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ARTICLE INFO ABSTRACT

Depth profiles of nanohardness and photoluminescence of F, and F3* centers in LiF crystals irradiated with 12
MeV 2C, 56 MeV “°Ar and 34 MeV 3%Kr ions at fluences 10'°-10'° jons/cm? have been studied using laser
scanning confocal microscopy, dislocation etching and nanoindentation techniques. The room temperature ir-
radiation experiments were performed at DC-60 cyclotron (Astana, Kazakhstan). It was found that the lumi-
nescence intensity profiles of aggregate color centers at low ion fluences correlate with electronic stopping
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Photoluminescence : 3 . . . . .
Dislocations profiles. The maximum intensity of aggregate center luminescence is observed at fluence around 10" ions/cm?
Hardening and rapidly decreases with further increase of fluence. At the highest ion fluences, the luminescence signal is

registered in the end-of-range area only. The depth profiles of nanohardness and chemical etching have shown
remarkable ion-induced formation of dislocations and increase of hardness which in the major part of the ion
range correlate with the depth profile of electronic energy loss. An exception is the end-of-range region where

strong contribution of nuclear energy loss to hardening at high fluences is observed.

1. Introduction

Swift ion beams offer great opportunities for processing of solids
and can be used to modify their structure, electronic, optical, me-
chanical and other properties.

Remarkable modification effects in LiF crystals are observed under
conditions of high-fluence irradiation ensuring overlapping of ion
tracks and formation of complex color centers, defect aggregates and
extended defects, surface and bulk nanostructures [1-5]. Among com-
plex color centers, F, and F3* aggregate centers are found to be dom-
inating in LiF irradiated with swift heavy ions at high fluence and flux
[2], while ion-induced prismatic dislocation loops are revealed as the
main extended defects formed at room temperature irradiation [5]. The
knowledge and understanding of complex phenomena of the evolution
of structure at the aggregation stage are of great importance for the
development of technological applications of LiF (color center lasers,
dosimetry, etc.). New possibilities have been offered by investigations of
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damage on profile surfaces along the ion trajectory. It provides in-
formation on peculiarities of damage at varying energy loss and varying
contribution of electronic excitation and elastic collision (nuclear)
mechanisms [6-8].

In the present work, depth profiles of complex color centers and
dislocations in LiF crystals irradiated with “°Ar, 8*Kr and '2C ions at
different fluences have been compared. The behavior of complex color
centers (F, and F3™) along the ion path has been characterized by
means of luminescence spectroscopy [7,8]. The evolution of nanode-
fects on profile surfaces has been investigated by chemical etching and
instrumented nanoindentation which is a technique sensitive to dis-
locations and other extended defects. The attention has been focused on
peculiarities of damage and property modifications in the end-of-range
region where the dominant damage mechanism changes from the
electronic excitations to the mechanism of elastic collisions (nuclear
loss).
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2. Materials and methods

High quality LiF crystals grown from the melt in an inert atmo-
sphere were used for the experiments. LiF platelets of 10 X 10 mm? and
thickness of about 1 mm, cleaved from a single-crystal block, were ir-
radiated at the cyclotron DC-60 (Astana, Kazakhstan) with 33.6 MeV
84Kr, 56 MeV “°Ar and 11.8 MeV '2C ions. The thickness of the samples
for all irradiations was substantially larger than the ion range (R) in LiF.
The irradiations were performed at room temperature at fluences from
10'° to 10" ions/cm? The ion beam current density was 10 nA/cm?,
which is low enough to avoid the target heating effects. The ion range
and energy loss were calculated by SRIM 2013 code.

The LCSM NTEGRA Spectra confocal microscope was used to obtain
depth resolved photoluminescence spectra of F, and F3* color centers.
For the source of excitation a laser with a wavelength of 473 nm was
utilized. To prevent a damage of LiF samples a continuously variable
ND filter with the attenuation range of 1-0.001 was set at minimum
value to limit the output power of the laser source. The XYZ piezo stage
of the microscope allowed scanning area of up to 100 X 100 pm in X-Y
plane and up to 7 um in Z direction with the minimum step of 0.01 pm.
Spatial resolution for X-Y plane was measured with a regular Si cali-
bration grating TGS-1 with a square profile and was determined to be
approximately 0.3pm. Each specimen of irradiated crystals was
mounted on the XYZ stage with the ion penetration direction parallel to
X axis and was scanned along the ion range with a step of 0.33 pm. The
scanning was performed in Y axis with a step of 1 um as well and
subsequently the results were averaged.

