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Abstract

:

The aim of this experimental work was to investigate the influence of the ion beam charge state on damage production in nanomaterials. To achieve this, we employed Raman spectroscopy, atomic force microscopy, and transmission electron microscopy to investigate nanomaterials irradiated by a 23 MeV I beam. We found a significant influence of the ion charge state on damage production in monolayer graphene, but found no evidence of this effect in bilayer and trilayer graphene, nor in graphite. Furthermore, we found no evidence of this effect in CaF2 and SiO2 nanocrystals irradiated with the same ion beam.
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1. Introduction


Heavy ion irradiation is a versatile tool for materials nanostructuring, particularly for 2D materials and surfaces [1,2]. Usually, ion beam irradiation parameters (such as ion type, energy, fluence, and angle of irradiation) can be controlled to a great degree, and consequently, the effects of irradiation can be precisely tuned [3,4,5]. High-energy heavy ion irradiation offers some additional benefits, such as an extended ion range in materials and cylindrical-shaped permanent damage along the ion path, called an ion track. Among a plethora of other applications, high-energy heavy ion irradiation (often called swift heavy ion (SHI) irradiation) has found use in the production of nanomembranes, as ion tracks in thin polymer films can be easily etched away. Membranes produced in this way have narrow pore size distribution, while porosity can be easily tuned by the applied ion fluence. Furthermore, by placing graphene on the polymer substrate, this approach offers a facile route for the production of graphene nanomembranes with exceptionally small nanopores [6].



Another advantage of SHI irradiation (related to the straight path of the SHI through the material) is its exceptional usefulness in 2D materials and surface nanostructuring when irradiation is performed under the grazing angle of incidence. This approach enables exciting possibilities of producing unique structures on material surfaces, such as chains of nanodots [7], perforated graphene [8] and nanoscale ripples [9]. However, understanding and describing mechanisms leading to the formation of such nanostructures remain challenging. For example, the deposition and retention of SHI energy in thin films are difficult to model, but recently, some progress has been made [10,11,12].



In the present work, we investigate the effects of the SHI charge state on the response of the nanomaterials to the SHI irradiation. Depending on its velocity, SHI acquires an equilibrated charge state during passage through the material due to numerous collisions with electrons. Many experimental and theoretical works studied this effect, because deceleration of the SHI due to inelastic collisions with electrons (i.e., electronic stopping) is dependent on the SHI charge state, and thus SHI velocity [13]. This is important because materials’ modification under SHI irradiation (i.e., ion track formation) depends on the density of SHI-deposited energy. In the bulk, this is equal to the electronic stopping of SHI, but on the surface or within 2D material, this might not be the case. The reason for this is that in nanomaterials, not all of the deposited energy is retained within the SHI impact site [10,11,12]. Furthermore, SHI delivered by the ion accelerator often has a charge state lower than the equilibrated one, and such SHI deposits less energy into the nanomaterial than the fully equilibrated one. Since the amount of deposited energy in the primary stage of the ion track formation is a critical parameter that profoundly affects later stages of ion track formation (irrespectively of the damage formation mechanisms), concerns have been voiced over the necessity of using the so-called stripper foil in SHI irradiation experiments on nanomaterials [14,15,16]. Additionally, well-known recrystallisation of the ion tracks in the bulk can be suppressed in the near-surface regions [17]. Thus, in the case of thin films and nanomaterials, surface proximity can make nanomaterials prone to radiation damage if recrystallisation, as a way to heal material after the ion impact, is inactive. To correctly evaluate the radiation hardness of nanomaterials, it might be necessary to exclude possible charge state effects (that can occur in the same near-surface region) by using equilibrated ion beams.



Thus, the purpose of this work was to investigate the influence of the ion charge state in experiments where SHI beam is used for the nanostructuring of nanomaterials, and to establish conditions when the use of stripper foils is mandatory.




