profiling of hybrid organic/inorganic samples such as 
OLED screens or hybrid solar cells, at least in terms of the ability to detect secondary ions of both organic and 
inorganic species simultaneously in the low energy mode.

Received: 18 March 2022; Accepted: 4 July 2022

Figure 3.  LE MeV SIMS depth profile of detected positive secondary ions from inorganic species from dual-
layer Cr-ITO sample on a soda-lime glass. Low intensity ions are presented inside the plot:  Sn+ (top) and  Si+ 
(bottom).

Content courtesy of Springer Nature, terms of use apply. Rights reserved



5

Vol.:(0123456789)

Scientific Reports |        (2022) 12:11611  | https://doi.org/10.1038/s41598-022-16042-4

www.nature.com/scientificreports/

References
 1. Nakata, Y. et al. Matrix-free high-resolution imaging mass spectrometry with high-energy ion projectiles. J. Mass Spectrom. 44, 

128–136 (2009).
 2. Bailey, M. J. et al. Depth profiling of fingerprint and ink signals by SIMS and MeV SIMS. Nucl. Instrum. Methods Phys. Res., Sect. 

B 268, 1929–1932 (2010).
 3. Moore, K. L. et al. Determination of deposition order of toners, inkjet inks, and blue ballpoint pen combining Mev-secondary ion 

mass spectrometry and particle induced x-ray emission. Anal. Chem. 91, 12997–13005 (2019).
 4. Malloy, M. C., Bogdanović Radović, I., Siketić, Z. & Jakšić, M. Determination of deposition order of blue ballpoint pen lines by 

MeV secondary ion mass spectrometry. Forensic Chem. 7, 75–80 (2018).
 5. Barac, M. et al. Comparison of optical techniques and MeV SIMS in determining deposition order between optically distinguish-

able and indistinguishable inks from different writing tools. Forensic Sci. Int. 331, 111136 (2022).
 6. Radović, I. B. et al. Identification and imaging of modern paints using secondary ion mass spectrometry with MeV ions. Nucl. 

Instrum. Methods Phys. Res., Sect. B 406, 296–301 (2017).
 7. Jenčič, B. et al. Molecular imaging of cannabis leaf tissue with MeV-SIMS method. Nucl. Instrum. Methods Phys. Res., Sect. B 371, 

205–210 (2016).
 8. Jenčič, B. et al. MeV-SIMS TOF imaging of organic tissue with continuous primary beam. J. Am. Soc. Mass Spectrom. 30, 1801–1812 

(2019).
 9. Wei, X., Zhao, L., Wang, J., Zeng, Y. & Li, J. Characterization of nitride-based LED materials and devices using TOF-SIMS: Char-

acterization of LED materials and devices using TOF-SIMS. Surf. Interface Anal. 46, 299–302 (2014).
 10. Gong, B. & Marjo, C. E. Quantitative ToF-SIMS depth profiling of a multi-phased III-V semiconductor matrix via the analysis of 

secondary cluster ions: Quantitative TOF-SIMS depth profiling of III-V matrix. Surf. Interface Anal. 48, 422–427 (2016).
 11. Wang, L. et al. Study of the surface oxides and corrosion behavior of an equiatomic CoCrFeMnNi high entropy alloy by XPS and 

ToF-SIMS. Corros. Sci. 167, 108507 (2020).
 12. Mowat, I., Lindley, P. & McCaig, L. A correlation of TOF-SIMS and TXRF for the analysis of trace metal contamination on silicon 

and gallium arsenide. Appl. Surf. Sci. 203–204, 495–499 (2003).
 13. Rabbani, S., Barber, A. M., Fletcher, J. S., Lockyer, N. P. & Vickerman, J. C. TOF-SIMS with argon gas cluster ion beams: A com-

parison with  C60
+. Anal. Chem. 83, 3793–3800 (2011).

 14. Angerer, T. B., Blenkinsopp, P. & Fletcher, J. S. High energy gas cluster ions for organic and biological analysis by time-of-flight 
secondary ion mass spectrometry. Int. J. Mass Spectrom. 377, 591–598 (2015).

 15. Sheraz née Rabbani, S. et al. Prospect of increasing secondary ion yields in ToF-SIMS using water cluster primary ion beams: 
Examining new primary ion sources for ToF-SIMS. Surf. Interface Anal. 46, 51–53 (2014).

 16. Sheraz née Rabbani, S., Barber, A., Fletcher, J. S., Lockyer, N. P. & Vickerman, J. C. Enhancing secondary ion yields in time of 
flight-secondary ion mass spectrometry using water cluster primary beams. Anal. Chem. 85, 5654–5658 (2013).

 17. Baryshev, S. V. et al. High-resolution secondary ion mass spectrometry depth profiling of nanolayers: Depth profiling of nanolayers 
by high-resolution SIMS. Rapid Commun. Mass Spectrom. 26, 2224–2230 (2012).

