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Single crystals of CaFy, cleaved along the (111) plane, were irradiated by 35Cl, 39K, 52Cr, 58Ni, 79Br and '*’Au
ions with energies from 2 to 48 MeV, charge states from 1+ to 11+ and ion fluences from 2 x 10'° to 1 x 10'®
ions/cm?. The surface properties of the irradiated samples were studied using Atomic Force Microscopy in
contact mode. Nanoscale surface structures were observed for some surfaces irradiated by Cl, K, Cr, Ni, Br and Au
ions. Thresholds for nanostructure formation were found in terms of projectile ion velocity and electronic

stopping power (Se). Clear surface modification was observed for projectiles with specific energies above
approximately 0.04 MeV/u. The threshold in S for the generation of distinct triangular structures was observed
to be velocity-dependent. The average formation efficiency, referring to the ratio of the number of distinct
nanostructures observed on the surface to the number of incident ions, as well as the average height of nano-

structures increases with Se.

1. Introduction

Irradiation by energetic ions commonly alters the surface and bulk
properties of materials. Thus, ion irradiation can be used as a tool to
tailor properties of materials with high relevance in, for example, thin-
film electronics [1,2], surface nanostructure engineering and modifica-
tion of 2D materials [3]. Irradiation of solid targets with either slow
highly charged ions (HCI) [4-7] or swift heavy ions (SHI) [8-10] is
widely studied and leads to nanoscale surface modification with po-
tential applications in e.g., magnetic storage, nanoelectronics, catalysis
and nanosensors [11,12]. HCI typically have velocities lower than the
Bohr velocity (vg ~ 2.18 x 10° ms™!) and potential energies due to
vacant electron states on the order tens to hundreds of keV [13], while
for SHI kinetic energies are on the order of tens of MeV to GeV. In the
latter case, interaction with the target material is dominated by energy
transfer to its electrons, characterized by the energy deposited on those
electrons per unit path length, or electronic stopping power (Se). Due to
their larger bandgap, insulators are more sensitive than conductors or
semiconductors to structural modifications induced by electronic exci-
tations [14]. Irradiation of nonamorphizable insulators (crystalline
materials with high ionicity and a low tendency for amorphization), e.g.,
fluorides (e.g., LiF, KBr, CaFj, BaF;) and some oxides (e.g., UOg, SnO>),
results in various surface nanostructures such as pits, craters, calderas or
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nanohillocks [10-18].

A model system to study surface modification due to ion irradiation
is Calcium Fluoride (CaF5), a nonamorphizable ionic crystal with fluo-
rite structure. It is widely investigated for the formation of nanoscale
surface structures due to ion irradiation with HCI [19,20] and SHI
[10,16]. In the case of HCI, the threshold for the formation of such
nanostructures is defined in terms of potential energy while for SHI, the
parameter of interest is Se. Irradiation of CaFy with keV Xe ions yields
nanoscale hillocks protruding from the surface for q > 28+, and etching
the surface with 10 % HNO3 solution leads to the formation of pyramidal
pits. The threshold for such pit formation (after etching) depends on
both potential energy and kinetic energy [19], whereas the threshold for
nanohillocks formation by irradiation of CaF, surface with HCI depends
dominantly on potential energy [20].

For irradiation of CaF, with SHI (48Ca to 238U) at specific energies
from 1 to 11.1 MeV/u, the threshold S, for nanoscale hillocks is reported
to be ~4.8 £ 1.1 keV/nm [10]. Irradiation by SHI is also reported to
produce near-surface modifications in CaFy with two thresholds in terms
of S, for damage creation [21]. These electronic energy loss threshold
values depend on ion energy and correspond to (a) quenching of a
molten phase, accompanied by swelling and surface nanohillock for-
mation, and (b) quenching of a boiling phase leading to tracks visible in
Transmission Electron Microscopy (TEM).
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Table 2.1
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List of the projectiles used for irradiating CaF, samples with their kinetic energy (Ex), equilibrium charge state (qeq), initial charge (q;,) and potential energy (Ep). *
Irradiation with a fluence of 2 x 10'° jons/cm?; ** 2.8 x 10'° ions/cm? * 5 x 10 ions/cm?; *# 1 x 10*2 ions/cm? (if nothing else is specified, the fluence was 2 x

10! ions/cm?).