Nanoindentation was performed by an instrumented indentation
unit G200 (Agilent) in ambient air at room temperature using a
Berkovich diamond tip. The area function of the indenter tip was ca-
librated using a silica reference sample. A basic nanoindentation tech-
nique with an indenter penetration depth of 150 nm at the strain rate
0.05s~! was used. Indentation tests were performed on samples pre-
pared by cleaving of irradiated crystal normal to irradiated surface
using conventional manual cleaving technique. Irradiated LiF cystals
similar to unirradiated ones exhibit {100} type cleavage planes. The
values of hardness (H) at nanoindentation tests were obtained using the
Oliver-Pharr method [9]. The hardening effect (relative increase of
hardness) was calculated as (H-Hgp)/Hg (%) where Hy denotes the
hardness of a virgin crystal, which at the selected 150 nm depth was
Ho = 1.5 GPa. The distance of indentation imprint from the irradiated
surface served as the depth parameter and was measured by means of
optical microscopy.

The dislocation structure in irradiated LiF samples was revealed by
a short-time (1-2s) selective chemical etching in a saturated aqueous
FeCl; solution and by a subsequent imaging by atomic force microscope
CPII (Veeco) in the tapping-mode.

3. Results
3.1. Depth-resolved photoluminescence of F, and Fs™* color centers

For all investigated ions, their electronic energy loss in LiF does not
exceed the 10keV/nm threshold for the formation of a track core
(Fig. 1), therefore the tracks are composed of a trail of simple and ag-
gregated color centers together with the complementary hole centers
[1]. Fy and F5* color centers, being very close in the optical absorption
spectra (445 nm band), can be exactly distinguished by luminescence
measurements [7,8]. The photoluminescence emission spectrum ex-
hibits two peaks at about 670 nm (related to F,) and 530 nm (related to
F3*). As an example, the wavelength dependence of the normalized
luminescence intensity for LiF irradiated with 33.6 MeV ®*Kr and 11.8
MeV '2C ions at identical fluence is shown in Fig. 2.

The obtained depth profiles of the luminescence intensity related to
F, and F5™* centers for all investigated ions are provided in Fig. 3. The
maximum depth from which the luminescence signal is observed nearly
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Fig. 1. Electronic (dashed line) and nuclear energy loss (solid line) of 3*Kr, *°Ar
and '2C ions in LiF, calculated by SRIM.
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Fig. 2. The wavelength dependence of normalized luminescence intensity of
F3* (530nm) and F, (670 nm) centers for LiF irradiated with 33.6 MeV ®*Kr
and 11.8 MeV '2C ions at fluence of 3 x 10'%ions/cm? Excitation source:
473 nm laser.

coincides with the ion range calculated by SRIM code and with the
depth of damaged zone revealed by chemical etching.

The luminescence signal at comparatively low fluences, when
mainly individual ion tracks are formed, gradually increases with the
fluence and correlates with the depth profiles of electronic stopping
power (Fig. 3). As known, concentration of the F-type color centers in
lithium fluoride is determined by the energy deposited in the electron
subsystem. Consequently, at low ion fluences in our investigated ion
energy range the emission related to F3* and F, color centers is de-
tected near the surface, where the electronic stopping power has a
maximum. Therefore, the luminescence yield continues to increase in
any point of the irradiated layer until the absorbed dose will reach a
level, when the non-radiative decay of the excited states in color centers
will dominate over the radiative transitions. At higher fluences, when
ion tracks overlap, luminescence signal shifts to the end-of-range re-
gion. The main peculiarity is the quenching of the luminescence in-
tensity which starts at high fluences (around 103 ions/cm?) when ion
tracks strongly overlap (Fig. 3a—d). In the case of lighter C ions, the
critical concentration of defects required for the quenching of lumi-
nescence of F, centers is reached already at fluence of 3 x 10'*ions/
cm? (Fig. 3f) while not yet for F3* centers (Fig. 3e).

The photoluminescence quenching under high-fluence irradiation
with high-energy ions is observed in numerous studies [8,10] and
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Fig. 3. Depth profiles of the luminescence intensity at 530 nm and 670 nm for samples irradiated with 84Kr (a, b), *°Ar (c, d) and '2C (e, f) ions at different fluences.

The end of the range is marked with a dashed line.

different explanations of this effect are offered. However, its me-
chanism is not fully understood. The increase of the concentration of
aggregate color centers could give rise of non-radiative processes
(concentration quenching) originated by an energy transfer between
aggregate centers [11]. In [12] the quenching of photoluminescence at
high concentration of aggregate centers is related to appearance of
mechanical stress, suppressing the radiative decay of excited states. It
should be noted that dislocations are a significant source of stress [13].
Therefore we consider the increase of the density of ion-induced dis-
locations (see Section 3.2) as one of possible factors facilitating the
luminescence quenching.