2. Experimental Details


Samples of monolayer, bilayer and trilayer graphene were purchased from Graphenea (San Sebastian, Spain). Graphene samples were grown by the chemical vapor deposition (CVD) method, and later transferred onto 90 nm thick amorphous SiO2 film on top of a Si wafer. High-quality, highly oriented pyrolytic graphite (ZYA grade HOPG) samples were purchased from 2SPI (West Chester, PA, USA). The CaF2 samples were purchased from Korth (Altenholz, Germany) and quartz SiO2 samples were purchased from Crystec (Berlin, Germany). For the TEM measurements, CaF2 and SiO2 samples were crushed in the mortar and the obtained nanocrystal grains were deposited on the TEM grids before irradiation. Deposition was achieved by dispersing nanocrystals in ethanol and dripping the solution on the TEM grid, followed by drying in ambient conditions [18].



All samples were irradiated using 6 MV EN Tandem Van de Graaff accelerator (HVEC, Burlington, MA, USA) at the Ruđer Bošković Institute in Zagreb. In the present study, a 23 MeV I6+ ion beam was used. The scanning ion beam irradiation was carried out at normal incidence and at room temperature at the ToF-ERDA beamline [18,19]. Applied fluences were within the range of 1011–5 × 1013 ions/cm2. The ion beam fluence was established by the ion current measurements in the Faraday cup both before and after the exposures. Longer exposures were occasionally interrupted for current monitoring. We estimate that the fluence measurements errors were less than 10%. Graphene and HOPG samples were exposed multiple times because the ion irradiation exposed areas were 3 × 2 mm2 in size, while the samples were 1 × 1 cm2 in size.



All samples were irradiated using either ion beam with Q = 6+ charge state or with fully equilibrated ion beam obtained after passing through 100 nm thin carbon foil (Micromatter, Surrey, Canada). Equilibration of the used ion beam results in an increase in the ion charge state from Q = 6+ to Q = 14+ (with the FWHM Q = 5 of the resulting charge state distribution) and, consequently, an increase in the electronic stopping power [20]. The change in the kinetic energy of the ion when passing through the thin carbon stripper foil is less than 700 keV, which decreases electronic stopping by only 2% [21]. The value of the nuclear stopping is less than 5% of the electronic stopping [21], and is not influenced by the charge state of the ion [22]. In Table 1, all ion irradiation parameters obtained by the SRIM 2013 [21] and CasP 5.2 [20] codes are given. The SRIM code is the most often used code for the calculation of ion stopping and range in materials, and is considered a standard for the parametrisation of ion track experiment results [4,5,9,12,15]. We used both codes because the SRIM code can calculate both nuclear and electronic stopping, but can only calculate electronic stopping for fully equilibrated ions. On the other hand, the CasP code can calculate the ion charge state-dependent electronic stopping power, but cannot calculate nuclear stopping [20]. The range of the ions is typically several micrometres, i.e., they completely pass through the studied nanomaterials, so the effects of the ion implantation are not relevant.



After the irradiation, graphene and graphite samples were investigated by Raman spectroscopy measurements within several hours. For this, Raman spectrometer Horiba Jobin Yvon T64000 located at the RBI was used. A 532 nm laser with a 50× long working distance objective and the power of a few mW was used for excitation. Additionally, monolayer graphene samples were investigated with atomic force microscope (AFM) N’Tegra Prima from NT-MDT. The AFM was operated in the tapping mode using NT-MDT cantilevers with resonance frequencies of approximately 130 kHz. Images were analysed using the Gwyddion code [23], and only the polynomial background was subtracted from the rows that were aligned to the same median level. No additional surface treatment (cleaning, annealing, etc.) was carried out during this investigation.



After the irradiation, CaF2 and SiO2 nanocrystals were studied with a JEM 2100 transmission electron microscope operated at 200 kV acceleration voltage and at room temperature. Procedures from ref. [18] were followed to avoid electron beam-induced defects in the studied samples.




