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Abstract

Slow highly charged ions (HCI) were utilized successfully for the formation of various 

nanostructures in the surfaces of different materials. The creation mechanism of HCI-

induced nanostructures was intensively studied in alkali- and alkaline-earth fluorides. 

Here, we are investigating another type of fluorine-containing ionic crystals of different 

crystalline and electronic structure, namely lanthanum fluoride, LaF3. The single crystals 

were irradiated with slow (eV-keV) highly charged xenon ions from an Electron Beam 

Ion Trap Source. After irradiation, the crystals surfaces were investigated by scanning 

force microscopy. The measured topographic images show nanohillocks emerging from 

the surface. These nanostructures were observed only after exceeding a well-defined 

threshold in the potential energy. The role of ion parameters for nanohillocks formation 

as well as a comparison with results for swift heavy ion irradiations of LaF3 single 

crystals are presented. Furthermore, the similarities and differences between LaF3 and 

other ionic fluoride crystals, in the creation of surface nanostructures, are discussed. 
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1. INTRODUCTION

One of the most important applications of ion beam technology is the fabrication of 

surface nanostructures in different materials without further treatments, which could 

cause unwanted modifications. Over many years, swift heavy ions (SHI) of MeV-GeV 

kinetic energy have been used efficiently and effectively in the creation of various types 

of nanostructures by single ion impact on a large variety of solid materials [1-4]. During 

the past few years, slow (eV-keV) highly charged ions (HCI) were used successfully for 

the creation of similar types of surface nanostructures, i.e. hillocks, caldera-like, craters, 

and pits, in different materials with an advantage of tailoring only the topmost atomic 

layers, which is required in various nanoelectronic applications [5-8]. The SHI-induced 

nanostructures are mainly correlated to the deposition of high electronic energy loss in a 

localized region along the ion penetration depth, producing strong electronic excitations 

and ionization in the electronic sub-system. The induced electrons are subsequently 

coupled to the lattice heating it up, and finally producing the observed nanostructures. In 

a similar way HCI-induced nanostructures are created [9]. However, the potential energy 

carried by HCI is considered as the main driving force for the localized electronic 

excitations and the subsequent electron-phonon coupling. 

Ionic fluoride single crystals (e.g., LiF, CaF2, and BaF2) are considered as the most 

intensively studied materials regarding surface nanostructuring using HCI [10-12]. In 

order to reach a broader understanding of the mechanisms responsible for the creation of 

nanostructures in this category of materials, comparison with other solids with different 

properties is required. Therefore, we selected lanthanum fluoride (LaF3) single crystals to 

complement the recent studies concerning HCI-induced nanostructures in alkali- and 



alkaline-earth fluorides [13,14]. In addition, comparing the response of LaF3 to HCI with 

the one for SHI irradiations [15] can highly corroborate the current understanding of the 

underlying mechanism for nanostructures formation. On the other hand, from the 

application point of view, LaF3 is a well-known as an efficient and fast scintillator 

material with an advantage of the absence of color centers at room temperature [16 ]. The 

doping of this material by rare-earth trivalent ions made it an ideally efficient UV laser 

material [17]. The doped rare-earth 4f electrons are well isolated from the electric fields 

by the host crystal at the position of the dopant ion. Therefore, extremely sharp lines of 

the spectra were obtained due to the involved electronic excitations within the 4f 

configuration [18,19]. These effects are of high importance for using the doped LaF3 

nanoparticles in radiation dosimetry [20]. 

2. EXPERIMENTAL

The samples in this work are epitaxial (epi)-polished LaF3 single crystals (from MTI 

corporation, USA) of size 10 mm x 10 mm x 0.5 mm. The crystals have been grown 

from the melt in an inert atmosphere along the < 0001 > direction. The substrates were 

irradiated in a UHV chamber (pressure ∼1 × 10
−8

 mbar) at room temperature, and under

normal incidence, with highly charged 
129

Xe
Q+

 ions of various charge states from Q=26

to Q=40. The ions were extracted from the Dresden-EBIT (electron beam ion trap) at the 

Ion Beam Center of HZDR. The ions were extracted in pulsed mode at 4.4 kV. However, 

for keeping the same kinetic energy (114.4 keV of undecelerated Xe
26+

 ions) for all ions,

a two-stage deceleration system was used to slow down the ions of higher charge states 

(Q > 26+). The utilized ion fluences on the irradiated surface were in the range of 1–5 x 

10
9
 ions/cm

2
. The polished side of the substrate was homogeneously irradiated by



wobbling the sample holder during the elapsed time of irradiation. The parameters of the 

HCI are listed in Table 1 (SRIM 2010 was used to estimate some of the parameters [21]). 