 18. Chakraborty, P. Ultra-high depth resolution SIMS for the interface analysis of complex low-dimensional structures. Nucl. Instrum. 
Methods Phys. Res., Sect. B 266, 1858–1865 (2008).

 19. Mouhib, T. et al. Molecular depth profiling of organic photovoltaic heterojunction layers by ToF-SIMS: comparative evaluation of 
three sputtering beams. Analyst 138, 6801 (2013).

 20. ASTM. Standard Terminology Relating to Surface Analysis. American Society for Testing and Materials, Committee E‐42 on Surface 
Analysis, 4 (1992).

 21. Yan, X. L., Duvenhage, M. M., Wang, J. Y., Swart, H. C. & Terblans, J. J. Evaluation of sputtering induced surface roughness develop-
ment of Ni/Cu multilayers thin films by Time-of-Flight Secondary Ion Mass Spectrometry depth profiling with different energies 
O2+ ion bombardment. Thin Solid Films 669, 188–197 (2019).

 22. Andersen, H. H. The depth resolution of sputter profiling. Appl. Phys. 18, 131–140 (1979).
 23. Hofmann, S. & Schubert, J. Determination and application of the depth resolution function in sputter profiling with secondary 

ion mass spectroscopy and Auger electron spectroscopy. J. Vac. Sci. Technol., A: Vac., Surf. Films 16, 1096–1102 (1998).
 24. Magee, C. W. & Honig, R. E. Depth profiling by SIMS?depth resolution, dynamic range and sensitivity. Surf. Interface Anal. 4, 

35–41 (1982).
 25. Graham, D. J., Wagner, M. S. & Castner, D. G. Information from complexity: Challenges of TOF-SIMS data interpretation. Appl. 

Surf. Sci. 252, 6860–6868 (2006).
 26. Satori, K., Haga, Y., Minatoya, R., Aoki, M. & Kajiwara, K. Factors causing deterioration of depth resolution in Auger electron 

spectroscopy depth profiling of multilayered systems. J. Vac. Sci. Technol., A: Vac., Surf. Films 15, 478–484 (1997).
 27. Hofmann, S. Compositional depth profiling by sputtering. Prog. Surf. Sci. 36, 35–87 (1991).
 28. Zalar, A. Improved depth resolution by sample rotation during Auger electron spectroscopy depth profiling. Thin Solid Films 124, 

223–230 (1985).
 29. Saha, B. & Chakraborty, P.  MCsn

+-SIMS: An innovative approach for direct compositional analysis of materials without standards. 
Energy Procedia 41, 80–109 (2013).

 30. Wilson, R. G. & Novak, S. W. Systematics of secondary-ion-mass spectrometry relative sensitivity factors versus electron affinity 
and ionization potential for a variety of matrices determined from implanted standards of more than 70 elements. J. Appl. Phys. 
69, 466–474 (1991).

 31. Zanderigo, F., Ferrari, S., Queirolo, G., Pello, C. & Borgini, M. Quantitative TOF-SIMS analysis of metal contamination on silicon 
wafers. Mater. Sci. Eng., B 73, 173–177 (2000).

 32. Ekar, J., Panjan, P., Drev, S. & Kovač, J. ToF-SIMS depth profiling of metal, metal oxide, and alloy multilayers in atmospheres of 
 H2,  C2H2, CO, and  O2. J. Am. Soc. Mass Spectrom. 33, 31–44 (2022).

 33. Priebe, A., Xie, T., Bürki, G., Pethö, L. & Michler, J. The matrix effect in TOF-SIMS analysis of two-element inorganic thin films. 
J. Anal. At. Spectrom. 35, 1156–1166 (2020).

 34. Barac, M., Brajković, M., Bogdanović Radović, I., Kovač, J. & Siketić, Z. MeV TOF SIMS analysis of hybrid organic/inorganic 
compounds in the low energy region. J. Am. Soc. Mass Spectrom. 32, 825–831 (2021).

 35. Siketić, Z., Radović, I. B. & Jakšić, M. Development of a time-of-flight spectrometer at the Ruder Bošković Institute in Zagreb. 
Nucl. Instrum. Methods Phys. Res., Sect. B 266, 1328–1332 (2008).

 36. Siketić, Z., Radović, I. B. & Jakšić, M. Quantitative analysis of hydrogen in thin films using time-of-flight elastic recoil detection 
analysis. Thin Solid Films 518, 2617–2622 (2010).

 37. Tadić, T. et al. Development of a TOF SIMS setup at the Zagreb heavy ion microbeam facility. Nucl. Instrum. Methods Phys. Res., 
Sect. B 332, 234–237 (2014).

 38. Arstila, K. et al. Potku – New analysis software for heavy ion elastic recoil detection analysis. Nucl. Instrum. Methods Phys. Res., 
Sect. B 331, 34–41 (2014).

