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Abstract – The irradiation with highly energetic (MeV-GeV) heavy ions can lead to the modifications of the properties of different materials. Among the observed effects, the creation of surface nanostructures in different materials were demonstrated. Recently, slow (eV-keV) highly charged ions (HCIs) were successfully utilized for the creation of similar surface nanostructures in various solids. However, HCI exhibit unique feature by altering only the top surface layers without modifying the deeper layers, which cannot be avoided for MeV-GeV heavy ions. Based on both the type of the material and ion beam parameters (charge state, kinetic energy, potential energy, etc.), nanostructures of different shapes (pits, caldera-like, hillocks) and sizes were obtained. This paper reviews the research progress of HCI-induced nanostructuring and the used theoretical approaches for understanding the creation mechanisms of the fabricated surface structures.
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I. Introduction

The fabrication of very small nanostructures is one of the basic requirements in various nanotechnological applications. The conventional lithographic methods were utilized successfully in the creation of ordered surface nanostructures. However, the use of chemical and/or dry etching, in these methods, can severely modify the surface, which should be avoided in many applications. Ion beam technology had overcome this drawback by the direct creation of tiny nanostructures in various materials without the need to further treatments. Over the previous few decades swift heavy ions (SHI), exhibiting kinetic energies in the range of MeV-GeV kinetic energy, were used for the creation of different nanostructures by single ion impact in different materials [1-3]. The kinetic energy of the impinging SHI from the large accelerator facilities is usually unchangeable during the allocated beam time. Therefore, different stripper foils are usually used in order to vary the velocity of SHI down to smaller values. This was of importance for tuning the deposited electronic energy loss (dE/dx)e which is the main cause for the creation of ion tracks and associated surface nanostructures in different materials. The type (hillock-, crater-, and volcano-like structures) and size of the observed nanostructures are strongly correlated to the used target as well as the utilized ion properties, in particular (dE/dx)e [4-6]. The SHI-induced nanostructures, by single ion impact, were observed mainly in insulators e.g. ionic halide crystals, oxides and polymers. For each material a certain threshold of dE/dx should be surpassed for the creation of ion-induced nanostructures. Despite the ability of SHI in forming nanostructures in surfaces by single impacts, it produces often a structural modification inside the bulk. These modifications should be avoided in some applications e.g., in semiconductor device fabrication, which is based on multi-layered thin films. Slow highly charged ions (SHCI), of eV- keV kinetic energy range and high potential energy have overcome this disadvantage by their ability to create different nanostructures in the solid surfaces [7-9]. This was possible by generating various types of SCHI using e.g., electron beam ion Trap (EBIT), and electron beam ion sources (EBIS) [10, 11].
  
II. SHCI-induced nanostructures in Fluorides

Fluorides are considered as the most studied material category in view of the surface modifications by SCHI. The deposition of the potential energy of SCHI lead to the creation of different types of surface nanostructures in various single crystals. Here, we focus on calcium fluoride (CaF2), barium fluoride (BaF2) and lanthanum fluoride (LaF3) as cases study of the presented effects induced by SCHI:

[bookmark: _Hlk141627666]II.A. Calcium Fluoride (CaF2)

The performed experiments using EBIT facilities showed nanohillocks protruding from the surface, where each hillock is created by single ion impact [12,13] as shown in Figure 1. The irradiation experiments using various ion species, kinetic energies and charge states enabled a detailed study for the creation of the induced feature and its size control. The diameter of the hillocks ranges between 20 and 60 nm and their height between 0.5 and 1.0 nm, as shown in Figure 3. Interestingly, the results confirmed the existence of a well-defined potential energy threshold for the hillocks formation. 
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Fig. 1. SFM topographic images of CaF2 irradiated with XeQ+ ions of Q = 28- 46. The kinetic energy of the ions is 10Q keV. Reproduced with permission from [12]. Copyright 2023 Elsevier.

Based on the fact that the hillocks are formed by using argon ions of charge state between Q= 17 and Q= 18, and xenon ions between Q = 28 and Q = 30, the required potential energy threshold for the hillocks creation is estimated to be ~ 14 keV [12]. Furthermore, the threshold is reduced slightly to ~12 keV by reducing the kinetic energy of the utilized ions [13].
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Fig. 2. Hillock diameter (a) and height (b) as a function of the potential energy of Arq+ (open symbol) and Xeq+ (full symbol) projectiles. Reproduced with permission from [12]. Copyright 2023 Elsevier.

