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ABSTRACT 

Nanopatterned surfaces play a key role for many applications exploiting unique features such 

as an enhanced surface area, long- and short-ranged morphology modulations or a spatial 

variation of electronic and chemical properties. Ion beam irradiation has been frequently used 

for nanostructuring bulk materials because it is efficient, fast, and cost-effective. In this paper 

we show that ion irradiation under extremely grazing incidence in conjunction with other 

scalable processing methods such as wet etching and thermal annealing, is a perfect tool for 

nanopatterning of dielectric surfaces. We demonstrate that by tuning ion energy and fluence, 

one can select different surface nanopattern morphologies like individual chains of 

nanohillocks, nanostripes, or nanoscaled ripples. Furthermore, chemical etching of the 

irradiated surface can be used to create a negative replica of the nanopattern as only the material 

making up the surface track is susceptible to the etching process and is thus removed. Also, a 

removal of the surface track can be achieved by thermal annealing in vacuum. All these 

presented strategies open up new ways for achieving control over nanoscale surface 

modifications using swift heavy ion beams. 
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INTRODUCTION 

Nanoscale patterning of surfaces using ion-beam sputtering has attracted a lot of interest over 

the last two decades [1-4]. Typically, high fluences of heavy ions like argon, having a kinetic 

energy of a few keV, are applied to an initially flat surface. This bottom-up approach enables 

cost-effective, large area nano-patterning of the surfaces, thus being of interest for various 

applications [5]. Nanoscale ripples as a special class of nanostructures produced by ion-beam 

sputtering [6-8], have come into the focus due to the fact that recently highly ordered, defect-

free ripples were successfully fabricated [9,10]. Other recent findings include the observation 

of chains of nanodots [11,12], single ion effects on Pt surfaces and in graphene [13-15], the use 

of keV cluster ions for surface patterning [16,17], and the use of advanced characterization 

techniques like grazing incidence small angle x-ray scattering - GISAXS for nanoscale ripple 

analysis [18-20]. 

Upon the discovery of the unique features of surface nanostructures (i.e. ion tracks) 

produced by grazing incidence irradiations with heavy ions at high MeV energies [21], possible 

applications have been suggested based on the high degree of periodicity observed in the 

morphology of each ion track, however hardly any work has been done compared to the low 

energy ion-beam sputtering. The production of these unique nanostructures formed at the 

impact sites of the swift heavy ions (SHI) can be controlled to a great degree. A well collimated 

beam of SHI goes through the material without much deflection, and results in very straight 

ion tracks all aligned along the same incidence direction. The density of the ion tracks produced 

at the surface can easily be adjusted by the applied ion fluence, i.e. selected by the irradiation 

exposure time for the given ion flux. For certain ion type used in irradiation, the length of the 

ion tracks can be controlled either by the angle of incidence [22] or by tuning the SHI energy 

[23]. The finer details within the ion track like the size of the individual nanohillocks, and their 

respective distances, can also be controlled to some degree by choosing a suitable ion energy, 

incidence angle and type of the material [24]. Up to now, after grazing incidence irradiation, 

prolonged single ion tracks were observed on surfaces of many materials, with distinct features 

like chains of nanohillocks [21-27] craters [28,29], nanostripes [30] or a number of aligned 

nanoholes [31]. Recently, also grove-like track morphologies have been discovered, where 

material within the ion track was found to be missing [32-34].  

Finally, grazing incidence SHI irradiation has also been identified as a powerful tool 

for nanostructuring 2D materials like graphene and MoS2, when it was demonstrated that 

rupturing and so-called foldings could be produced in the controlled manner [34-38]. 
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Formation of these foldings in 2D materials is less well understood, but apparently the thin 

interfacial water layer plays a role along with a weakening of interatomic bonds along the ion 

trajectory [35]. Examples of these different ion tracks on surfaces and 2D materials can be seen 

in Figure 1. 

 

Figure 1. Atomic force microscopy images obtained from various surfaces after grazing 

incidence irradiation with swift heavy ions. The compilation shows some of the typical 

patterns: (a) SHI tracks on TiO2 surface [27], (b) groves on GaN surface [31], (c) foldings in 

single layer graphene (SLG) supported by SrTiO3 [35], and (d) foldings in MoS2 [37]. 

The physical processes leading to the observed ion tracks on materials surfaces are 

reasonably well understood. The passage of the SHI through an insulating material (or wide 

band gap semiconductors like GaN [31] or SiC [30]) generates an intense electronic excitation 

along its trajectory on the femtosecond time scale. According to the thermal spike models [39], 

heating of the lattice via electron-phonon coupling occurs on the picosecond time scale. If the 

density of the energy deposited by the SHI is sufficiently high and well localized, melting of 

the material can occur along the SHI trajectory. After rapid quenching of the melt on the 

nanosecond time scale, an ion track as a highly disordered (or even completely amorphous) 

material will form [39-41], although recrystallization can also play a significant role in this 

process [42].  