3. Results and Discussion


3.1. Graphene and Graphite


Raman spectra from the irradiated monolayer graphene samples are presented in Figure 1. The Raman spectrum from the unirradiated part of the sample shows good crystallinity with a rather low number of defects from CVD growth and transfer, as the defect-activated D peak at 1350 cm−1 is very small. Other peaks analysed here, namely, G mode at 1580 cm−1 and 2D mode at 2700 cm−1, are well visible, while another defect-activated peak from D’ mode at 1620 cm−1 is absent. As expected, damage in graphene accumulates by applying increasing SHI irradiation fluence. Raman spectra in Figure 1a show a steady increase in the D peak together with a decrease in the G peak when ion fluence is increased from 5 × 1012 ions/cm2 to 5 × 1013 ions/cm2. We also observed the reduction in the 2D peak with increasing fluence. The spectra on Figure 1a were collected from a monolayer graphene sample irradiated with the 23 MeV iodine beam with the charge state of Q = 6+, i.e., as delivered from the Tandem accelerator. For comparison, in Figure 1b, we present Raman spectra collected from another monolayer graphene sample, irradiated with the same ion beam, but in this case, thin carbon foil was placed in front of the sample. As described previously, the foil increased the charge state of the ion beam up to the Q = 14+, while the kinetic energy of the ions was decreased by only ~700 keV. This small decrease in the kinetic energy resulted in negligible changes to the stopping powers, but the change in the ion charge state had a significant influence on the electronic stopping power, as shown in Table 1. Therefore, while the damage kinetics are similar both in Figure 1a and in Figure 1b, it is clear the same amount of damage is produced for much lower fluences in Figure 1b. For example, the shoulder on the G peak, i.e., the appearance of the D’ peak, is found already at a fluence of 2 × 1013 ions/cm2 in Figure 1b, while the D’ peak is never observed (even for the highest fluence of 5 × 1013 ions/cm2) in Figure 1a. This indicates that more damage has been inflicted on the graphene by 2 × 1013 ions/cm2 fluence of the Q = 14+ charge state ion beam than with 5 × 1013 ions/cm2 fluence of the Q = 6+ charge state ion beam. The same conclusion can be achieved by comparison of the spectra in Figure 1a,b for a given ion fluence. As an example, Raman spectra for both charge states and for common ion fluence of 5 × 1012 ions/cm2 are plotted together in Figure 1c, where a significantly larger D peak is observed for Q = 14+ than for Q = 6+ charge state.



As shown in Figure 1d, the ratio of D peak to G peak intensity (ID/IG) increases with applied fluence for all graphene and graphite samples in this study. The remaining Raman spectra are presented in Supplemental Material S1–S3. These spectra and the resulting ID/IG analysis shown in Figure 1d adhere to the previously established observation that for a given fluence, damage production decreases with the number of graphene layers, with graphite being the most radiation-resistant material [24]. Usually, the damage accumulation dynamics shown in Figure 1d can be fitted to the simple model of Lucchese [25] to evaluate the size of defects. The model was originally used to describe the amorphisation of graphene by low-energy ion irradiations (via nuclear stopping power), but since it is a phenomenological model, it was also successfully used in the description of SHI-induced damage [26,27]. In the present study, we do not apply this approach because data points from higher fluences would be needed, when the ID/IG ratio starts to decrease due to ion track overlap. Still, a number of observations can be made. Most importantly, charge state-related effects are observed only in the monolayer graphene. For the graphite, this result is expected because the laser penetration length is around 50 nm [27] and the charge equilibration length is less than 10 nm [14]. Therefore, Raman spectra from the graphite sample irradiated by the Q = 6+ beam [28] are practically indistinguishable from the spectra obtained from the graphite sample irradiated by the Q = 14+ beam. However, the absence of the charge state effects in bilayer and trilayer graphene is surprising. While the bilayer data exhibit scattering of data points to some degree, trilayer data prove this convincingly. This finding implies that charge equilibration occurs already within two or three graphene layers.



