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ARTICLE INFO ABSTRACT

Keywords: Intercalation mechanisms and diffusion or segregation phenomena in graphitic materials play a crucial role in
ToF-SIMS different applied science fields. The investigation of such phenomena is usually accomplished through depth
Graphene profiling experiments. Ar-GCIBs (Argon- Gas Cluster Ion Beams) are commonly adopted for in-depth concen-
Graphite . . . 1 . . . .

HOPG tration profiling of organic or soft materials; on the other hand, cesium ions are in general more suitable for the

sputtering of inorganics. During such experiments, the beam-target interaction could alter chemistry and
structure of the material. In this work, we define the optimal conditions in terms of both sputtering ion source
and energy to preserve the crystal features. HOPG was used as a model system to compare morphological,
physical, and chemical effects induced by different Ar," clusters, and ultra-low energy Cs* beam during ToF-
SIMS (Time of Flight Secondary Ion Mass Spectrometry) depth profiling experiments. We demonstrated,
through in-situ AFM (Atomic Force Microscopy) analysis, that the monoatomic Cs™ beam alters to a lower extent
the HOPG structure. On the contrary, Ar-GCIBs strongly modify the graphite surface basal plane and underlying
layers. However, HOPG crystals treated with the cesium monoatomic source undergo a chemistry modification
leading to the formation of graphite oxide (GOx) together with the presence of hydrogen, and cesium adducts.

Depth profiling

1. Introduction

Graphite is an attractive material for a wide range of technological
applications, mostly related to the energy storage field [1-3]. The
original properties of graphitic materials can be changed by means of a
great variety of physical and chemical processes, according to specific
applicative purpose. Just to mention a well-known example, the chem-
ical manipulation of HOPG crystals for defect-free graphene production
through exfoliation involved significant efforts [4,5], being HOPG the
conventional ordered crystal composed of stacked graphene layers [6].
In this context, being able to reveal any sort of modification induced on
pristine graphite is a mandatory task. Complementary surface analysis
techniques like X-ray Photoelectron Spectroscopy (XPS) [4], Scanning
Tunneling Microscopy (STM) [7]1, AFM (Atomic Force Microscopy)

[8,9], and Raman spectroscopy [10], were adopted to study surface
morphology and structure of graphitic samples. XPS and ToF-SIMS
(Time of Flight Secondary Ion Mass Spectrometry) experiments even
more often involve the use of ion beams to explore in depth graphite-
based systems [4,11-19]. ToF-SIMS depth profiling experiments were
already employed to investigate diffusion phenomena, contamination,
and damage effects on hybrid organic/inorganic electronic devices
[20,21], polymers [22], and semiconductors [23]. In a recent work, we
used ToF-SIMS dual-beam depth profiling analysis, combined with in-
situ AFM measurements, to identify oxidative products and structural
defects inside HOPG crystals treated with standard electrochemical
routines in mild acid solutions [11]. In this kind of experiments, the
effects of the interaction between accelerated ions and target must be
considered; experimental parameters such as energy, current density,
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fluence must be tuned according to the specific case study. In addition,
for what regards the sputtering ion beam it is also required the opti-
mization of ion yield, depth resolution, and sputter rate. The choice of
the ion specie to adopt, fitting to a large spectrum of targets, ranging
from inorganic to organic samples is a long-standing issue in the SIMS
community. Graphite is a carbon-based compound but it is commonly
classified as inorganic, therefore the selection of the ion source for depth
profiling analysis of such materials can be not trivial. Large cluster ion
beams (e.g., Ar,t clusters with n = 250-10000) quickly became very
widespread as sputter sources for organic/polymer surfaces and devices
[24,25]. It was demonstrated, by detailed simulation studies, that the
impact of massive clusters on the target induces minimal molecular
degradation and fragmentation compared to smaller projectiles[26].
However, the use of Ar-GCIB as analysis beam could be limited by low
mass resolution and accuracy and, sometimes, low ionization efficiency
[26]. On the other hand, the Cs" beam is characterized by its capacity to
sputter away organic and inorganic materials with similar erosion rates,
high negative ionization yield for molecular species, and the property of
reducing chemical modifications during the sputtering process[27].
Several comparative studies, performed by varying parameters such as
beam energy, ion fluence, or target temperature were already carried
out on hybrid organic/inorganic layered systems[28] or graphitic ma-
terials [14,29]. At the same way, in the present work, we aim to ratio-
nalize the ion beam-induced undesired effects on HOPG crystals when
ToF-SIMS depth profiles experiments are performed with Ar-GCIBs or
Cs™ as sputtering beams. Standard pristine HOPG was sputtered with
low-energy Cs' ions and with Ar,™ cluster ions, the latter with two
different energy-per-atom (E/n) values, then gun-induced surface al-
terations were observed with in-situ AFM measurements. The morpho-
logical changes due to the ion impact on the sample surface and the
chemical alteration related to the ion-target interaction strongly depend
on the sputtering ions species and energy.