Despite all this progress, both on experimental and theoretical grounds, the number of 

applications which have been realized on the basis of these surface tracks remains limited, 

probably because the focus so far has been mostly on high energy beams which are not easily 

available. This is in stark contrast to well established uses of SHI beams, for example in track 

etched membrane production [43,44] and hadrontherapy [45]. In case of 2D materials, ion 

tracks observed as foldings having many edge atoms should find applications in filtering, 

sensing and catalysis [34]. Closed graphene bilayer edges defining the pore in graphene has 

been suggested as a possible route to improving graphene membrane performance [46]. 
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However, possible applications of ion tracks on materials surfaces have not yet been 

investigated much.  

The aim of this work is to pave the way towards possible applications by investigating 

other modalities of production and manipulation of surface ion tracks. To achieve this, we 

present our experimental results in two sections. In the first section, we demonstrate how 

irradiation parameters (SHI type, energy, and fluence) can be fine-tuned to obtain various 

surface nanostructures like nanostripes and nanoripples. In the second section, we show how 

post-processing of surface ion tracks like etching and annealing can offer even more 

possibilities in surface nanopatterning.  

Besides outlining strategies for nanopatterning surfaces by SHI, materials used in this 

work have also possible applications related to the use of SHI beams. Indium tin oxide (ITO) 

films have been used nowadays as conductive yet transparent material. While not the topic of 

the present work, introducing line defects like ion tracks could influence its optoelectronic 

properties by making them anisotropic. Furthermore, ultrathin films and 2D materials can lead 

to various ion track morphologies due to the confinement of the deposited energy [29,37,47]. 

Other two materials used in the present study, namely SrTiO3 and SiO2, are both of importance 

in nuclear waste management. Long-term storage of radioactive waste should consider not only 

radiation damage to material but also changes due to high temperatures and leaching [48-50]. 

Furthermore, these oxides are important in electronics industry where both etching and 

annealing are common processing procedures to remove defects and improve the quality of 

samples [51,52].  

From more general point of view, nanoscale surface modifications produced by grazing 

incidence swift heavy ions should be applicable to many different dielectrics and 

semiconductor materials. Therefore, these nanoscale modifications of the surfaces could find 

possible applications when manipulating surface properties like adhesion, wettability and 

biocompatibility is needed. Also, ordered growth of the nanoparticles or influencing properties 

of supported 2D materials can be easily envisaged on the nanorippled surfaces. 
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MATERIALS AND METHODS 

The first set of samples consists of 5 nm thin amorphous ITO film deposited at room 

temperature on a Si substrate by magnetron sputtering deposition at the Ruđer Bošković 

Institute (RBI). These ITO films have been enriched with germanium, with Ge atomic 

percentage up to 10%. After deposition, the samples were irradiated by SHI at a grazing 

incidence angle of =1° with respect to the surface, using 92 MeV Xe23+ at GANIL (Caen) and 

23 MeV I6+, 15 MeV Si4+, 6 MeV Si3+ and 3 MeV O2+ at RBI (Zagreb). The applied fluences 

ranged from 5 tracks/m2 up to 350 tracks/m2 on the surface. To achieve the highest track 

density, by considering irradiation geometry, the SHI fluence of 2×1012 ions/cm2 was needed. 

A second set of samples consists of quartz SiO2(0001) and SrTiO3(100) single crystals 

and 300 nm thermally grown a-SiO2 on Si wafer. All these samples have been purchased from 

Crystec GmbH, Germany. The single crystals had epi-ready surfaces, and the a-SiO2 surfaces 

have also been found suitable for AFM imaging. These samples have been irradiated at the RBI 

(Zagreb) using 23 MeV I6+ at a grazing incidence angle of =1° with fluences yielding typically 

50 tracks/m2 up to 500 tracks/m2 on the surface. To achieve the highest track density, by 

considering irradiation geometry, the SHI fluence of 2.85×1012 ions/cm2 was needed. After 

irradiation, the SrTiO3 samples have been etched for 20 minutes in HNO3 following the 

procedure given by [53]. All SiO2 samples, both quartz and amorphous SiO2, have been 

subjected to annealing in vacuum for one hour at temperatures between 400 – 950 °C. All 

irradiation parameters are given in the Table 1. 