3.2. Depth profiles of ion-induced hardening and dislocation structure

The depth profiles of hardness and energy loss for LiF samples ir-
radiated with Kr, Ar and C ions are shown in Fig. 4. A detectable ion-
induced increase of hardness is observed when fluence surpasses the
10'° 5 x 10'° and 6 x 10*!ions/cm? limit for Kr, Ar and C ions cor-
respondingly. The effect of hardening increases with fluence and ap-
proaches saturation at ~10"°ions/cm? at which the hardness by about
a factor of two exceeds the hardness of a virgin crystal. The depth
profiles of hardness in a great part of the ion range correlate with those
of the electronic energy loss. An exception is the end-of-range region
where high values of hardness at high fluences are maintained despite
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of the decrease of electronic energy loss to low values. The result allows
us to conclude that a significant contribution in hardening here comes
from the damage created by nuclear stopping mechanism.

We compared the dependence of ion-induced hardening on fluence
for LiF: Ar samples (Fig. 4d) at two depth positions: (1) — at the Bragg's
maximum (depth 4 pm), where the contribution of nuclear loss is
negligible and damage is determined by electronic stopping me-
chanism, and (2) - close to the end-of-range (depth 11.7 pm), where the
contribution of nuclear loss becomes dominant and the effect from
electronic loss at moderate fluences (3 x 10'!ions/cm?) becomes
negligible (Fig. 4c). The results show that strong hardening at a cor-
respondingly high fluence can be reached by both mechanisms
(Fig. 4d). However, the hardening curve corresponding to the nuclear
stopping is shifted by more than one order of magnitude towards higher
fluences. Similar behavior — minor or negligible contribution of nuclear
mechanism at low and moderate fluences and a remarkable increase of
the effect at the highest fluences was observed also for Kr and C ions.
We can conclude that the elastic collision (nuclear) mechanism is less
effective for damage creation than the exciton mechanism.

The damage structures were revealed by selective chemical etching
[14,15]. The results are shown in Fig. 5. Profile surfaces oriented
normal to the irradiated surface were prepared by cleaving the irra-
diated sample (Fig. 5a) [16]. Fig. 5b is an AFM image showing a pattern
of dislocation etch pits in the sample irradiated with '2C ions at fluence
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Fig. 4. Depth profiles of hardness in LiF crystals irradiated with (a) — ®*Kr ions, (b) — 12C ions and (c) — *°Ar ions; (d) — dependence of hardening on fluence for *°Ar
ions at the depth of 4 pm, where the ion stopping is determined by electronic energy loss, and at 11.7 uym depth where dominates nuclear energy loss.

of 10*®ions/cm? in which numerous square-based etch pits of different
size are clearly seen. The evolution of dislocation structure along the
ion path is strongly affected by the fluence. As shown for Kr ions, well-
etchable dislocations at low fluences are formed in the beginning part of
the ion path, where the highest values of electronic energy loss
(4-8 keV/nm) are reached, while at a higher depth, where energy loss
decreases to low values — rounded low contrast etch pits which belong
to very small dislocation loops or their seeds are created (Fig. 5¢). At
high fluences, well recognizable dislocation etch pits for all ions are
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formed throughout the whole ion range. Their concentration increases
and size decreases in the end-of-range region where a more intense
formation of dislocation seeds is suggested due to contribution of nu-
clear loss mechanism (Fig. 5d).

There is a rather direct correlation between the shape of the ion
induced dislocation etch pits and their size. When dislocation loop in-
tersects the surface under investigation, it creates a mutually related
pair of etch pits, the distance between which approximately char-
acterizes the size of the loop. During chemical etching of small loops the

Fig. 5. (a) — scheme of sample pre-
paration by cleaving of irradiated
crystal. Cleavage plane is marked by a
dashed line. Colored layer represents
the irradiated zone.

(b) - etch pits of ion-induced disloca-
tions on LiF surface, irradiated with
2C jons at 10*%ions/cm?; (c) - etch
pits on profile surface irradiated with
84Kr ions at 10'2ions/cm? and (d) —
Dislocation pattern on etched profile
surface irradiated with “CAr ions at
3 x 10'*ions/cm? (left side) and in
the adjacent unirradiated zone beyond
the range (right side). Direction of ion
beam is shown by arrow and the end
of ion range by a dashed line.
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Fig. 6. Dose dependence of the hardening (AH/H,) and luminescence intensity
of F, and F5* centers in LiF irradiated with “°Ar ions. Data from the profile
curves (Figs. 3c,d and 4d) at a constant depth (11 pm).

pits might merge forming almost square shaped etch pits or elongated
rectangles [5]. Such rectangular etch pits of dislocation loops at a
higher magnification can be seen in Fig. 5c (left side) and Fig. 5d (left
side). Rounded low-contrast etch pits like those shown in Fig. 5¢ (right
side) can be ascribed to very small dislocation loops (around the lower
limit for stable loops ~7-10nm). Rough estimates based on AFM
measurements of the etch pit length and width for Ar ions (Fig. 5d) give
the size of dislocation loops in tens of nm (up ~60 nm). Concentration
of these loops at high fluences exceeds 10° cm ™2,

Another cause of the dislocation generation is long-range stresses
due to volume expansion (swelling) of irradiated crystal, which arise at
the vicinity of the interface between irradiated and unirradiated zones.
At high fluences stresses in the adjacent unirradiated crystal as a softer
medium can surpass the dislocation yield stress and create dislocation
rows (slip lines) along the (110) planes inclinated at 45° to (001) face
[17] as shown in Fig. 5d.