2. Experimental section
2.1. Materials

The z-grade pristine HOPG samples (10 mm x 10 mm x 2 mm) were
purchased from Optigraph. The surface of HOPG was prepared by
peeling several times using adhesive tape before each measurement.

2.2. In-situ ToF-SIMS/AFM analysis

HOPG crystals were analyzed with a ToF-SIMS/AFM integrated tool
(ToF-SIMS NCS, IONTOF GmbH, Miinster, Germany), in which ToF-
SIMS and AFM instrumentations are combined in the same UHV anal-
ysis chamber. In such a system the sample stage can be moved between
the ToF-SIMS and AFM unit through a high-speed piezo-driven stage
with sub-pm position accuracy. The transfer of the sample stage to the
AFM position after suspension of the ToF-SIMS depth profile experiment
is made without breaking the vacuum. In this way, it is possible to
analyze the same region of the sample with both techniques and with
different types of sputtering beams. During the sample stage transfer, the
sub-pm positioning precision and accuracy are guaranteed by the stage
calibration. ToF-SIMS dual-beam depth profiling was performed on
HOPG sample using a bunched Bi; " gun at high-energy (30 keV) and
low-current (~1 pA) as primary beam. Low-energy and high-current

Table 1
Experimental parameters of sputter beams in ToF-SIMS depth profile experi-
ments: cluster size, energy, energy-per-atom, and ion currents.

Sputtering ion species E (keV) E/n (eV) Ion current (nA)
Ar'1000 20 ~ 20 ~ 10

Ar'tiago 10 ~8 ~4

Cst 0.250 250 ~15
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Ar,tand Cs™ beams were used as sputtering guns. The experimental
parameters adopted for the sputtering guns, summarized in Table 1,
were chosen in order to compare different sputtering conditions at
different ion energies. The two E/n values of the Ar, " beams have been
reached starting from clusters of similar size and doubling the total
energy. Relatively small cluster sizes for Ar,” beams were chosen in
order to allow a relatively fast sputtering process. The current values
were optimized in order to improve the erosion rate of the Ar," gun, and
the ionization yield of the Cs* beam. Dual-beam depth profiling analysis
was conducted in interlaced mode[30]. In the interlaced mode, the
sample is bombarded with a bismuth liquid metal ion gun that provides
short pulses (<1ns) of single or cluster (Bi3* ™, Bis™ ™) ions able to desorb
and ionize elements and molecules at the sample surface; at the same
time, between analysis pulses, the sputtering beam (Cs* or Ar,") is
active removing sample surface material layer by layer and operating
quasi-simultaneously and quasi-continuously on the target analysis area.
The ion bombardment experiments were performed at room tempera-
ture, as revealed by the temperature sensor installed in the analysis
chamber (25-30 °C). The experimental setup does not allow to directly
monitor possible local temperature increase of the target irradiated area.
The Bi; " gun analysis area of 100 pm x 100 pm was set at the center of
the sputtering area of 300 pm x 300 pm. As the analysis is destructive,
each ToF-SIMS depth profile was acquired in different areas of the
sample surface. In-situ AFM measurements in contact mode were ob-
tained on the analyzed area after each depth-profiling measurement. In
these studies, IMEC heavily boron-doped diamond probes mounted on a
cantilever with a nominal spring constant of 27 N/m were used. Images
were scanned with a scan speed of 5 pm/s.