Material Density 

[g/cm3] 

Ion type and 

energy 

Electronic 

stopping 

dEe/dx 

[keV/nm] 

Nuclear 

stopping 

dEn/dx 

[keV/nm] 

Range  

[m] 

ITO 

(In2O3/SnO2 

90/10 wt%) 

6.8 [55] 

92 MeV Xe23+ 

23 MeV I6+ 

15 MeV Si4+ 

6 MeV Si3+ 

3 MeV O2+ 

21.03 

8.09 

6.07 

4.54 

2.62 

0.21 

0.56 

0.02 

0.04 

0.02 

8.04 

4.27 

3.86 

2.26 

1.92 
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SrTiO3 5.13 [56] 23 MeV I6+ 8.96 0.48 4.08 

Quartz SiO2 2.62 [57] 23 MeV I6+ 6.21 0.31 6.04 

a-SiO2 2.23 [58] 23 MeV I6+ 5.29 0.26 7.09 

Table 1. Irradiation parameters used in this work, as determined by the SRIM code [54]. 

 

The structural properties of irradiated samples were inspected in tapping mode atomic 

force microscopy using a Dimension 3100 AFM (Veeco Metrology, Santa Barbara, CA, USA) 

and NCHR cantilevers (Nanosensors, Neuchatel, Switzerland) with cantilever resonance 

frequencies around 300 kHz. Images were analysed using the WSXM code [59]. From the raw 

data (512x512) only a parabolic background was subtracted. 

The analysis of irradiated ITO thin film samples was complemented with a novel 

approach using the grazing incidence small angle X-ray scattering (GISAXS) technique 

[27,31,60]. Those measurements were done at the Elettra Synchrotron in Trieste (Italy) using 

8 keV photons and a 2D Pilatus3 1M detector system (Dectris Ltd., Switzerland). 

Additionally, etched SrTiO3 samples have been investigated by high resolution 

scanning transmission electron microscopy (HRSTEM) using an aberration corrected JEOL 

ARM200F. TEM lamellae were prepared by the focused ion beam (FIB) liftout technique using 

an FEI Helios Nanolab 650 dual beam system. Prior to exposing the surface to Ga ions, a ~300 

nm thick initial carbon layer was deposited using only the electron beam. The specimen plane 

was aligned with the surface track direction.  
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RESULTS 

 

1. Influence of the ion energy and fluence 

After low fluence grazing angle SHI irradiation (typically 10 tracks/m2, =1°), single ion 

tracks as shown in Fig. 2 can be observed on the ITO surface by means of AFM. The typical 

morphology of ion tracks as chains of nanohillocks is observed for samples irradiated by 23 

MeV I, 15 MeV Si and 6 MeV Si (Fig. 2(b-d)). However, no tracks were observed after 3 MeV 

O irradiation, indicating that a threshold for the surface ion track formation exists, and is found 

to be between 3 MeV O and 6 MeV Si. After 92 MeV Xe irradiation, single ion tracks in the 

form of nanostripes appear as shown in Fig. 2(a). We attribute this striking change in track 

morphology to the limited thickness of the ITO film and the high value of electronic stopping 

for the 92 MeV Xe beam. Although the influence of the thickness of the film is one of the 

contemporary research topics [29,47], the observed nanostripes consisting of two parallel 

chains of nanohillocks are much more reminiscent of rupturing and folding as observed in 

MoS2 [37]. Note, that the efficiency for ion track formation (with exception for 3 MeV O 

irradiation) is close to 1. 

To further analyze our samples, we took GISAXS maps of the tracks which are shown 

in Fig. 2(e)-(l).  In contrast to AFM images which yield information from a very small surface 

area, GISAXS provides detailed statistical information from the almost whole sample surface 

area. All GISAXS maps show a characteristic signal of the track formation [27,31], even for 6 

MeV Si ions where the tracks observed by AFM were already very faint. Two characteristic 

azimuthal angles were measured for each sample: with the probing X-ray beam parallel to the 

tracks (=0º) or forming an angle of 5º with the ion tracks (=5º).  Using these angles enables 

us to study the tracks structural properties [60]. The GISAXS signal contains two main 

contributions: the shape factor - related to the shape of the formed nano-hillocks, and the 

structure factor which describes their arrangement in the space. The form factor produces a 

semi-circular signal arround the origin of the Q space, while the structure factor produces a 

tail-like intensity peaks for the maps measured at =5º. In addition to these two main factors, 

there are other contributions like scattering from the surface rougness in the space between the 

nanohillocks. However that gives the strongest contribution close to the Qy=0, and it is not 

taken into account in the detailed GISAXS analysis. The GISAXS map of the film having 

double tracks, shown in Fig. 2(e), presents two lateral maxima. They are related to the chains 
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in the double-stripes (AFM image in Fig. 2(a)).  While the other maps do not show such 

behavior, a characteristic 'tail' is visible in all GISAXS maps measured with =5º. The shape 

of this tail is related to the length of the tracks [60] and to the shape of the nanostructures 

formed by the ion passage. We have performed a numerical analysis of the ion tracks using the 

models for the GISAXS description presented in Ref. [60]. Two models have been used for the 

data evaluation from Fig. 2. All of them assumes formation of nanohillocks within the ion 

