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ABSTRACT 

This paper investigates the sputtering behaviour of selected double perovskites 

under ion bombardment, aiming to determine the sputtering angle for maximum 

yield and projected range. It follows up a new approach for the estimation of the 

power conversion efficiency of single perovskite materials from their sputtering 

and explores whether double perovskites exhibit similar angular characteristics 

as single perovskites, with respect to ion range and sputter yield. This research 

presents the projected ranges and sputter yields for various ions impacting 

caesium-sodium-indium halide double perovskites, Cs2NaInX6 [X= Br,I,Cl]. 

Findings such as Sputter yield and Ion range indicate potential applications in 

solar energy, contributing to the understanding of ion sputtering mechanisms 

and advancing the fabrication of efficient thin-film photovoltaic devices. This 

research has similar sputter characteristics as the single perovskites exhibiting 

a maximum yield at angle of incidence of 780 

 

 

 

 

1. INTRODUCTION  

Metal halide perovskites have emerged as front-runners in the development of next-generation 

optoelectronic devices due to their exceptional charge transport properties, defect tolerance, and 

low-cost fabrication processes. However, the most widely studied perovskite is based on lead, such 

as methylammonium lead iodide (CH₃NH₃PbI₃) suffer from serious drawbacks including toxicity 

and instability under environmental exposure [11]. These concerns have led to an intensive global 

search for lead-free alternatives, with particular focus on double perovskites, which offer greater 

compositional flexibility and improved environmental stability [15,18]. Extensive studies on 

improving these perovskite materials have extrapolated into developing double perovskites with 

A2BB’X6 stoichiometry [2]. 
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Among these, the cesium-based elpasolite double perovskites, Cs₂BB′X₆ (where B and B′ are 

monovalent and trivalent metal cations, respectively, and X is a halide), have received growing 

attention. In particular, Cs₂NaInX₆ (X = Cl, Br, I) has emerged as a promising lead-free material, 

combining the structural stability of the double perovskite framework with the benign nature of its 

constituent elements. These materials exhibit wide and tunable bandgaps, high thermal stability, and 

potential for diverse applications in radiation detection, photodetectors, and, increasingly, 

photovoltaics [5,8]. These lead-free double perovskites exhibit tunable optoelectronic properties, 

environmental safety, and enhanced chemical and thermal stability, making them promising 

candidates for photovoltaic applications [9].  

The tunability of halide composition (Cl, Br, I) in Cs₂NaInX₆ significantly influences its optical and 

electronic properties, such as bandgap energy, ion migration behavior, and defect tolerance [5,18]. 

While the intrinsic wide bandgap (typically 3.0–4.0 eV depending on halide) presents challenges for 

solar cell applications, these materials are highly attractive for UV photodetection and tandem solar 

cell architectures [16]. Moreover, the all-inorganic nature of Cs₂NaInX₆ enhances its long-term 

stability against humidity and thermal stress, making it suitable for harsh environments. To enable 

scalable device fabrication and better understand these materials under processing or operating 

conditions, it is crucial to study their interaction with energetic particles, such as ions used in thin-film 

processing, doping, or space applications.  

Ion-beam surface sputtering is a widely employed technique for surface analysis, thin-film deposition, 

and nanostructuring [1,7,14]. In this process, energetic ions (commonly inert gases such as Ar⁺ or Ne⁺) 

impinge on the target material, triggering collision cascades that result in atomic displacements, 

sputtering, and defect formation [11,19]. While this approach has been successfully applied to 

understand sputtering and ion transport in lead and tin-based perovskites [11], similar studies for lead-

free double perovskites, especially Cs₂NaInX₆, remain sparse. This gap in literature leaves open 

questions about the radiation tolerance, sputtering efficiency, and damage behavior of these promising 

materials. To address this, we apply Monte Carlo simulation techniques specifically the SRIM and 

TRIM packages developed by Ziegler and Biersack to investigate the ion range and sputter yield of 

Cs₂NaInX₆ compounds. These simulations use a binary collision approximation (BCA) to statistically 

model the ion-solid interactions, accounting for nuclear stopping, electronic energy loss, and material-

specific parameters such as density and stoichiometry [20].  

The most suitable group of materials for a case study in this regard are cesium-based double 

perovskites, particularly Cs₂NaInX₆ (X = Cl, Br, I), which are lead-free, inorganic halide perovskites. 