3. Results and discussion

The AFM surface images of 16 pm x 16 um were acquired at the
center of the HOPG analysis area in order to evaluate the morphological
changes introduced by the ion bombardment experiments performed in
dual-beam mode with Cs™ at 250 eV, Ar, ' cluster at 10 keV (E/n ~ 8
eV), and Ar," cluster at 20 keV (E/n ~ 20 eV) as sputter beams. The
fluence value reached during the measurements (~4 x 10'7 jons/cm?) is
the same for the three cases, in order to avoid possible differences in the
target morphology induced by the fluence variation. The ion current
and/or the ion beam fluence, i.e. the number of ions arriving to the
target surface per unit time, is a relevant parameter in the sputtering
process. At high current density values (~10~ mA/cm?), the ion beam
can produce an accumulation of damages and a significant rise of the
target temperature, resulting in increasing the defects recombination
rate in the target material. When the temperature is kept to high values
(from 90 °C to 700 °C), it was demonstrated that ion-induced structural,
emission, and morphological changes are influenced by temperature
variations of graphitic samples [29,31]. In these cases, the self-annealing
process, competing with the ion irradiation damage, should be consid-
ered. However, all ion beam bombardment experiments were conducted
at room temperature in this study. In Fig. 1, the HOPG surface sputtered
with the three conditions (Fig. 1b-d) can be compared to the pristine
HOPG surface (Fig. 1a). Here, the typical HOPG surface features (e.g.,
terraces and steps) are visible, and the surface roughness is in the sub-
nanometer range. When graphite interacts with the ultra-low energy
Cs' impinging ions (Fig. 1b), drifts and micro/nano-metric hillocks,
probably present below the surface, are brought to light. The bare HOPG
basal plane still presents the regularity of the pristine surface, despite an
appreciable increase in the roughness visible in the scan profile.
Otherwise, after the Ar cluster bombardment, the HOPG surface
morphology dramatically changes. In Fig. 1c, it emerges that Ary300"
ions with an impacting energy-per-atom of ~ 8 eV, drastically alter the
HOPG surface morphology. At the end of the depth profiling measure-
ment, the surface roughness is at least one order of magnitude highest
with respect to the not bombarded sample. A dense pattern of wide-
spread micrometric reliefs characterizes the AFM image in Fig. 1c. For
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Fig. 1. AFM images (16 um x 16 um) acquired on (a) pristine HOPG surface, and HOPG surface after ion-induced sputtering with (b) Cs™ beam at 250 eV (c) Ar"300
cluster beam at 10 keV, and (d) Ar" 00 cluster beam at 20 keV with a fluence of ~ 4 x 10'7 ions/cm? The surface profiles are acquired along the white dashed lines
depicted inside each image. Topography (up) vs error signal (down) are shown in all images .

the Arjgoo" gun at E/n ~ 20 eV, the outcome is almost the same. The
surface roughness after the sputtering is very high (tens of nanometers),
and the HOPG surface is heavily damaged (Fig. 1d). Both Ar-GCIBs used
as sputtering sources seem to strongly alter the pristine HOPG
morphology. It was found, in molecular dynamics simulation works[32],
that the collisional process of cluster ions depends on the local surface
morphology of the target. The surface roughness changes according to
the shape of the impact point, especially when the analyzed area has
similar scale with the pristine structure of the sample. Many experi-
mental studies demonstrated that the parametric threshold to cause
surface damage with gas cluster ion beams is mainly dominated by the
E/n value[33,34]. The energy-per atom values of the Ar" guns used in
the present work are relatively close to the carbon bond dissociation
energy in graphite (~10.3 eV). A sputtering ion gun with low energy-

per-atom should not cause dramatic structural damages, but its inter-
action with the bombarded surface can alter its morphology through
decomposition or desorption effects[32]. The sputtering yield is also
correlated to this energy threshold. In this work, the three sputtering
species hit the target with the same incident angle (45° with respect to
the sample plane) so, looking at the comparison among the surface
morphology in Fig. 1, it is possible to assume that the interaction of
energetic charged particles with ordered graphite crystal can modify its
morphological features more or less dramatically, depending on the
impinging single-particle energy. The HOPG sample appears most
affected by the Ar' ion clusters, with small energy-per-ion values
compared to the monoatomic Cs™ gun at 250 eV, in terms of morpho-
logical damage. The experimental sputtering yield values obtained in
this work are affected by a significant error and it is not attainable to
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precisely compare them with values present in the literature. In Seah’s
work[35] the yield of atoms sputtered by Ar-GCIBs is described with a
simple universal equation, supported by experimental results for
elementary materials and organic/inorganic compounds, but not for
graphite samples. For depth-profiling analysis of layered crystals such as
HOPG, the adopted sputtering ion beam must gently remove the crystal
sheets, especially if the aim is to detect intercalated species within the
interlayer space. The penetration of the sputtering ions in the sub-
surface regions of the target can modify the chemical configuration of
the hosting materials. It is essential to understand the extent of such
chemical alteration in order to further refine the adopted experimental
conditions.