track.  The models are illustrated in Fig. 2(m) and (n). The nanohillocks within the track are 

separated by basis vector a1 for both models.  Model 1 describes the uncorrelated single ion 

tracks. As explained in the Ref. [60] this model describes well the single ion tracks formed 

after low-fluence irradiation, when the ion tracks do not overlap. The position of the nth 

nanohillock within the ion track is given by vector n a1. Model 2 describes the uncorrelated 

double tracks formed after single ion passage. Similar to Model 1, these tracks are formed after 

low-fluence irradiation of the material. The track consists of two parallel rows of nanohillocks 

separated by basis vector a2, that is perpendicular to the basis vector a1 describing the positions 

of the nanohillocks in each row of the double track (in the same way as for the Model 1).   

So, for the double tracks we have used the Model 2 (Fig. 2(n)) from Ref. [60], while 

for all others we used Model 1 (Fig. 2(m)) for uncorrelated ion tracks. The results of the 

analysis provide us with all main structural parameters of the tracks and are given in Table 2. 

For the double tracks, shown in Fig 2(a),(e) and (i), the distances between nanohillocks in the 

direction of the track (a1), and between the two parallel tracks (a2) are determined, as well as 

the number of periods along the track (N1), and the corresponding disorder parameters (). The 

average track length can be calculated from the number of periods and the distance between 

the nanohillocks. The properties of the nanohillocks are also determined including their size 

properties Rx, Ry, and Rz, i.e. their radii in the directions parallel, perpendicular and vertical to 

the track direction, respectively. It is interesting to note that the change of the ion type used for 

the irradiation causes the formation of completely different ion tracks. Thus, for the Xe ions 

with the highest kinetic energy and electronic stopping, long double tracks are formed (N1=22, 

a1=26 nm)), while for the I ions, the tracks are much shorter (N1=11, a1=26 nm). The other two 

ion beams produce smaller nanohillocks, with the similar total track lengths.  

Track formation after grazing incidence irradiation can be used to accomplish an even 

stronger modification of the ITO surface. By increasing the ion fluence one can leave the 

regime of isolated tracks and move towards overlapping tracks. As an example see AFM 

images shown in Fig. 3(a-d), where this regime of ripple formation is reached at typically 350 
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tracks/m2. Obviously the most suitable SHI beams for ripple formation are 15 MeV Si and 6 

MeV Si, as shown on Fig. 3b,c because the more energetic 23 MeV I irradiation produces 

ripples containing many discontinuities and larger agglomerates (Fig. 3a), while 3 MeV O 

irradiation is not sufficiently energetic to produce pronounced ripples (Fig. 3d). The 

corresponding GISAXS maps of the surfaces with nanoscale ripples are shown in Fig. 3(e)-(l), 

and the results of the GISAXS analysis are given in Table 3.  The structural parameters given 

in Table 3 are obtained by fitting of the GISAXS maps shown in Fig. 3. For the fitting we have 

used the model for correlated ion tracks (Model 3 shown in Fig. 3(m) from Ref. [60]). Model 

3 describes the correlated ion tracks. They form after high-fluence irradiation, i.e. when the 

same place of the surface is irradiated many times. As visible from the scheme shown in Fig. 

3(m), that model assumes that the track separations are correlated, i.e. their values deviate 

around some specific value (|a2|). These tracks are typically formed after irradiation with higher 

ion fluences leading to strongly overlapping tracks. To describe the correlated ion tracks we 

assume that the single ion tracks make long chains along the x direction, consisting of single 

tracks repeating with the vector a3 = N1 a1. There are N3 tracks in the x-direction, so the total 

length of one track chain is |a3|N3. 

The longest tracks and the largest nanohillocks are formed for the 23 MeV I ions. The 

nanohillocks’ sizes decrease with decreasing of the used electronic stopping. The deviation in 

the direction perpendicular to the ion track (y
2) is the largest for the S5 and S8 films, while 

the deviation of the nanohillock positions in the same direction, but within the ion track (y
1) 

is the largest for the S5 film. This finding is confirmed by the AFM images of these films.    
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Figure 2. Single ion tracks on the surfaces of thin ITO films (samples S1-S4), observed by 

AFM after grazing angle SHI irradiation by (a) 92 MeV Xe, fluence 5 tracks/m2 with inset 

showing 6× digital zoom (b) 23 MeV I, fluence 20 tracks/m2 (c) 15 MeV Si, fluence 20 

tracks/m2 (d) 6 MeV Si, fluence 20 tracks/m2. Corresponding GISAXS maps of the tracks 

for =0º (e)-(h) and =5º (i)-(l).  The AFM image and the GISAXS maps of the same sample 

are shown in the same column of the figure. (m) schematics of the Model 1 used in the analysis 

of single ion tracks. (n) schematics of the Model 2 used in the analysis of double tracks. 
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 |a1| |a2| N1 N