These materials adopt a double perovskite structure, where the B-site is alternately occupied by 

monovalent (Na⁺) and trivalent (In³⁺) metal cations in a rock-salt ordering, and the X-site is occupied 

by halide ions. While Cs₂NaInX₆ compounds possess wide bandgaps typically ranging from ~3.0 eV 

for iodide to ~4.2 eV for chloride they have been identified as structurally stable and environmentally 

benign candidates for ultraviolet photodetection and radiation detection applications [5,8]. These 

double perovskites offer flexibility in tuning electronic and structural properties through halide mixing 

and cation substitution strategies [16].  

In this paper, we studied the range and sputter yield of ions in Cs₂NaInCl₆, Cs₂NaInBr₆, and Cs₂NaInI₆ 

double perovskites under ion bombardment. Monte Carlo simulations were performed using the SRIM 

(Stopping and Range of Ions in Matter) and TRIM (Transport of Ions in Matter) packages. We used 

inert gas ions Ne⁺ and Ar⁺ as projectiles in the sputtering process due to their wide use in experimental 

surface analysis and minimal chemical interaction with the target.The simulations were carried out 

over varying ion energies (1–10 keV) and incidence angles (0°–89°) to provide detailed insight into 

the projected ion range, energy loss mechanisms, and element-specific sputter yields. This 



Oyeleye and Oyewande. - Journal of NAMP 72, (2026) 37-46 

39 

computational investigation aims to establish a foundational understanding of how different halide 

constituents (Cl⁻, Br⁻, I⁻) in Cs₂NaInX₆ influence the ion-matter interaction characteristics and to 

evaluate the suitability of these double perovskites for applications requiring stability under irradiation 

or precision in ion-assisted processing.  

 

THEORETICAL BACKGROUND  

Ion sputtering under energetic particle bombardment is fundamentally described by Sigmund’s 

collision cascade theory by Peter Sigmund.  

Ion-beam sputtering as a pattern-forming, non-equilibrium process: Under ion bombardment, 

atoms are ejected via collision cascades whose deposited energy density inside the solid is well 

described by Sigmund’s Gaussian model. For an ion of energy ε penetrating an average depth a, the 

local energy deposition at position r′ = (x,y, z) relative to the impact point is: 

E(r′) = 
ε

[(2π)^(3/2) σ μ^2]
  exp[ 

−(z+a)2

2σ^2
  - 

x2+y2

2μ^2
] --------- (1) 

where σ and μ are the longitudinal and transverse cascade widths. The local erosion velocity 

follows from the deposited energy integrated over the “active” near-surface region, 

v ≡ -
∂h

∂t
 = Pm ∫R Φ(r) E(r) dr  ----------- (2) 

with ion flux fraction Φ and proportionality constant pm. These ingredients underpin both 

continuum surface-evolution equations and discrete Monte-Carlo models of sputtering [10,13] 

Discrete/Monte-Carlo viewpoint and link to SRIM/TRIM: In lattice-based Monte-Carlo 

sputtering models (e.g., HKGK), the surface is a 2D lattice h(i,j) with periodic boundaries. Erosion 

at a site occurs with probability pe ∝ E(r) (Sigmund energy), and surface diffusion is implemented 

as nearest-neighbour hops with probability pd. One Monte-Carlo step comprises an erosion sweep 

over the energized region followed by a full-lattice diffusion sweep; time is measured in MC steps 

per site to remove size effects. These models reproduce ripple formation, orientation changes with 

angle, and the increase of λ with time in extended regimes. This discrete perspective aligns 

naturally with the BCA-based SRIM/TRIM simulations used for projected ranges and sputter 

yields: both inherit their physics from the same deposited-energy kernel E(r) and encode the strong 

incidence-angle dependence that yields near-grazing-angle maxima [10]. 