ToF-SIMS secondary ion mass spectra (m/z = 0-250) obtained with
the three sputtering ion species in negative polarity are shown in Fig. 2.
The plotted spectra correspond to the averaged result collected during
the depth profiling measurements over four different analysis areas. The
intensity counts were integrated up to the same fluence value (~4 x
10'7 jons/cm?). As expected, the mass spectra of HOPG crystal, just
cleaved by adhesive tape and then analyzed in the ultra-high vacuum
chamber, are basically dominated by the C,” (n = 1, 2..) fragment ions,
when the sputtering is made with Ar' cluster beams, as shown in Fig. 2a,
b. Here, only a slight difference in intensity can be noticed, according to
the two distinct E/n values. The mass spectrum resulting from the Cs™*
gun sputtering, in Fig. 2c, exhibits the C,” series, a pretty intense H’ ion
peak, and, at high mass values, multiple cesium-carbon adducts. In
addition, the O™ ion peak appears more pronounced. As argued in pre-
vious works[4,12], ionized C,” fragments with small n come from the
direct breaking up of defect-free areas of HOPG crystal, but also from
secondary crumbling of ions with higher n values which, for this reason,
have generally lower intensities in the mass spectra. Possible differences
between the G, (n = 3 — 12) ion fragments from Cs*- and Ar'-bom-
barded HOPG can be evaluated normalizing their intensities with
respect to the total counts. The intensity trend of the C, ion series, in
Fig. 3, exponentially decreases with the number n of the carbon atoms.
In addition, an oscillating modulation of the intensity between even and
odd n values appears, having the even carbon clusters higher normalized
intensities with respect to the adjacent C, fragments with an odd n.
These findings are in agreement with some theoretical predictions about
the C, ™ clusters (n < 10) stability, based on the functional density (DFT)
method, and also supported by experimental results [36]. Deviation
from the predicted oscillatory trend is attributed to a chain-to-ring
transformation of the carbon clusters[36]. In Fig. 3 such a deviation is
visible starting from n > 9. The general trend of the C, ion series ap-
pears to be similar for the three sputtering species. However, the C,~
secondary ions with greater molecular weight (n > 7) have higher in-
tensities when the sputtering gun is Arjgpo™ at 20 keV. This result is in
agreement with the assumption that ion cluster beams generate with low
probability small fragments, leaving molecules with high molecular
weight intact during the sputtering[37]. The H™ secondary ions in the
mass spectrum of HOPG sputtered with Cs* at 250 eV could denote the
presence of defects. The formation probability of hydrogen-containing
secondary ions is higher in ultra-thin graphite layers during SIMS
measurements, since low-dimensional graphitic surfaces (e.g. graphene)
have generally many more defects than the surface of a bulk sample[12].
Considering the just mentioned assumption, the fact that H secondary
ion is more intense when Cs™ is used as sputtering beam has two possible
explanations: distinguishing features from consecutive stacked graphite
layers can be detected with the Cs* gun at ultra-low energy, or the
tendency of monoatomic species to implant in the near-surface region of
the bombarded target causes a partial alteration of the uppermost layers
of the crystal, resulting in an enhancement of the H signal. The first
explanation suggests that the use of ultra-low energy Cs* sputtering
beam could provide nanometric depth resolution. Higher values of
depth resolution for ultra-low energy Cs* sputtering beam, with respect
to Art cluster beam, were already found in previous work on hybrid
organic/inorganic model systems[38]. Oxygen (O") ions are also present
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Fig. 2. Integrated ToF-SIMS negative secondary ion spectra of HOPG from
depth profiling experiments with (a) Ar'igp sputter beam at 20 keV, (b)
Ar1300 sputter beam at 10 keV, and (c) Cs™ sputter beam at 250 eV.

in the HOPG mass spectra in Fig. 2. GOx formation could mean a
chemical change of the sample triggered by its interaction with energetic
ions that are implanted[7,14]. Such undesired effect seems to be more
pronounced when Cs™ gun is used, since the intensity of the O ion signal
is considerably higher in the mass spectrum of Cs-bombarded HOPG.
However, it is not possible to discern with certainty whether the increase
of the oxygen content in the HOPG mass spectrum is an ion species-
dependent effect, or if it is only due to the higher negative ion sputter
yield of the Cs beam for the O ions already present the crystal. The
CsG,” peaks in Fig. 2c¢ can be due to a process similar to the MCs™
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Fig. 3. Logarithmic-scale plot of the normalized intensity of Cn— (n = 3-12) ion
series from ToF-SIMS mass spectra. Red, blue, and green curves refer to Ar1000
+ cluster at 20 keV, Ar1300 + cluster at 10 keV, and Cs + at 250 eV sputter
beams, respectively.