2 

σx
1 σy

1 σx
2 σy

2 σz
1 σz

2 Rx Ry Rz σR 

S

1 

26 

±2  

2.6±

0.5   

22

±2 

2 2.5±

0.7 

1.8±

0.3 

2.6±

0.5 

2.6±

0.5 

0.10±

0.05 

2.0±

0.1 

2.9±

0.1 

2.5±

0.1 

2.8±

0.3 

1.1±

0.3 

S

2 

26

±2 

--- 11

±2 

-

-

- 

17±1 0.7±

0.6 

--- --- 0.21±

0.05 

--- 3.3±

0.2 

2.6±

0.1 

1.9±

0.2 

0.6±

0.2 

S

3 

33

±2 

--- 10

±3 

-

-

- 

23.5

±0.8 

2.4±

0.7 

--- --- 0.21±

0.05 

--- 3.0±

0.2 

2.0±

0.1 

1.7±

0.2 

0.2±

0.1 

S

4 

37

±3 

--- 6±

3 

-

-

- 

21.4

±0.8 

1.9±

0.8 

--- --- 0.13±

0.05 

--- 2.4±

0.2 

3.2±

0.1 

1.7±

0.2 

0.6±

0.1 

Table 2. Structural properties of the low-fluence induced ion tracks (samples S1-S4). The basis 

vectors a1, a2 define the ideal positions of the nanohillocks in the lattice. N1, N2 are the number 

of periods in x and y directions, respectively, and the disorder parameters σx-z
1 and σ x-z

2 

describe the deviation of the nanohillock positions from the ideal ones. Rx, Ry and Rz are island 

radii in x, y, and z directions respectively, R is the standard deviation of the size distribution. 

All parameters except N1 and N2 (dimensionless) are given in nm.  
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Figure 3.  AFM images taken from SHI induced ripples on thin ITO films after grazing angle 

irradiation (samples S5-S8) by (a) 23 MeV I, fluence 350 tracks/m2 (b) 15 MeV Si, fluence 

350 tracks/m2 (c) 6 MeV Si, fluence 350 tracks/m2 (d) 3 MeV O, fluence 350 tracks/m2. 

Corresponding GISAXS maps measured with the x-ray beam set (e)-(h) parallel to the ion 

tracks (=0º) and (i)-(l) under the angle of =5º with the tracks. (m) schematics of the Model 

3 used in the analysis of nanoscale ripples. 
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 |a1| |a2| N

1 

N

2 

N

3 

σx
1 σy

1 σx
2 σy

2 σx
3 σy

3 σz
1 Rx Ry Rz σR 

S

5 

16.

5±0

.6 

18.

5±0

.4 

2

8

±

2 

3

0

±

3 

4

±

1 

7.6

±0.

3 

1.9

±0.

2 

4.1

±0.

6 

12.

2±0

.5 

17.

7±0

.7 

12.

0±0

.4 

0.12

±0.0

5 

3.6

±0.

2 

4.6

±0.

3 

2.5

±0.

2 

1.0

±0.

1 

S

6 

16.

5±0

.5 

18.

5±0

.3 

1

5

±

2 

3

2

±

2 

3

±

2 

13.

6±0

.3 

0.3

±0.

1 

3.4

±0.

6 

8.5

±0.

6 

15.

7±0

.6 

12.

4±0

.6 

0.2±

0.1 

2.6

±0.

2 

2.6

±0.

2 

1.3

±0.

1 

0.4

±0.

2 

S

7 

17.

0±0

.9 

18.

1±0

.4 

1

5

±

2 

3

0

±

2 

5

±

2 

9.3

±0.

6 

0.3

±0.

1 

4.0

±0.

7 

8.6

±0.

8 

17.

5±0

.6 

9.1

±0.

5 

0.3±

0.1 

2.2

±0.

1 

2.2

±0.

2 

1.4

±0.

1 

0.5

±0.

2 

S

8 

15.

8±0

.8 

18.

4±0

.3 

1

5

±

2 

3

0

±

2 

4

±

2 

9.9

±0.

7 

0.3

±0.

1 

4.7

±0.

8 

15.

5±0

.9 

17.

7±0

.8 

8.2

±0.

6 

0.3±

0.1 

2.0

±0.

2 

2.1

±0.

2 

1.2

±0.

1 

0.5

±0.