The AFM measurements were also used to observe the morphology of the SHI-irradiated monolayer graphene on the a-SiO2 substrate. In our previous work, the threshold for perforation of the graphene after grazing incidence SHI irradiation was experimentally found between 4.3 and 6 keV/nm [29]. While it was expected that ion tracks in the graphene (i.e., nanopores) would be much smaller when it is irradiated at normal incidence, a feature seen in other materials [30,31], nanopores in graphene were observed directly only after extremely high-energy SHI irradiations [6]. Therefore, the threshold for ion track (possibly nanopore) formation in graphene after normal incidence irradiation is not known, but is expected to be higher than the previously established value of ~6 keV/nm for perforation of graphene by grazing incidence irradiation, although the molecular dynamics simulations suggest that nanopores could appear after 23 MeV I irradiation [32]. As shown in Figure 2, graphene does not show any noticeable topographical changes after normal incidence SHI irradiation when inspected by the AFM. The graphene seems to remain intact even after being exposed to high fluences, although a certain type of structure on the micrometre scale does appear, possibly related to the swelling of the substrate. Images presented here indicate that nanopores (if any) produced in the graphene after 23 MeV I irradiation are indeed so small that they cannot be resolved by the AFM. The applied ion fluences should be sufficient to yield a high density of nanopores even in the case of reduced ion track production efficiency, which is known to occur close to the threshold [33]. Furthermore, high-fluence irradiated graphene areas do not show an increase in roughness, which was observed previously in other materials under the conditions of ion track formation [34].



Although AFM images do not show changes due to SHI irradiation, the presented results of the Raman spectroscopy measurements clearly show that monolayer graphene is sensitive to charge state effects when irradiated with a 23 MeV I beam. The charge state equilibration, i.e., the increase in the ion charge state from Q = 6+ to Q = 14+, results in an increase in the electronic stopping by 50% in graphene and by 30% in a-SiO2 substrate. Usually, the electronic stopping of monolayer graphene is assumed to be one-third of the electronic stopping of graphite because the thickness of graphene is only 0.3 nm [32]. In our previous work, we showed that energy deposited in very thin graphite films can easily dissipate [12], and similar findings were reported in other works [10,11,35]. However, in our work, we established that the percentage of the energy that remains in the thin film only weakly depends on the ion charge state [12]. Thus, damage formation in monolayer graphene is primarily driven by the charge state-dependent electronic stopping, which should be influenced by the proximity of the (still unknown) ion track formation threshold in the monolayer graphene.



The effect of the substrate on the damage build-up in the graphene has been considered important for the low-energy ion irradiation when nuclear stopping dominates [36]. Actually, both backscattered ions and substrate-sputtered atoms contribute even more than direct ion impacts [37]. However, for high-energy ions, when electronic stopping dominates ion–matter interaction, the role of the substrate is unclear. The threshold for damage production in graphene on SiO2 due to substrate-related effects has been found to be at 5 keV/nm [38], or even lower at 2.2 keV/nm [39]. The latter result seems to be at variance with negligible SHI sputtering of a-SiO2 below 4 keV/nm [40], but clearly, substrate plays an important role in damage formation in graphene, as changing the substrate material to copper significantly reduces the amount of produced damage [38]. Additionally, suspended graphene has been found to be more susceptible to damage formation than supported graphene [24,32,41].



As shown in Table 1, the 23 MeV I beam used in this work has 3.7 keV/nm and 4.8 keV/nm electronic stopping in a-SiO2 for Q = 6+ and Q = 14+ charge states, respectively. In both cases, electronic stopping might be sufficient to induce electronic sputtering of a-SiO2 substrate that could contribute to the damage produced in the graphene. Therefore, the exact mechanism of the damage production at present is unclear (as both direct damage due to ion impact and substrate-mediated damage production due to sputtered atoms can contribute), and ion irradiation experiments on the suspended graphene are needed to answer this question. The important takeaway message of this work is that the ion charge state effect can play an important role in damage formation in monolayer graphene, and this must be considered in future experiments. Furthermore, we found that the charge equilibration process is surprisingly fast and effective, yielding bilayer and trilayer graphene practically insensitive to the effects of the ion charge states. Again, there remains an open question about the origin of the damage (if it is direct damage due to the ion impact or if there is charge state-dependent substrate sputtering), but the observed charge state equilibration dynamics are comparable to experiments with low-energy (keV) ion beams with very high charge states, where only a few layers of graphene have also been found sufficient for an ion to become equilibrated [42,43].