 39. Husinsky, W., Betz, G., Girgis, I., Viehböck, F. & Bay, H. L. Velocity distributions and sputtering yields of chromium atoms under 
argon, oxygen and carbon ion bombardment. J. Nucl. Mater. 128–129, 577–582 (1984).

Content courtesy of Springer Nature, terms of use apply. Rights reserved



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:11611  | https://doi.org/10.1038/s41598-022-16042-4

www.nature.com/scientificreports/

Acknowledgements
Authors acknowledge support by the RADIATE project under the Grant Agreement 824096 from the EU 
Research and Innovation program HORIZON 2020 and by the European Regional Development Fund for 
the ‘Center of Excellence for Advanced Materials and Sensing Devices’ (Grant No. KK.01.1.1.01.0001), Ruđer 
Bošković Institute, Zagreb, Croatia. M. Brajković acknowledges support by the Croatian Science Foundation 
(CSF) project "Young Researchers’ Career Development Project—Training of Doctoral Students" co-financed 
by the European Union, Operational Program “Efficient Human Resources 2014-2020”.

Author contributions
M.B. planned and optimized the experimental setup and performed LE MeV SIMS measurements together with 
Z.S. and M.B. M.B. prepared the manuscript text, as well as interpreted the results together with Z.S., J.K., and 
I.B.R. KeV SIMS depth profile measurements performed by J.E. and J.K. TOF-ERDA measurements and analysis 
performed by Z.S. AFM measurements performed by I.Š.R. All authors reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to M.B.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

Content courtesy of Springer Nature, terms of use apply. Rights reserved



1.

2.

3.

4.

5.

6.

Terms and Conditions
 
Springer Nature journal content, brought to you courtesy of Springer Nature Customer Service Center GmbH (“Springer Nature”). 
Springer Nature supports a reasonable amount of sharing of  research papers by authors, subscribers and authorised users (“Users”), for small-
scale personal, non-commercial use provided that all copyright, trade and service marks and other proprietary notices are maintained. By
accessing, sharing, receiving or otherwise using the Springer Nature journal content you agree to these terms of use (“Terms”). For these
purposes, Springer Nature considers academic use (by researchers and students) to be non-commercial. 
These Terms are supplementary and will apply in addition to any applicable website terms and conditions, a relevant site licence or a personal
subscription. These Terms will prevail over any conflict or ambiguity with regards to the relevant terms, a site licence or a personal subscription
(to the extent of the conflict or ambiguity only). For Creative Commons-licensed articles, the terms of the Creative Commons license used will
apply. 
We collect and use personal data to provide access to the Springer Nature journal content. We may also use these personal data internally within
ResearchGate and Springer Nature and as agreed share it, in an anonymised way, for purposes of tracking, analysis and reporting. We will not
otherwise disclose your personal data outside the ResearchGate or the Springer Nature group of companies unless we have your permission as
detailed in the Privacy Policy. 
While Users may use the Springer Nature journal content for small scale, personal non-commercial use, it is important to note that Users may
not: 
 

use such content for the purpose of providing other users with access on a regular or large scale basis or as a means to circumvent access

control;

use such content where to do so would be considered a criminal or statutory offence in any jurisdiction, or gives rise to civil liability, or is

otherwise unlawful;

falsely or misleadingly imply or suggest endorsement, approval , sponsorship, or association unless explicitly agreed to by Springer Nature in

writing;

use bots or other automated methods to access the content or redirect messages

override any security feature or exclusionary protocol; or

share the content in order to create substitute for Springer Nature products or services or a systematic database of Springer Nature journal

content.
 
In line with the restriction against commercial use, Springer Nature does not permit the creation of a product or service that creates revenue,
royalties, rent or income from our content or its inclusion as part of a paid for service or for other commercial gain. Springer Nature journal
content cannot be used for inter-library loans and librarians may not upload Springer Nature journal content on a large scale into their, or any
other, institutional repository. 
These terms of use are reviewed regularly and may be amended at any time. Springer Nature is not obligated to publish any information or
content on this website and may remove it or features or functionality at our sole discretion, at any time with or without notice. Springer Nature
may revoke this licence to you at any time and remove access to any copies of the Springer Nature journal content which have been saved. 
To the fullest extent permitted by law, Springer Nature makes no warranties, representations or guarantees to Users, either express or implied
with respect to the Springer nature journal content and all parties disclaim and waive any implied warranties or warranties imposed by law,
including merchantability or fitness for any particular purpose. 
Please note that these rights do not automatically extend to content, data or other material published by Springer Nature that may be licensed
from third parties. 
If you would like to use or distribute our Springer Nature journal content to a wider audience or on a regular basis or in any other manner not
expressly permitted by these Terms, please contact Springer Nature at 
 

onlineservice@springernature.com
 

mailto:onlineservice@springernature.com