2 

Table 3. Structural properties of the high-fluence ion tracks (samples S5-S8). The basis vectors 

a1, a2 define the ideal positions of the nanohillocks in the lattice. N1, N2 are the number of 

nanohillock periods in x and y directions, respectively, while N3 is the number of super periods 

in y direction. The disorder parameters σx-z
1 and σ x-z

2 and σ x-z
3 describe the deviation of the 

nanohillock positions from the ideal ones. Rx, Ry and Rz are nanohillock radii in x, y, and z 

directions respectively, σR is the standard deviation of the size distribution. All values except 

N1-N3 (dimensionless) are given in nm.  
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2. Etching and annealing of the ion tracks 

The fabrication of surface tracks is not limited to ITO. With the right ion beam, it can be 

performed in almost any dielectric material and even many semiconductors. The procedure is 

thus viable for any application requiring nanopatterned insulators. For application purposes it 

is however crucial to know how stable the ion induced nanostructures are with respect to 

frequent post-processing steps such as etching or annealing. To study the etching behaviour we 

have chosen SrTiO3 single crystals which are an important oxide material for growing high 

quality epitaxial films for electronics. This prototypical perovskite is known to be chemically 

etchable by various etchants, where most often used are HF based etchants [51]. This way, a 

TiO2 terminated surface can be obtained without etch pits and with atomic flat terraces. Here 

we report results of ion track etching in SrTiO3. 

Ion tracks on SrTiO3(100) surfaces exhibit a decidedly discontinuous morphology, i.e. 

they consist of nanohillocks equally spaced along the SHI trajectory. We have shown 

previously [23,56] that grazing incidence SHI irradiation using the 6 MV Tandem Van de 

Graaff accelerator at the RBI accelerator facility can successfully produce ion tracks even in 

bulk SrTiO3. In this work we have used the same 23 MeV I beam to produce well developed, 

discontinuous ion tracks on the SrTiO3 surface, as shown by the AFM images in Fig. 4(a,b). 

These surface tracks are typically a few hundred nanometers in length and a few nanometers 

high. The typical nanohillock diameters of tens of nanometer, as well as the nanohillocks 

spacings, are also well in agreement with previously reported values [21-23,61].  The exposure 

of the SrTiO3 surface to a higher fluence irradiation results in overlapping ion tracks also shown 

in Fig. 4(b,c). The irradiated samples were etched in HNO3 based etchant [53] for 20 minutes, 

and imaged afterwards by AFM, see Fig. 4(d-f). These images clearly reveal nanoholes. 

Apparently, the nanohillocks consisted of amorphous or at least sufficiently disordered material 

which has been successfully removed by the etching procedure. The high etching selectivity, 

i.e. resistivity of the pristine SrTiO3 to the etchant, yields a well-defined shape of the etched 

surface ion tracks. Also, overlapping ion tracks obtained after high fluence irradiation can be 

completely etched away. However, in this case the surface morphology does not offer much in 

terms of uniformity or periodicity. 

 It is known that the finite radius of the AFM tip will overestimate the nanohillock 

diameter, but not the height [62]. In the present work where nanoholes have to be imaged, the 

effects of the AFM tip radius can be even more detrimental, since both the nanohole diameter 

and depth measurements can be affected. Therefore, a further characterization of the etched 
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surface ion tracks has been done by TEM and HRTEM. Fig 4 (g) shows an HAADF STEM 

image of a grazing ion track on the surface of SrTiO3 in cross section. The ion direction was 

from left to right (as depicted by the white arrow) and the bottom edge of the brighter zone 

represents the irradiated surface. The dark contrast below the bright zone is due to amorphous 

carbon deposition during the FIB based lamella extraction in order to protect the surface from 

ion damage. The HAADF signal is sensitive to the average projected atomic number with 

regions of higher average Z appearing brighter. The projected specimen thickness in the imaged 

region was on the order of about 40 nm resulting in the etched features being embedded within 

the foil but displaying darker contrast due to the reduction in the number of atoms in the 

projected columns. Regions of slightly darker contrast (indicated by vertical arrows) can be 

seen to form triangular zones just below the irradiated surface increasing in size and depth from 

left to right along the ion path and appear reasonably evenly spaced. The triangular projection 

is consistent with the findings of [63] that (100) etched SrTiO3 surfaces produce pyramidal etch 

pits with basal edges along {100}. Fig 4(h) shows a higher magnification region of the same 

specimen. Again, the triangular etch pits are clearly visible but the fact that they have no 

atomically sharp edges also supports the conclusion of ref. [63] that no preferred facet is 

revealed during etching. Also noteworthy is the absence of a buried cylindrical amorphous 

track as is common in the bulk after normal irradiation at sufficiently high electronic stopping 

power. 
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Figure 4. (a-c) AFM images from SrTiO3 surfaces irradiated with a 23 MeV I beam irradiation 

at grazing incidence angle (arrow marks direction of the SHI beam, incidence angle =1°), with 

increasing fluences of a) 30, b) 120, and c) 500 ion tracks/m2. (d-f) Etched surface of 

irradiated SrTiO3 exposed to the same ion fluence as above. (g) HAADF STEM image of an 

etched ion track on SrTiO3 surface (h) atomic resolution HAADF STEM image of an etched 

ion track on SrTiO3 surface. The image plane of the STEM images is parallel to the (100) plane 

of the crystal. Relative crystallographic directions are shown on the HRSTEM image as well 

as 3(e) from which it was extracted. 
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For our annealing study, we have chosen SiO2 as material because it is a material quite 

well investigated with respect to the annealing of ion tracks in the bulk [52,64-66]. Also, 

surface ion tracks may be produced in both a-SiO2 and quartz SiO2 with a 23 MeV I beam [67]. 