ITon Ex (MeV) Qeq Qin Ep (eV) Ion Ex (MeV) Qeq Qin Ep (eV)
35¢1 2.5 4.6 1+ 13 79Br 2.0%# 4.5 1+ 12
3.5 5.3 2+ 37 8.0 8.6 3+ 68
4.5 5.9 2+ 37 8.5 8.8 34 68
7.0 6.9 34 76 11.0 9.8 44 116
11.0 8.1 44 130 135 10.7 5+ 175
15.0 8.9 5+ 197 16.5 11.5 7+ 366
22.5% 10 7+ 408 20.0 12.4 54 175
32,5 11 7+ 408 40.0 15.7 9+ 783
40.0% 11.5 9+ 1158 197Au 3.0 5.2 2+ 29
3K 14* 9.2 6+ 325 10.0 10.0 44 104
52¢r 12# 9.3 5+ 173 17.0 13.0 5+ 164
S8Ni 11 9.6 5+ 192 21.5 14.5 7+ 332
25 12.8 8+ 594 26.5 16.0 8+ 130
45 15.3 11+ 1331 30.0 16.8 7+ 444
48.0" 20.5 11+ 892

In the case of irradiation by highly charged medium energy ions (i.e.,
tens to hundreds of keV/u), the threshold for nanohillock formation can
be defined by additive action of potential energy and S.. For example, in
irradiation with highly charged MeV Xe ions, the threshold charge for
observing nanohillocks is between 25+ and 26+ with 3 MeV (S, = 0.72
keV/nm) projectiles and between 21+ and 22+ with 5 MeV (Se = 1.46
keV/nm) projectiles, indicating that the threshold for nanohillock for-
mation in this energy regime depends on both kinetic energy and po-
tential energy [22]. The threshold for the formation of these hillocks for
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MeV Xe ions is reported as S¢t ~ 2.75 keV/nm, where Sg; is the sum of
weighted potential energy and Se. This threshold value for medium
energy ions is less than the S, threshold reported for SHI [10,21] in the
GeV regime approximately by a factor of 2.

In the present work, we investigate the surface structure modifica-
tion in CaF; single crystals cleaved along the (111) plane in the lesser
explored region of the lowly charged medium energy ions, where no
effect of ion charge state in forming ion tracks is reported for CaFy [23].
All projectiles employed in this study, except for 32.5 MeV Cl and 40
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Fig. 3.1. AFM images for (a) unirradiated CaF, surface; surfaces irradiated with (b) 2 MeV Br'*, (¢) 7 MeV CI** and (d) 30 MeV Au’". The fluence for all the

irradiated surfaces was 2 x 10'! ions/cm?
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MeV Cl, have energies below that for which S, reaches its maximum
value, as opposed to data reported with SHI where energies are above
the same maximum. By bombarding CaF; with medium energy ions with
a wide range of mass (viz., 35Cl, 39K, 52Cr, 58Ni, 79Br and '7Au) and
initial charge slightly below the equilibrium value eventually estab-
lished as a result of electron exchange with the irradiated material, we
investigate the threshold value for the formation of nanoscale surface
structures in terms of projectile energy and S.. In addition to the
threshold values, the geometry of the nanostructures formed on the
surface is analysed using atomic force microscopy (AFM).

2. Experimental

Single crystals of CaF; of (10 x 10) mm? square cross-section and a
few mm height were produced by cleaving a larger crystal piece of CaFy
along the (111) plane. The surface obtained from this cleavage features
atomically flat terraces terminated by F-Ca-F triple layers. The minimum
height between cleavage steps is 0.32 nm representing the height of one
F-Ca-F triple layer [24]. The steps can be separated by an integral
multiple of 0.32 nm. The naturally occurring steps on a CaFy (111)
surface run essentially parallel to (110), (211) and (321) directions but
are predominantly oriented along the (110) direction [25]. The cleaved
crystals of CaF, were irradiated at room temperature under normal
incidence by Cl, K, Cr, Ni, Br and Au ions with energies from 2 to 48
MeV. The equilibrium charge state for projectile ions was calculated
using the formula for solid-state targets in the reference [26] and the
initial charge state of the ions was kept below the equilibrium charge
state, thus, ranging from 1+ to 11 +. To observe individual ion impact
on the crystal surface, the ion fluences were kept low ranging from 2.0 x
10'° to 1 x 10 ions/cm?. The irradiation of samples was performed
using a 5 MV pelletron tandem accelerator at Uppsala University [27].

Table 2.1 gives the complete list of the kinetic energy (Ex), equilib-
rium charge state (qeq), initial charge (qis) and potential energy (Ep) of
the projectiles used to irradiate the CaF, samples. The potential energy
of the charged particles was calculated using [28]. As observed from
Table 2.1, the kinetic energy for each projectile ion is much higher
(>10* times) than the potential energy for that ion. In addition to this, as
the projectiles are further stripped to the equilibrium charge state upon
entering the target material, rather than having their electronic states
filled, the potential energy is not released near the surface. Thus, the
potential energy is not expected to play an important role in producing
damage on the CaF; surface in the present case. Most of the CaF, sur-
faces were irradiated with a fluence of 2 x 10'! ions/cm?, with the
exceptions mentioned in Table 2.1. Irradiations with lower fluence were
performed to distinctly see the shape of nanostructures produced by a
single ion impact.