2 METHODOLOGY 

In this section we provide the specific details of our simulation. Details of the theoretical 

background for the calculations and simulation algorithms embedded in the TRIM and SRIM 

packages are discussed in the papers by Ziegler and Biersack [12,17,20]. SRIM was used to 

perform Monte Carlo simulations of the range of inert gas ions, Ne⁺ and Ar⁺, with energies varied 

from 1 keV to 10 keV, at normal incidence on the targets. Ion energies in sputtering experiments, 

in general, fall within this range. The ones that do not fall within the range are low-energy 

sputtering experiments with ion energy around 500 eV. Hence, the chosen range is relevant to 

typical ion energies. The targets were cesium-based double perovskites Cs₂NaInCl₆, Cs₂NaInBr₆, 

and Cs₂NaInI₆. While TRIM was used to perform Monte Carlo simulations for the number of each 

component of the perovskites yielded as a result of bombardment of the perovskite by an incident 

ion, for varied incidence angles from 0° to 89°, and for ion energies 1 keV and 5 keV. In the TRIM 

set-up, perovskite wafer thickness of 35 nm was used, the target thickness of 35 nm was selected 

to ensure that ions with energies up to 10 keV remained fully contained within the simulation 

domain, thereby minimizing artificial ion transmission effects. Test simulations confirmed that 
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increasing thickness beyond this value did not significantly alter sputter yield results, indicating 

convergence with respect to target depth. For both SRIM and TRIM, the Cs₂NaInX₆ compounds 

were built from their components in the stoichiometric ratio 2:1:1:6 for Cs, Na, In, and halide (Cl, 

Br, or I), respectively. The experimental densities used were 3.89 g/cm³ for Cs₂NaInCl₆ [8] and 

4.41 g/cm³ for Cs₂NaInBr₆ [5]. For Cs₂NaInI₆ where experimental density data were unavailable, 

density was estimated from compositional scaling relative to Cs₂NaInBr₆. This introduces minor 

uncertainty in absolute projected range values; however, comparative trends across halide 

compositions remain valid, a density of 5.09 g/cm³ was calculated based on atomic mass and 

volume scaling from the bromide variant. An amount of 1000 ions was used for each simulation 

to allow the simulation to run for a reasonably long time, while larger ion counts improve statistical 

precision, preliminary tests indicated that the relative variation in sputter yield remained within 

acceptable computational uncertainty for the trends investigated. The results therefore represent 

statistically stable average values suitable for comparative analysis. The “Monolayer Collision 

Step/Surface Sputtering” option was selected to calculate the sputter yield in the TRIM set-up, 

while detailed calculation with full damage cascade was performed to calculate the projected range 

in the SRIM set-up. 

RESULTS AND DISCUSSION 

The results of our simulations are presented and discussed in this section. Similar trends were 

observed for the two inert gas ions (Ne⁺ and Ar⁺), though higher values of projected ion range and 

lower sputter yield were generally obtained for Ne⁺, whereas Ar⁺ showed lower ion penetration 

and higher sputter yield across the studied materials. The simulations were started with the three 

halide variants of the Cs₂NaInX₆ double perovskites, namely X = Cl, Br, and I. Figure 1 show the 

results of the projected range of ions in the three perovskites for different ion energies ranging 

from 1 keV to 10 keV. The values of the linear range of the ions in the different targets were close, 

especially for sputtering with Ar⁺. These indicated that the three materials, chloride, bromide, and 

iodide double perovskites are remarkably similar in terms of their stopping power to energetic ion 

irradiation. The similarity in their ion range behavior supports the choice of Br and Cl as viable 

substitutes for I in cesium-based indium halide double perovskites, and this is in agreement with 

the results obtained by Oyewande and Akinpelu (2018) for Pb- and Sn-based single perovskites. 

 

Fig. 1: Projected Range of Ne+ and Ar+ in Cs₂NaInCl₆, Cs₂NaInBr₆, and Cs₂NaInI₆ double 

perovskites target for different ion energies from 1keV to 10keV. 
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Fig.2: Sputter yield of Cs (atoms/ion) for the ejection of Cs atoms from Ar+ and Ne+ 

bombardment of the double perovskites at different angles of incidence, for ion energy of 

1keV and 5keV. 

 

Fig.3: Sputter yield of Na (atoms/ion) for the ejection of Na atoms from Ar+ and Ne+ 

bombardment of the double perovskites at different angles of incidence, for ion energy of 

1keV and 5keV. 
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Fig.4: Sputter yield of In (atoms/ion) for the ejection of In atoms from Ar+ and Ne+ 

bombardment of the double perovskites at different angles of incidence, for ion energy of 

1keV and 5keV. 