Furthermore, SiO2 is often used as substrate for graphene, a material where grazing incidence 

irradiation with SHI may be used to perforate graphene [46]. For graphene deposited on SiO2, 

it has been shown that charge transfer from the substrate occurs [68] and that SHI induced 

folding can be prevented by annealing the system presumably by removing intercalated water 

[69]. As shown by the AFM images in Figs. 5 and 6, surface ions tracks are well developed 

after irradiation, and a moderately high fluence of ~200 tracks/m2 results in nanoscale ripple-

like patterning of the surface. Two sets of samples, one a-SiO2 and another quartz (crystalline) 

SiO2, have been exposed to the same 23 MeV I beam at a grazing incidence angle of =1º, and 

the same fluence. Both sets of samples have later been annealed in vacuum (10-5 mbar) for one 

hour, at various temperatures. 

 In the case of quartz SiO2, the surface ion tracks exhibited high thermal stability. As 

shown in Fig. 5(b-d), the ion tracks started to fade only between 750ºC - 850ºC. It appears that 

at these temperatures their height has decreased, but the number density of tracks per area 

remains the same. Only for the highest temperature used in this study (950ºC), the tracks have 

been almost completely erased, but even then, some of their remains can still be observed, see 

Fig. 5(d). Ion tracks in amorphous SiO2 were found to be less thermally stable than in quartz. 

As demonstrated by the AFM images shown in Fig. 6(b-d), a similar process occurs – however, 

at much lower temperatures. Annealing at 500ºC and 550ºC leads to a decrease of the surface 

ion track height, and annealing at 650ºC leads to complete erasure of the surface ion tracks. 
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Figure 5. Ion tracks on quartz SiO2 surface produced by 23 MeV I irradiation at grazing 

incidence angle (=1°): (a) before annealing, (b) after annealing at 750ºC, (c) after annealing 

at 850ºC, (d) after annealing at 950ºC.  

 

 

Figure 6. Ion tracks on a-SiO2 surface produced by 23 MeV I irradiation at grazing incidence 

angle (=1°): (a) before annealing, (b) after annealing at 500ºC, (c) after annealing at 550ºC, 

(d) after annealing at 650ºC. 
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DISCUSSION 

Previously, we have reported that high fluence SHI irradiation can be used to design quantum 

dot lattices in amorphous multilayers [70-74]. But in contrast to those works, where incidence 

angles between 30° and 90° with respect to the surface have been used [72], irradiation at 

grazing incidence angle of only 1° produces periodic ripple-like pattern on the surface already 

at moderate fluences as shown here. For this completely new approach we could identify 

suitable irradiation parameters to obtain nanoscale ripples of high quality. In case when the 

electronic stopping is too low (for example at 2.4 keV/nm in case of irradiation with 3 MeV O 

beam), the surface morphology remains practically unaltered. On the other hand, if the 

electronic stopping is too high (for example at 8.1 keV/nm in case of 23 MeV I beam), the 

surface becomes rugged and the quality of the ripples is poor. Still, more work needs to be done 

to clarify ion track overlap kinetics, i.e. how high fluence of overlapping ion tracks is needed 

to produce ripples. We note the mechanisms of ripple formation is altogether different than 

mechanisms at work during low energy keV ion sputtering, hence typical methods developed 

there (like for example rotating the sample around the surface normal during irradiations) will 

probably not work. 

Another finding reported here is the appearance of nanostripes (i.e. „doubletracks“) at 

low irradiation fluences, and above certain electronic stopping of the SHI. In the present study 

we observe them at 21 keV/nm, but not at 8.1 keV/nm, i.e. nanostripes have been observed 

after 92 MeV Xe ion irradiation, but not after 23 MeV I irradiation. Double tracks have been 

reported before but these were found either as the typical track morphology in a certain material 

[33] or in front of a surface track [32]. Here we have shown that it is indeed possible to switch 

between the two morphologies by choosing the proper irradiation parameters. For now it 

remains unclear whether this is characteristic for the chosen material or if this could be 

achieved also for the other materials if the beam energy was varied over a sufficiently large 

range. In any case, for SrTiO3 e.g., this switching has not been observed [23]. Further progress 

in surface nanostructuring can probably be achieved in a similar manner in the case of 2D 

materials, when the thickness of the material itself can yield different ion track morphologies 

[38]. 