secondary ions formation, when an independently sputtered neutral
atom recombines to a re-sputtered Cs' atom in the proximity of the
sample surface. The MCs™ species slightly suffer from the so-called
matrix effect and are used to measure the atomic concentration of the
element M in the analyzed sample[39]. As already mentioned, the Cs™
ions can implant into HOPG as interstitial defects between the graphite
basal planes, having cesium ion a diameter of 3.38 A, comparable with
the HOPG layer spacing (3.35 A). ToF-SIMS depth profiles obtained with
Ar," cluster beam at E/n ~ 20 eV, ~ 8 eV, and Cs™ beam at 250 eV are
shown in Fig. 4. C¢~ (m/z = 72), 0~ (m/z = 16), and H™ (m/z = 1) ion
signal intensities from HOPG are plotted versus the same fluence value
(~4 x 10" ions/cm?). Cs™ ion signal is also shown in Fig. 4c. The in-
tensity signals are averaged over four measurements acquired in
different analysis areas. The C¢~ ion signal is commonly used as a
reference for graphite-based samples[12,40,41], while the O™ and H™
ions were chosen as markers of matrix oxidation and structural defects
inside the crystal. The secondary ion intensity profiles obtained with the
ultra-low energy Cs* gun are at least one order of magnitude higher than
the same ion profiles obtained with the Ar" clusters. Such effect may be
related to the enhancement of the ionization yield of the negatively
charged sputtered ions typical of the Cs* source[42]. For what concerns
the O™ and H™ signals, surface defects were detected with the three
sputtering beams, as the starting values of the blue and green profiles in
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Fig. 4 confirm. O/Cg’ intensity ratios from depth profiles obtained with
Cs' at 250 eV (green curve), Arty3pp at 10 keV (blue curve), and Art1g9
at 20 keV (red curve) are plotted versus the ion fluence (~4 x 107 ions/
cm?) in Fig. 5.

In the three cases the sputtering result in an initial rapid decrease of
the surface oxygen. Interestingly, the O signal remains intense as the
surface is sputtered away, suggesting that it is also present in the near-
surface areas of the crystal. This is more evident in the O/Cg ratio
from depth profiles obtained with Cs™ at 250 eV and Ar*y309 at E/n ~ 8.
0'/Cg ratio from the HOPG sample sputtered with Ar'iggo at 20 keV
goes to negligible values before the end of the measurement. Once the
steady state of the signals is reached, at fluence value of about 10'7 ions/
cm?, the depth profiles obtained with the Cs* gun are more stable and
intense, up to the sample sub-surface regions. The 3D reconstruction of
O secondary ions spatial distribution within the HOPG bulk, sputtered
with the three guns, are shown in Fig. 6. The three data cubes, obtained
by stacking along the sputtering direction consecutive analysis images
(100 pm x 100 pm), show circular high-intensity spots within the crystal
planes bombarded at the lower fluence values, at the start of the
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Cs*0.250 keV

Fig. 6. 3D ion distributions reconstructed from ToF-SIMS dual beam depth profiling measurements on HOPG. O— (m/z = 16) ion distributions is shown for Ar +
1000 cluster at 20 keV (left), Ar + 1300 cluster at 10 keV (central), and Cs + at 250 eV (right).

measurements. Oxygen-based secondary ions, extending far below the
surface and following crystal crack and rifts within the basal planes,
have been observed with depth profiling experiments using low-energy
Cs™ sputtering beam[11]. The O background signal in the HOPG matrix
sputtered with the Cs™ gun is hugely more intense up to the end of the
depth profiling measurement, while the signal goes to zero when Ar"
cluster guns are used. With the monoatomic sputtering source it is still
possible to appreciate spots of greater intensity due to possible structural
defects and cracks. The uniformly distributed O” background signal is a
consequence of the enhancement of the ionization yield for negatively
charged sputtered secondary ions, typical of the Cs™ bombarding beam
[42].

4. Conclusions

Pristine HOPG was depth profiled through dual-beam ToF-SIMS ex-
periments with ultra-low energy Cs* beam and Ar" cluster beams, with
different cluster sizes and energies, as sputtering guns. Unexpectedly,
the modification of the topological features seems to be related to the
impinging particle energy more than the projectile size. Argon cluster
sources at 10 and 20 keV, with energy-per-atom values ranging from 8 to
20 E/n values, were found to be more destructive for the HOPG surface
structure than ultra-low energy (250 eV) cesium. The beam-induced
matrix oxidation and the implantation of atoms originating from the
ionic probe must be taken into account when the Cs* gun is used.
However, due to the excellent intensity yield of the negative ion signals
found when using ultra-low energy Cs™, the latter would be the optimal
choice for layered systems like HOPG. On the other hand, the Ar™ cluster
sources leave heavier carbon-based rings intact during the sputtering
and this should make it suitable for low-dimensional systems, like few-
layer graphene stacks. All these findings can be helpful in guiding the
choice of the sputtering beam conditions in a wider range of graphite-
based materials and devices.
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