After irradiation, the surfaces of LaF3 substrates were inspected using a Nanoscope III 

(Bruker) scanning force microscope (SFM). The microscope was operated in contact 

mode at a constant loading force under ambient conditions. The measurements were 

performed using non-conductive Si3N4 sensors (Veeco Instruments) with triangular 

cantilevers of force constant ~ 0.1 N/m. The image processing and analysis of SFM 

topographic images were performed using Nanotec Electronica SL WSxM software 

(version 5.0 Develop 6.4) [22]. 

3. RESULTS AND DISCUSSION

SFM measurements were performed on the polished side of LaF3 single crystals after 

irradiation with 114.4 keV Xe
Q+

 (Q= 26, 28, 30, 32, 34, 36, 38 and 40). Both the

topographic and the simultaneously measured lateral-force images did not show any 

surface nanostructures after irradiation with Xe
Q+

 ions carrying charges from Q= 26 to

Q=34, as shown in Fig.1(a and d). However, surface nanohillock were observed after the 

exposure to highly charged Xe
Q+

 (Q ≥ 36) ions, as shown in Fig.1(b, c, e and f) and Fig.2

(a and b). In all cases, the number of the observed hillocks in each image is in fair 

agreement with the applied ion fluence. The width and height of the hillocks were 

estimated using line profile across each hillock (see Fig. 2 (c)). Fig.3 shows the 

frequency distribution of both the width (left) and height (right) for the hillocks created 

by Xe
36+

, Xe
38+

 and Xe
40+

 ions. It is observed that the histograms are shifted to higher

values for the hillocks induced by higher charge states. The mean values of both the 

width and height of the created hillocks are shown in Table. 1. Both values increase by 



increasing the potential energy, Ep,, from 27.8 keV to 38 keV. Assuming that this 

increase is linear, we can estimate ~ 1 nm/keV increase in width and ~ 0.1 nm/keV in 

height. This is taken into consideration that a threshold of 23.3 keV<Ep ≤ 27.8 keV is 

required for the creation of nanohillocks in LaF3 single crystals. In comparison to other 

investigated ionic fluoride crystals, this value is higher than the one (12.0 keV< Ep ≤ 

15.2 keV) observed for CaF2 single crystals after irradiation with 10 x q keV HCI, and 

consequently also higher than the slightly smaller value (8.9 keV< Ep ≤ 12.0 keV) by 

using slower HCI of 150 x q eV kinetic energy [23]. This decrease of potential energy 

threshold by reducing the kinetic energy of HCI was also confirmed for BaF2, where the 

HCI-induced hillocks appeared only by decelerating the highly charged xenon ions to 

kinetic energy of 15 keV [24]. It should be mentioned that nanohillocks were observed 

for LaF3 after irradiation with SHI after exceeding a threshold of electronic energy loss 

(dE/dx)e ~ 5 keV/nm [15, 25], which is higher than both (dE/dx)e and nuclear energy loss 

(dE/dx)n for the used 114.4 keV highly charged Xe ions, as shown in Table 1. Therefore, 

it is obvious from this result as well as: (i) the existence of potential energy threshold for 

the creation of hillocks, and (ii) the dependence of the hillock size on the used ion 

potential energy, that the hillocks formation and their size control depend on the 

deposited potential energy in LaF3 surface. 

The importance of the potential energy was demonstrated in various HCI-nanostructured 

surfaces [26,27]. Recently it was observed that even for the same material the shape of 

the obtained HCI-induced nanostructures can additionally be changed by varying the 

potential energy. This finding was observed in one of the alkali fluorides, namely lithium 

fluoride single crystals, by creating three different kinds of nanostructures (craters, 



caldera-like and hillocks) by simply increasing the charge state and consequently the 

potential energy of the utilized HCI [14]. The mechanism for the hillocks created by both 

SHI and HCI in the studied ionic fluorides was described in details using the inelastic 

thermal spike model [27]. Within this approach, the HCI- and SHI-induced electronic 

excitations are followed by electron-phonon coupling, which heats the solid lattice. The 

hillock creation is explained by the rapid quenching of the molten volume created by the 

deposited energy (kinetic for SHI and potential for HCI). The performed calculation 

based on the potential energy deposition by HCI in CaF2 and LiF showed that the molten 

phase is reached at a threshold potential energy, which is in fair agreement with the 

observed threshold of hillocks and rim formation [25, 26]. Therefore, we may ascribe the 

higher potential energy threshold in LaF3 in comparison to CaF2 and LiF to the higher 

melting point. Moreover, the fact that LaF3 has a tysonite-type trigonal crystalline 

structure may affect its sensitivity for defects creation. This is demonstrated by the 