The surface properties of the irradiated samples were studied by the
means of Atomic Force Microscopy (AFM) in contact mode using PSIA
XE150 AFM. AFM image processing was performed using the Gwyddion
software [29]. Stopping powers for the projectiles of the given energy
were calculated using SRIM [30]. These values were used to study the
dependence of surface structure modifications in single crystals on
stopping power.

3. Results

Depending on the energy of the projectile ion, different surface
morphologies have been observed on the irradiated surfaces as shown in
Fig. 3.1. Fig. 3.1(a) shows an AFM image obtained on the unirradiated
CaFj surface; the remaining subfigures show surfaces irradiated with (b)
2 MeV Br'™, (¢) 7 MeV CI3* and (d) 30 MeV Au’". In Fig. 3.1(a), the
surface morphology is dominated by flat cleaving terraces with a step
height of 0.32 nm or an integer multiple of 0.32 nm and, enclosing
angles of (11°-12°), (19°-22°) and (30°-34°). The angle of 11° corre-
sponds to the apex angle between [211] and [321], 19° corresponds to
the apex angle between [110] and [321] and 30° corresponds to the
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Fig. 3.2. Region (I): hollow circles indicate pairs of specific energy and S, for
which minimum modification is observed (as seen in Fig. 3.1(b)); Region (II):
solid circles indicate pairs for which irregular structures are observed (as seen
in Fig. 3.1(c)) and; Region (III): triangles indicate pairs for which distinct
triangular structures are observed (as seen in Fig. 3.1(d)). Projectile ions of
different elements are indicated by different colours as mentioned in the legend.

apex angle between [110] and [211]. Deviation from the exact apex
angles between crystallographic directions may be caused due to lateral
resolution of AFM images. In Fig. 3.2(b), the overall structure of the
surface is still dominated by terraces caused by cleavage of CaF, along
the (111) plane. Clear modification of the surface dominated by irreg-
ular structures of vertical variation of less than 2 nm is seen in Fig. 3.1
(c), whereas, distinct triangular structures of height less than 3.5 nm are
observed in Fig. 3.1(d).

Based on the different surface morphologies observed on the ion-
irradiated CaF, surfaces, a threshold for surface modification in terms
of specific energy and S, is found. Fig. 3.2 places all projectiles employed
in this study on a map of specific energy and S,. Three different regions
have been identified: region (I) with minimum modification of the
surface, region (II) with irregular structures and region (III) with distinct
triangular structures of height between 0.5 and 6 nm (for the ions
employed in this work). Two cases with irradiating ions below a specific
energy of approximately 0.04 MeV/u and Se below 2 keV/nm caused no
or only slight modification of the surface. For the remaining projectiles,
a threshold in electronic stopping power, Set, is required to form distinct
triangular structures on the surface. Below S, irregular structures are
observed on the surface. There is no sudden transition from irregular
structures to distinct structures, but a gradual increase in the dominance
of distinct triangular structures over the irregular structures as the en-
ergy of ions increases. Se; is defined as the point where distinct triangular
structures start becoming clearly visible on the surface. The value of Se
increases with the energy of the projectile ions. For instance: for ions
with energy of ~0.08 MeV/u, distinct triangular structures on the sur-
face are observed for Se ~ 3.7 keV/nm (17 MeV Au). But for irradiation
with ions of similar S, ~ 3.9 keV/nm (7 MeV Cl) at a higher energy of
~0.2 MeV/u, irregular structures are observed. Distinct triangular
structures for ions with energy of ~0.2 MeV/u are observed for S, ~ 4.7
keV/nm (11 MeV Ni).

The irregular structures dominating the surface in the region (II)
have a vertical variation of <2 nm. The distinct triangular structures
observed in the region (III) are not of the same height but have a range of
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Fig. 3.3. AFM images for (a) unirradiated surface; and surfaces irradiated by (b) 2 MeV Br'* [fluence = 2 x 10! ions/cm?], (¢) 7 MeV CI>* [fluence = 2 x 10! ions/
cmz], (d) 17 MeV Au®* [fluence = 2 x 10! jons/cm?] and (e) 48 MeV Au''" [fluence = 2.8 x 10'° ions/cm?] 5 () Schematic of a unit cell of CaF; along with (111)
plane cutting through the unit cell [drawn using VESTA [31]].

height, e.g., for irradiation with 48 MeV Au, the observed height of Fig. 3.3. Nanostructures protruding from the surface have approxi-

nanostructures range from 2 to 6 nm. Magnified images of the unirra- mately equilateral triangular bases (within the limit of the lateral res-
diated surface as well as a selection of irradiated surfaces are shown in olution of AFM images). One possible orientation of these equilateral
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Fig. 3.4. (a) The average height of triangular nanostructures as a function of S, and (b) Mean efficiency of formation for triangular nanostructures as a function of S.
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triangular bases, as seen in Fig. 3.3(f), can be that the limiting surfaces of
the protruding structures are aligned with {100} planes of the original
crystal. However, in the present data, the height-to-width ratio of the
nanostructures is not consistent with triangular structures in the form of
perfect pyramids, recrystallized to complete the unit cell above the
(111) plane. In order to substantiate or discard any such claim about the
lattice orientation of the protrusions, a more detailed investigation into
the accuracy of the absolute height measurement of the AFM when
scanning over both radiation-damaged and undamaged material would
therefore have to be carried out.