3.2. CaF2 and SiO2 Nanocrystals


In the following, we present TEM images of CaF2 and SiO2 nanocrystals irradiated with a 23 MeV I beam. Ion tracks were found in both materials, regardless of whether the thin carbon foil for charge state equilibration was used or not. Special care was taken to avoid prolonged exposure of the nanocrystals to the electron beam, as it is known that this can cause changes in the morphology of the ion track [18].



The TEM image of a typical unirradiated CaF2 crystal grain is shown in Figure 3a, together with the corresponding selected area electron diffraction (SAED) pattern close to the [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21] zone axis of the FCC structure of CaF2 (Figure 3b). Next, in Figure 3c–f is shown ion tracks produced by 23 MeV I6+ irradiation, under the applied ion fluence of 1 × 1011 ions/cm2. Ion tracks were produced in the absence (Figure 3c,d) and in the presence (Figure 3e,f) of the carbon foil. In order to reveal and confirm the nature of the observed nanometric features as being ion tracks, images were acquired both in under-focused (Figure 3c,e) and over-focused (Figure 3d,f) conditions. In all these cases, individual ion tracks were found, and their density matches the applied ion fluence.



In the same manner, TEM images of typical SiO2 (quartz) crystal grains before and after irradiation are shown in Figure 4. The SAED pattern shown in Figure 4b indicates the hexagonal structure of SiO2. Again, individual ion tracks (with density matching applied ion fluence) were found in all investigated cases. Finally, in Figure 4e,f, we present evidence of ion tracks fading under the prolonged exposure (typically after a few minutes) to the electron beam. A similar behaviour was also observed in the CaF2 crystal grains.



The ion track size distribution was analysed by measuring the diameter of approximately 100 ion tracks for each sample. According to the obtained histograms, fitted with a log-normal distribution, the ion tracks were found to be smaller (2–3 nm) in CaF2 (Figure 5a,b) than in quartz SiO2 (in the range of 4–10 nm, Figure 5c,d), in agreement with previous works [18,44]. As can be seen in the same figure, the ion track sizes are not affected by the presence of the thin carbon foil in front of the CaF2 sample, while in the case of the SiO2 sample, only a small difference was observed. Contrary to the expected, ion tracks appear to be larger in the SiO2 nanocrystal irradiated without the use of the carbon foil. However, this is not completely unexpected, as the wide distribution of the measured ion track sizes can contribute to this observation. Therefore, we conclude that in this type of experiment, when the nanocrystal size under investigation is in the range of several hundred nanometres, equilibration of the ion charge state does not present a sufficiently significant process whose effects would be observed by direct inspection of the ion track under the TEM.





4. Conclusions


In the present work, we have shown that the charge state of the SHI can play an important role in damage formation in monolayer graphene. Raman spectroscopy data show that much more fluence (roughly 3×) is needed for 23 MeV I6+ delivered from the accelerator to match the same amount of damage acquired in exposure to the same, but fully equilibrated, SHI beam. Further experiments studying the response of the monolayer graphene to the charge state selected SHI beams of various electronic stopping powers would be welcome.



Besides this important result, it is also of considerable interest to report the absence of charge state effects in bilayer and trilayer graphene, established by Raman spectroscopy. As mentioned before, charge state equilibration in graphene for low-energy, highly charged ions has been established for this type of target [42,43]. This is likely related to the extraordinary electronic properties of graphene, which were also previously found to be important in ion irradiation experiments [45]. Furthermore, the role of the substrate should be considered [32,36,38,39], and future experiments should include suspended graphene as a target.