In addition, we have shown that pyramidal etch pits can be produced in the surface of CaF2 at potential energy less that the one required for hillocks creation, as shown in Figure 4 [14].  The irradiated CaF2 cleaved samples were etched in HNO3 solution without thermal agitation. A metal grid is used during ion irradiation, where the observation of clear patterns is direct indication of successful chemical etching. In addition, we can differentiate the ion-induced pits from the naturally occurring dislocations, as shown in Fig. 5.  The creation of both the hillocks and etch pits, using various kinetic and potential energies, made it possible to establish phase diagram for the nanostructures creation in CaF2, as shown in Fig. 6. The creation of hillocks is highly dependent on the potential energy but relatively weak dependence on the kinetic energy, showing an almost vertical boundary of region C in Fig. 4. 
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Fig. 3. SFM topographic image of CaF2 surface after exposure to 150 keV  Xe33+ ions and chemically etched with HNO3 solution (from [14]).
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Fig. 4. Phase diagram of hillock and etch pit creation by highly charged Xe ions. Full (open) green circles represent potential and kinetic energies where hillocks are present (absent) after irradiation, full (open) red triangles indicate pairs where pits are present (missing) after etching the irradiated samples (from [14]).
The line, which separates region A (stable) and region B (etch pits) is correlated to the kinetic energy as well as the potential energy of the incident ion. This behaviour suggests that ions exhibiting smaller kinetic energy need more potential energy to form etchable pits than the faster ions.

II.B. Barium Fluoride (BaF2)

BaF2 single crystals were irradiated with various SCHI of various kinetic and potential energies. It was not possible to create any surface features using 4.5 q keV highly charged Xeq+ ions of q ≤ 38. Therefore, we have utilized the selective chemical etching technique to reveal the hidden surface damage [15]. 
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Fig.5. SFM of non-etched [(a) and (b)] and etched [(c) and (d)] BaF2 irradiated Xe11+and Xe33+ ions of the same kinetic energy 0.38 keV/amu. Depth profiles of the etch pits are also shown. Reproduced with permission from [16]. Copyright 2023 Elsevier.

Indeed, applying the technique of selective chemical etching using HNO3 made it possible to produce pyramidal pits like the ones produced in CaF2, as shown in Figure 6. However, by decelerating Xe33+ ions to 0.12 keV/amu, nanohillocks were observed on the surface of BaF2 [16].  This is in addition to the produced pyramidal etch pits after chemical etching, as shown in Fig. 5. Moreover, we have used EBIS in producing 110 keV Au55+ ions of 74 keV potential energy. These ions were also capable of creating hillock-type nanostructures on the BaF2 surface, as shown in Fig. 7 [14]. 
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Fig. 6. SFM topographic images before (a) and after (b) chemical etching of BaF2 surface irradiated with Xe33+ ions of kinetic energy Ek = 0.12 keV/amu. Height profile for one of the hillocks is shown. Reproduced with permission from [16]. Copyright 2023 Elsevier.

In all cases, the areal density of the fabricated hillocks and pyramidal etch pits corresponds with the applied ion fluence. Moreover, similar hillocks and pyramidal etch pits were produced in BaF2 after irradiation with SHI [17,18].  Furthermore, the hillocks was also observed for CaF2 after irradiation with SHI [19,20].
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Fig.7. SFM topographic images of BaF2 single crystal irradiated with 110 keV Au55+ ions. Height profile for one of the hillocks is shown. Reproduced with permission from [21]. Copyright 2023 Elsevier.

II.C. Lanthanum Fluoride (LaF3)

LaF3 polished surfaces were irradiated with 114.4 keV XeQ+ (26 ≤ Q ≤ 40) [22].  Both the topographic and lateral forces images of the performed SFM measurements did not show any ion-induced surface nanostructures for the xenon ions of charge states 26 ≤ Q ≤ 34, as shown in Fig. 8. On the other hand, we observed surface nanohillocks after irradiation with XeQ+ (Q ≥ 36). Therefore, we can conclude that the potential energy threshold for the hillocks creation in LaF3 is between 23.3 keV and 27.8 keV.  Moreover, the hillocks size increases by increasing the potential energy of SCHIs after exceeding the required threshold for hillocks formation. In addition, the observed hillocks are similar to the ones observed after irradiation with SHI [23]. 
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Fig. 8. SFM topographic images of LaF3 polished surface irradiated with 114.4 keV Xe32+(no hillocks) and Xe38+(hillocks observed) ions. Reproduced with permission from [22]. Copyright 2023 Elsevier.