 
Fig.5: Sputter yield of Br/I/Cl (atoms/ion) for the ejection of Br atoms from Ar+ and Ne+ 

bombardment of the double perovskites at different angles of incidence, for ion energy of 

1keV and 5keV. 
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Fig.6: Sputter yield of CsNaInBr for the ejection of CsNaInBr from Ar+ and Ne+ 

bombardment at different angles of incidence, for ion energy of 1keV and 5keV 

 

The sputter yield of Cs atoms ranged from 0.67 to 2.32 atoms/ion for 1 keV, and from 1.22 to 5.74 

atoms/ion for 5 keV, as shown in Fig.2. Fig.3 shows the yield of Na atoms, which ranged from 0.208 to 

0.797 atoms/ion at 1 keV, and from 0.349 to 1.89 atoms/ion at 5 keV. The sputter yields for In atoms, as 

presented in Fig.4, was the lowest among the constituent elements, ranging from 0.148 to 0.486 atoms/ion 

at 1 keV and from 0.224 to 1.14 atoms/ion at 5 keV. In contrast, the halide atoms Cl, Br, and I exhibited 

the highest sputter yields overall, with values ranging from 1.24 to 3.57 atoms/ion at 1 keV, and from 

1.79 to 8.7 atoms/ion at 5 keV, as depicted in Fig5. Thus, the order of maximum sputter yields, from 

lowest to highest, was: In < Na < Cs < X (Cl/Br/I). This ordering reflects the variation in atomic mass, 

surface exposure, and bond strength of the constituent atoms in the lattice. 

Fig.6 presents the total sputter yield behavior for the combined CsNaInX₆ units, at different incidence 

angles and ion energies. These composite sputter results show the cumulative yield trends and further 

confirm that sputter yield increased with both ion energy and incidence angle. A peak yield was observed 

around 78°, consistent across all halide compositions and for both Ne⁺ and Ar⁺ ions. This again reinforces 

the angular dependence of sputtering reported in earlier studies. 
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The higher sputter yield observed for halide atoms compared to Cs, Na, and In can be attributed to their 

relatively lower surface binding energies and lattice coordination environment. Halide atoms occupy the 

X-sites of the perovskite framework and are more weakly bound compared to the B-site cation In³⁺, which 

is octahedrally coordinated within the lattice. The lower sputter yield of indium is consistent with its 

higher atomic mass and stronger bonding within the crystal structure, requiring greater energy transfer 

for displacement. 

Furthermore, the enhanced sputter yield of Ar⁺ compared to Ne⁺ is consistent with the greater nuclear 

stopping power of heavier ions, which transfer momentum more efficiently during collision cascades. 

This leads to shallower penetration depths and higher near-surface energy deposition, thereby increasing 

sputtering probability. 

CONCLUSION 

We performed Monte Carlo simulations of the ion sputtering of Cs₂NaInCl₆, Cs₂NaInBr₆, and Cs₂NaInI₆ 

(cesium-based double perovskites) as a new perspective for understanding and improving upon the 

desired physical properties of less toxic metal halide perovskite materials that are based on the possible 

substitutes for lead. In our studies, reported in this paper, we found the sputtering results of the three 

halide-based double perovskites chloride, bromide, and iodide to be very similar. In fact, so similar as to 

serve as another reason why the quest to improve upon the properties of Cs₂NaInX₆ materials, especially 

for photovoltaic applications, should not be abandoned. 

The simulation results, which showed consistent trends in ion range, angular dependence, and sputter 

yields across the different halide compositions, support the view that compositional tuning of the halide 

site (from I⁻ to Br⁻ or Cl⁻) does not significantly alter the fundamental sputtering behavior of these 

compounds. The sputter yield followed a predictable angular trend, peaking between 70° and 82°, which 

aligns with previously reported sputtering characteristics for perovskite materials. Among the constituent 

atoms, the halides were the most easily sputtered, while In showed the lowest yield. These observations 

further support the structural and energetic stability of these materials under energetic particle irradiation. 

These results suggest that sputtering simulations may provide a valuable predictive tool in evaluating the 

optoelectronic potential of emerging perovskite materials, and that Cs₂NaInX₆ compounds deserve 

further research attention in the ongoing search for high-performance, lead-free alternatives in solar 

energy applications. 
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