Etching of surface ion tracks in SrTiO3 demonstrated an excellent etching selectivity, 

revealing ion tracks in SrTiO3 to be amorphous, or at least containing highly disordered 

material. While etching is a well-known technique for post-processing of ion tracks, to the best 

of our knowledge, only surface ion tracks in a-SiO2 [26] and SiC [30] have been etched 
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previously. In the latter case, etching of SiC after the irradiation was done to remove the oxide 

layer, and to establish the presence of a grove as surface ion track morphology in SiC. 

Therefore, the etching itself has not been used to “develop” the ion tracks after SHI irradiation. 

In the first case, ion tracks in a-SiO2 have exhibited less pronounced variations along them (due 

to the amorphous structure of the material), and consequently etched ion tracks are long groves 

with an almost cylindrical in shape. Etched surface ion tracks in SrTiO3, on the other hand, 

have a well-defined, characteristic morphology, and the presented method offers a facile way 

to produce equidistant nanosized holes on the surface of the dielectric material. This method 

most likely can be used for other crystalline insulators as well, where surface ion tracks appear 

in similar shapes [24], however suitable etchants with high selectivity have to be found first. 

The etching of surface ion tracks offers another advantage over the etching of the tracks 

in the bulk, performed after normal incidence SHI irradiation. For successful etching of the ion 

tracks in the bulk, the morphology of the track needs to be continuous. Only then may the 

etchant freely move inwards into the bulk and dissolve damaged material. However, to produce 

a continuous ion track, the electronic stopping has to be sufficiently higher than the threshold 

value [75]. Therefore, etching of surface tracks is easier to achieve because discontinuous 

tracks can also be etched away, which again means that lower stopping powers suffice, i.e. 

smaller accelerators can be used. Furthermore, producing nanoholes is possible only in the case 

of surface tracks, because ion tracks in the bulk with a discontinuous morphology are not 

etchable. In the case of high fluences, etching did not yield well-ordered nanoscale ripples in 

SrTiO3. Further work should be done in this regard, probably by choosing another material like 

a-SiO2 where ion tracks would be continuous. Finally, observing directly a single etched ion 

track on the surface by means of HRTEM, offers another piece of information about the surface 

ion track formation process [61,76]. Most importantly, it seems the material that contributes to 

forming the nanohillock on the material surface, does not originate from large depth, at least in 

the case of grazing SHI irradiations [77]. 

Annealing is another post-irradiation process used in conjunction with ion irradiation, 

e.g., to anneal unwanted irradiation damage obtained during sputter cleaning or in 

thermochronology. However, annealing studies have also taken place in more fundamental 

research, especially in the case of a-SiO2 [52] and quartz SiO2 [64-66]. The disappearance of 

the ion tracks both in a-SiO2 at 650ºC and their fading in quartz SiO2 at 950ºC agree with 

previous works on annealing of ion tracks in the bulk. Therefore, we tentatively conclude that 

the surface plays only a minor role, if any, during the ion tracks annealing. A more dedicated 
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study would be of interest to establish this with certainty because recently, recrystallisation has 

been identified as an important process during the ion track formation [42], and the surface 

might play a more prominent role also in the track annealing. From the point of applications, 

the possible disappearance of tracks with increasing temperature might be a disadvantage if a 

thermally stable nanopattern is required and has to be accounted for, e.g., by the proper choice 

of a substrate material. Alternative solution could be use of nanopatterned surface as a template 

for the production of replica that is more thermally stable. 

 

CONCLUSIONS 

A novel route for the production of nanoscale ripple patterns on a large surface area by using 

SHI irradiation at grazing incidence angles has been demonstrated. This method is cost and 

time effective, as exposure times are typically in a range of only a few minutes. While high 

energy accelerators delivering SHIs have already found industrial applications like the 

production of track etched polycarbonate membranes, even small-scale accelerators like the 1 

MV Tandetron accelerator available at the RBI can be used for the surface nanopatterning. Our 

research proves that the approach presented here is also applicable for other materials like TiO2 

[27], thus avoiding a limitation in the use of binary compounds [9]. Further treatment of the 

irradiated surfaces (annealing, etching, ion beam sputtering) can lead to an even better 

nanoripple morphology in terms of homogeneity and periodicity.  

New opportunities for applications where surface nanostructuring is needed, like 

manipulating surface adhesion and wettability can be offered. Also, nanoscale rippled 

substrates can be used as templates for ordered growth of nanoparticles [19,20], for stimulating 

cell growth on biocompatible surfaces [78] or for influencing the properties of 2D materials 

such as graphene [79] and MoS2 [80] via substrate morphology manipulation. Therefore, from 

the application perspective, nanoscale patterning by grazing incidence SHI offers unique 

opportunities with excellent control over many parameters, both for surface [21,30] and 2D 

materials nanostructuring [35,69].  
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