III. Mechanisms of SCHI-induced nanostructures

The creation of surface nanostructures by the interaction of HCI with solid surface is mainly correlated to the potential energy deposition. The storied potential energy in SCHI is the sum of the binding energies of the removed electrons. The deposition of high mount of potential energies into the surface leads to unique features such as hollow atom formation, emission of (ions, electrons, photons, clusters), and results in nanostructuring of surfaces [24-27]. The term slow of SHCI indicates ions of impact velocities less than one in atomic units, which corresponds to velocities (υ < υBohr = 2.19 x 106 m/s). Therefore, the ion penetrates few atomic layers the collision with the target atoms, where electron transfer from the surface to the SHCI starts at critical distance, 


,
where ε and W are the dielectric constant and work function of the material, and i is the remaining charge [28].
 By approaching the solid surface, neutralization begins with the movement of electrons to higher excited states of the incident ion. Afterwards low energy electrons are created by Auger transitions. The electrons energy can reach several kilovolts for SHCIs of open L and K shells [24]. However, radiative decay becomes significant as an existing mechanism for the deexcitation with fluorescence yields of about 12 % [27]. 

Figure 1 shows the potential energies for Ne, Ar, Xe, Hg and U ions as a function of charge state. For the high charge states, the amount of the potential energy can reach hundreds of keV. The naked ions (stripped off all electrons) of this list exhibit potential energy range from ~ 3.5 keV for Ne9+ ion to ~ 0.8 MeV for U92+ion.



Fig. 9. Potential energy of Neq+, Arq+, Xeq+, Hgq+ and Uq+ ions versus charge state q. 

In addition, we have observed some kinetic energy effect on the creation of surface nanostructures in CaF2 and BaF2 single crystals. This is taken into consideration that the sensitivity for the nanostructures creation was relatively different. This was not expected where all investigated fluorides including BaF2 and CaF2 have shown similar threshold of electronic energy loss ∼ 5 keV/nm for the formation of surface hillocks [27-29]. The most commonly used mechanism for the description of the creation of nanohillocks by SHCI is termed inelastic thermal spike model. Within this model, SCHIs induce localized electronic excitations in the ion impact region. After thermalization, the electrons are coupled to the lattice by electron-phonon coupling leading to an increase of temperature [29,30]. The hillock formation is then correlated to the sudden cooling (quenching) of the molten zone, which is formed via deposition of ion energy. This model was even able to estimate the potential energy threshold for the hillocks creation [31,32]. However, the formation of etch pits in CaF2 and BaF2 at potential energy less than the threshold required for the hillocks creation suggests that only defects aggregates are needed for revealing the hidden damage [33]. This was also confirmed by the absence of the etch pits using SHCIs carrying small charge states.   Moreover, a synergistic effect between the kinetic energy and potential energy is observed for the creation of pyramidal etch pits in CaF2, where less potential energy is required at high kinetic energy and vice versa.   This can be explained by the fact that the kinetically induced defects, created in the collision cascade, enhances the trapping of the potential energy -induced color centers and consequently increases the defects aggregation [34]. 
Based on the fact that strong electronic excitations are created in a localized zone by SHCIs, Coulomb explosion model was introduced for explanation the surface modifications by SCHCIs, where The positively charged lattice atoms repel each other, leading to a shock wave, which gives rise to a huge explosion producing the observed surface nanostructures [35-37].  However, various performed experiments on potential sputtering and theoretical calculations showed that this model is not the dominating mechanism, but rather defect-mediated desorption [38]. This mechanism was successfully used for explaining the surface defects induced by SCHIs in alkali halides [39,40]. However, this mechanism is less probable in alkaline and rare-earth fluorides due to the recombination of color centers as well as the creation of more defects aggregates.

IV. Summary and Outlook

We have discussed here some major results and peculiarities of the rapidly growing field of surface nanostructuring using slow highly charged ions. As a general behaviour, the surface nanostructures are created by exceeding a potential energy threshold. Moreover, the size of the nanostructures can be controlled by tuning the potential energy of SCHIs. However, the role of kinetic energy was demonstrated for the created etch pits below the potential energy threshold for hillocks creation.  In addition, the decrease in ion kinetic energy reduces slightly potential energy threshold for hillocks creation.  Another interesting point for the observed structures is the similarity to the ones created by swift heavy ions. This shows that despite the difference in the primary interaction with surface, SHI and SHCIs exhibit the same mechanism for the nanostructures creation. 
The explanation of the creation surface nanostructures by SHCIs was performed using various models e.g. inelastic thermal spike, coulomb explosion and defect-mediated desorption models. However, Still a lot of efforts is required for getting a unified model, which can be utilized for all materials and for all ion beam parameters.
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