Finally, no effects of the ion charge state were found in the ion tracks observed in CaF2 and SiO2 nanocrystals with TEM. Thus, it appears that recrystallisation is a more important process relevant for the near-surface variation in ion track sizes observed by the TEM [46,47,48], although this might not always be the case [49,50,51,52]. In future searches for evidence of the charge state-related effects in ion tracks within the near-surface region, experimental conditions should be tuned to (1) the vicinity of the ion track threshold (when electronic stopping might be just below the track formation threshold when SHI is not fully equilibrated) or (2) very high ion energies (when the charge state equilibration distance is comparable to the depth of the near-surface region where recrystallisation is suppressed).
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Figure 1. (a) Raman spectra of the monolayer graphene irradiated with 23 MeV iodine beam and charge state Q = 6+, with fluences between 5 × 1012 and 5 × 1013 ions/cm2. For comparison, a spectrum from unirradiated graphene is also added. (b) Raman spectra of the monolayer graphene irradiated with 23 MeV iodine beam and equilibrium charge state Q = 14+, with fluences between 5 × 1012 and 5 × 1013 ions/cm2. For comparison, a spectrum from unirradiated graphene is also added. (c) Comparison of Raman spectra for monolayer graphene irradiated with 23 MeV I beam at the fluence of 5 × 1012 ions/cm2 with the charge state of Q = 6+ and Q = 14+. (d) Ratio of the peak intensities ID/IG as a function of the applied ion fluence and charge state Q for monolayer graphene (blue), bilayer graphene (green), trilayer graphene (orange), and HOPG (black). 
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Figure 2. (a) AFM images of the graphene surface before irradiation, (b) after irradiation with a charge state of Q = 6+ and (c) after irradiation with equilibrium charge state, both with the same 5 × 1013 ions/cm2 fluence. The images have the same false colour vertical scale range of 3 nm. 






Figure 2. (a) AFM images of the graphene surface before irradiation, (b) after irradiation with a charge state of Q = 6+ and (c) after irradiation with equilibrium charge state, both with the same 5 × 1013 ions/cm2 fluence. The images have the same false colour vertical scale range of 3 nm.



[image: Crystals 12 00865 g002a][image: Crystals 12 00865 g002b]







[image: Crystals 12 00865 g003 550] 





Figure 3. TEM image (a) and corresponding SAED pattern (b) revealing the FCC structure of the unirradiated CaF2 nanocrystals. Under-focused (c) and over-focused (d) TEM images of the CaF2 nanocrystals irradiated with 23 MeV I at the fluence of 1 × 1011 ions/cm2 with charge state of Q = 6+. Under-focused (e) and over-focused (f) TEM images of the CaF2 nanocrystals irradiated with 23 MeV I at the fluence of 1 × 1011 ions/cm2 with the equilibrated charge state. 
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Figure 4. TEM image (a) and corresponding SAED pattern (b) revealing the hexagonal structure of the unirradiated SiO2 nanocrystals. Over-focused TEM image (c) of the SiO2 nanocrystals irradiated with 23 MeV I at the fluence of 1 × 1011 ions/cm2 with charge state of Q = 6+. Over-focused TEM image (d) of the SiO2 nanocrystals irradiated with 23 MeV I at the fluence of 1 × 1011 ions/cm2 with the equilibrated charge state. Ion tracks in SiO2 pointed by arrows in (e) fade away and disappear after prolonged exposure to the electron beam (f). 
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Figure 5. Distribution of the ion track diameters in CaF2 nanocrystals irradiated with 23 MeV I at the fluence of 1 × 1011 ions/cm2 with (a) equilibrated charge state and (b) charge state of Q = 6+. Distribution of the ion track diameters in SiO2 nanocrystals irradiated with 23 MeV I at the fluence of 1 × 1011 ions/cm2 with (c) equilibrated charge state and (d) charge state of Q = 6+. 
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Table 1. The 23 MeV I irradiation parameters calculated by CasP 5.2 [20] and SRIM 2013 codes [21].
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	Material

and

Density

(g/cm3)
	Electronic Stopping

CasP: Q = 6+

(keV/nm)
	Electronic Stopping CasP: Q = 14+

(keV/nm)
	Electronic Stopping SRIM

(keV/nm)
	Nuclear Stopping SRIM

(keV/nm)
	Ion Range SRIM

(μm)





	Graphite

(2.25)
	4.3
	6.6
	6.7
	0.27
	5.55



	a-SiO2

(2.2)
	3.7
	4.8
	5.2
	0.26
	7.19



	CaF2

(3.18)
	4.7
	5.9
	6.4
	0.35
	5.91



	Quartz SiO2

(2.65)
	4.4
	5.8
	6.3
	0.31
	5.97
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