The height (h) is determined by extracting profiles along different
lines and calculating the maximum deviation in the vertical direction
from the surrounding plane. The height of almost all the clearly visible
non-overlapping triangular structures was calculated for 2 to 5 separate
AFM images taken over different regions of the surface to plot the
variation of average height with S.. For example: in the case of the
sample irradiated with 48 MeV Au'!", three AFM images with 28 [scan
area: (500 x 500) nmz], 23 [scan area: (300 x 300) nmz] and 16 [scan
area: (200 x 200) nm?] structures were studied. Fig. 3.4(a) shows the
average height of nanostructures formed on the surface as a function of
Se, where the standard deviation of the height distribution for each ion is
given as an error in the average height. The average height of the
triangular structures in the region (III) increases with stopping power.

The efficiency of nanostructure formation is defined as the ratio of
the number of distinct nanostructures observed on the surface to the
number of incident ions. An efficiency of 1 implies that each incident ion
produced a nanostructure on the surface. While counting the number of
nanostructures from AFM images, some partly overlapping structures
are also observed. These partly overlapping structures are assumed to be
the resultant of different single ion impacts and are counted separately.
The number of incident ions can be calculated from the values of the
initial charge, ion current, area of irradiation and time for irradiation.
Fig. 3.4(b) shows the average efficiency of nanostructures formed on the
surface as a function of Se. The observed efficiency for the formation of
nanostructures is not 1 for all irradiations. Instead, the efficiency of
nanostructure formation in the region (III) increases with S, for medium
energy ions. We have assumed an uncertainty of 25 % on the scan area
and a 10 % uncertainty on the ion current and thus, as observed from
Fig. 3.4(b), the change in formation efficiency is not estimated to be an
artefact of the measurements of ion current and scan area.

4. Conclusions and discussion

Surface modification of single crystalline CaFy by irradiation with
MeV energy ions was studied using Atomic Force Microscopy. From the
study of AFM images of the irradiated surfaces, we infer that projectile
ions with specific energy above approximately 0.04 MeV/u cause clearly
detectable modification on the surface of the crystal. A threshold in
terms of S, distinguishes between two types of surface modification.
Below the threshold value, the modified surface is dominated by irreg-
ular structures of vertical variation less than 2 nm, and above S, the
surface is dominated by distinct triangular nanostructures of height from
0.5 to 6 nm produced by a single ion impact. The triangular structures
have apparently equilateral triangular bases.

Unlike in the case of SHI [10] where the average height of hillocks is
constant (~1 nm) for S, between 5 and 10 keV/nm, the average height of
the distinct triangular structures increases from ~0.5 nm to ~3.3 nm for
irradiation by medium energy ions in this range of Se. The efficiency of
nanostructure formation increases with Se, which is in agreement with
the results observed for irradiation by SHI [10,21].

As indicated by the dashed curve in Fig. 3.2, the value of S increases
non-linearly with the energy of the projectile ions. Both the value of St
and its energy scaling are consistent with the previously reported results
on the threshold for local melting [21,22]. The increase in Se; with
specific energy and, thus with ion velocity, can be attributed to the well-
known ‘velocity effect’ [22], referring to the influence of the velocity of
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projectiles on the damage caused by the ion irradiation.

The initial charge state of projectiles in the present study is below the
equilibrium charge state, approximately by a factor of (0.4-0.6); thus,
the initial value of S, is ~ (0.16-0.25) times the equilibrium S, (plotted
here). As the ion traverses the target, it gains charge to reach the equi-
librium charge state and consequently, the value of S, increases as the
projectile traverses the target. The equilibration length, (d) [32], is of
the order of a few nanometres, comparable to the height of triangular
nanostructures observed in the region (III) (for example: d ~ 5 nm for
30 MeV Au). A follow-up experiment can be performed for the pro-
jectiles in the region (III), e.g., irradiation with 13.5 MeV Br (equilib-
rium charge ~10.7 + 1.5) [26] with charge states from 3+ to 11+, to
study how height and formation efficiency of nanostructures are affected
by the difference in the initial and the equilibrium charge state. Data on
the charge state independence of ion track widths in CaF, irradiated by
1271 in [23] supports the hypothesis that charge state equilibration might
not have a critical effect on the stopping power thresholds reported in
the present work.
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