4. Discussion

Formation of dislocations as main extended defects created in LiF at
room temperature irradiation with swift heavy ions is well established
[4,5,18]. Ions with electronic energy loss < 10keV/nm, used in the
present study, create mainly small dislocation loops the maximum
density of which at high fluences tends to exceed 10'°cm™2. Accu-
mulation of dislocations as strong obstacles for plastic deformation
leads to a remarkable effect of ion induced hardening while point de-
fects play a minor role [19]. Both, the formation of dislocations and
hardening appear at an early stage of track overlapping [5,18].

Taking into account the high mobility of interstitials, mainly in-
terstitial type dislocation loops can be formed. A perfect prismatic in-
terstitial dislocation loop in ionic crystals requires aggregation of equal
numbers of anion and cation interstitials. However, swift ions in alkali
halides create damage by the exciton mechanism mainly in the anion
sublattice, while the cation sublattice remains intact. Hobbs proposed a
model in which the growth of dislocations occurs when di-halide mo-
lecule formed from H-centers occupies a lattice position and as a result
expels an anion and a cation required for a perfect dislocation [20].
Such reaction becomes possible in the local stress field on edges of
dislocation loops and other nano-scale defects [21]. Formation of dis-
location seeds is observed already in individual ion tracks [5]. Intensive
growth of dislocations and F-center aggregates is observed at the stage
of track overlapping when ions hit pre-irradiated areas where new ra-
diation defects are created as well as different structural transforma-
tions (aggregation or decomposition, growth or recombination, etc.) in
the system of already existing defects can be activated [12,22].
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The evolution of dislocation structure determines the hardening
effect. At the highest fluences (about 10'® ions/cm?) the hardness turns
to saturation and approaches the upper limit for heavily irradiated LiF
(3.5-4 GPa) due to a change in the mechanism of plastic deformation
from homogenous dislocation glide to localized deformation in shear
bands [23]). The irradiation dose at this fluence reaches 3 GGy for Kr
ions, 2.7 GGy for Ar ions and 819 MGy for C ions.

Both, the electronic stopping and the nuclear stopping mechanisms
are involved in the damage creation. The depth profiles of hardening
show the highest effect around the Bragg's maximum of electronic en-
ergy loss. At high fluences, an additional maximum appears also in the
tail part of the ion range due to the contribution of nuclear stopping
mechanism.

The damage via electronic stopping occurs mainly in the anion
sublattice while the damage by nuclear stopping is produced in both the
anion and the cation sublattices. The latter causes formation of dis-
locations and hardening only in a narrow (width about 3 pm) end-of-
range zone. A peculiarity of damage via nuclear stopping is the creation
of anion and cation interstitials necessary for the formation of dis-
location seeds that intensifies the nucleation of dislocations. As a result,
dislocations revealed in the tail part of the ion path are smaller and
their density is higher (Fig. 5d).

Considering possible mutual interaction between aggregate color
centers and dislocations, the comparison of the dose dependence for
ion-induced hardening and luminescence intensity from F, and F3™*
centers at a constant depth (11 um) was performed using the data for
LiF: Ar samples (Fig. 6). The intensity of luminescence increases up to
fluence of 6 X 10'?ions/cm? above which its quenching is clearly seen
while the increase of hardening determined by the accumulation of
extended defects continues and turns to saturation at a comparatively
high concentration (> 10'° cm™2). It should be taken into account that
dislocations in alkali halides and other materials serve as sinks and
absorption sites for different radiation defects and impurities [15]. The
stress field of dislocations could play an activating role in the interac-
tion processes and reactions.

5. Conclusion

e The depth profiles of ion-induced damage in LiF have been studied
using photoluminescence from F, and F3* aggregate color centers,
dislocation etching and nanoindentation.

For LiF irradiated with 34 MeV 3*Kr, 56 MeV “°Ar and 12 MeV '*C

ions, a notable contribution of nuclear loss in damage production

and hardening has been observed. The effect dominates in the end-
of-range region at fluences above 10'3ions/cm?.

e Quenching of photoluminescence of F, and F3* aggregate color
centers at high irradiation fluences has been observed. The inter-
action of aggregate color centers with ion-induced dislocations, the
stress field of which could suppress the luminescence, is suggested
as one of the possible reasons.
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