absence of colour centers at room temperature. Only at low temperature (T ≤ 70 K), self-

trapped holes (Vk centers) in the fluorine sub lattice of LaF3 are observed [16]. It should 

be noted that in addition to the formation of nanostructures, HCI can also lead to what is 

termed potential sputtering (sputtering due to potential energy deposition) which may 

slightly reduce the height of the observed hillocks [29]. This is similar to electronic 

sputtering, which is induced by the electronic energy loss of SHI [30]. It is further 

worthwhile mentioning that SHI-induced out-of-plane swelling was observed in LaF3 and 

other fluorides, e.g. LiF, CaF2, BaF2, and MgF2 [31]. Despite the fact that all these ionic 

fluoride crystals have almost similar sensitivity for hillocks creation, they exhibit 

different responses to SHI-induced swelling, which may indicate that different 



mechanisms are involved in both effects. In case of HCI, out-of plane swelling is 

negligible due to the extremely small penetration depth. 

4. Conclusions

Surface nanohillocks were created in LaF3  single crystals by irradiation with slow highly 

charged ions. The hillocks were only observed after irradiation with 114 keV Xe
Q+

 ions

for Q>36+, implying a potential energy threshold between 23.3 keV and 27.8 keV. The 

size of the hillocks increases with the potential energy at constant impact kinetic energy. 

The size of the hillocks produced by 114 keV Xe
40+

 is comparable to the one produced

by 540 MeV Xe ions, evidencing the potential energy deposition as the main driving 

force for surface nanostructuring by HCI. The similarity between SHI and HCI in 

producing structures of the same shape and almost the same size, not only in LaF3 but 

also in other ionic fluorides, may originate from the fact that both of them are depositing 

their energy initially in the electronic subsystem which is subsequently heating up the 

phononic subsystem. 
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TABLE 1. Parameters of the used ions for irradiation of LaF3 (potential energy Epot, 

kinetic energy Ekin, electronic stopping (dE/dx)e, nuclear stopping (dE/dx)n, and mean 

range R calculated using SRIM [21]) and the nanohillocks dimensions (mean diameter D 

and mean height H). 

Ions 

Epot 

(keV) 

Ekin 

(keV) 

(dE/dx)e 

(keV/nm) 

(dE/dx)n 

(keV/nm) 

R 

(nm) 

D 

(nm) 
H 

(nm) 

Xe
26+

8.9 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
28+

12.0 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
30+

15.4 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
32+

19.1 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
34+

23.3 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
36+

27.8 keV 114.4 0.4 3.1 32.5 20.5 ± 2.0 0.6 ± 0.3 

Xe
38+

33.0 keV 114.4 0.4 3.1 32.5 22.6 ± 2.5 0.8 ± 0.2 

Xe
40+

38.0 keV 114.4 0.4 3.1 32.5 24.5 ± 2.5 1.1 ± 0.3 



200nm

Fig. 1. SFM topographic (a, b and c) and lateral force (d, e and f) images of a LaF3

single crystals irradiated with 114.4 keV Xe
32+

, Xe
36+

,  and Xe
38+

 ions.

Fig. 2. SFM topographic (a) and lateral force (b) images of  LaF3 single crystals 

irradiated with 114.4 keV Xe
40+

 ions. Representative line profile (c) of a hillock is

shown. 
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Fig. 3. Statistical distribution of hillock diameter (left) and hillock height (right) for LaF3

surfaces irradiated with 114.4 keV Xe
36+

, Xe
38+

, and Xe
40+

 ions.



TABLE 1. Parameters of the used ions for irradiation of LaF3 (potential energy Epot, 

kinetic energy Ekin, electronic stopping (dE/dx)e, nuclear stopping (dE/dx)n, and mean 

range R calculated using SRIM [21]) and the nanohillocks dimensions (mean diameter D 

and mean height H). 

Ions 

Epot 

(keV) 

Ekin 

(keV) 

(dE/dx)e 

(keV/nm) 

(dE/dx)n 

(keV/nm) 

R 

(nm) 

D 

(nm) 
H 

(nm) 

Xe
26+

8.9 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
28+

12.0 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
30+

15.4 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
32+

19.1 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
34+

23.3 keV 114.4 0.4 3.1 32.5 -- -- 

Xe
36+

27.8 keV 114.4 0.4 3.1 32.5 20.5 ± 2.0 0.6 ± 0.3 

Xe
38+

33.0 keV 114.4 0.4 3.1 32.5 22.6 ± 2.5 0.8 ± 0.2 

Xe
40+

38.0 keV 114.4 0.4 3.1 32.5 24.5 ± 2.5 1.1 ± 0.3 
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