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ABSTRACT
Focused ion beam-scanning electron microscopy (FIB-SEM) is a microscopy technique that can be used to investigate the qual-
ity and structural properties of industrial materials such as polyolefins. An understudied aspect and possible drawback of the 
technique could be the implantation of the impinging ions under the sample surface and damage to the molecular structure, 
hindering its use as a sample preparation tool for surface-sensitive techniques. We systematically investigated the damaging 
effects of gallium liquid metal focused ion beam under grazing incident beam angle and various accelerating voltages on poly-
ethylene. Changes in molecular structure and ion implantation depth were analyzed with Time-of-Flight Secondary Ion Mass 
Spectrometry (ToF-SIMS) depth profiling and optical profilometry. Our results show that the gallium ion beam causes signifi-
cant damage to the polyolefin structure, which is especially observed as dehydrogenation of the molecular structure of the (sub)
surface. These molecular products are concentrated in distinct sub-surface zones, where damage is coupled to the presence of 
implanted gallium from the FIB etching.

1   |   Introduction

Focused ion beam-scanning electron microscopy (FIB-SEM) 
is a technique combining methods of site-specific microma-
chining by FIB with high-resolution imaging with electrons 
by SEM, both down to the nanometer scale. It has become 
a well-established technique in materials and polymer re-
search, widely employed for in  situ (serial) cross-sectioning 
and high-resolution imaging. Additionally, it serves as 
a versatile sample preparation method for a range of ad-
vanced characterization techniques, including Transmission 
Electron Microscopy (TEM) (Bals et  al.  2007), Atom Probe 
Tomography (APT) (Eder 2021; Schmidt et al. 2018), Atomic 

Force Microscopy (AFM) (Virgilio et al. 2005), AFM-Infrared 
Spectroscopy (AFM-IR) (Baden  2015), and Secondary Ion 
Mass Spectrometry (SIMS) (Tiddia et al. 2019). Conventional 
FIBs, still constituting over 50% of the market, use a liquid 
metal ion source of gallium, while novel instruments use 
inductively coupled plasma technology, making a variety of 
ion species available, such as Xe (Smith 2006), O2, N2, and Ar 
(Gannon 2019). Initially developed for the semiconductor in-
dustry (Melngailis 1987), the technique has found its way to 
other materials research fields and is emerging in fields with 
“softer” materials, such as biomedical (Drobne et  al.  2007; 
Kerstens 2020) and polymer research (Ohtake 2013). Despite 
its contributions (Akabori et al. 2009; Brostow et al. 2007; Guo 
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et al. 2023), the fundamental impact of the ion beam on the 
molecular structure of soft sample surfaces has not yet been 
studied extensively, especially for organic matter and specif-
ically polymers.

Polymers are a crucial component of daily life produced at a scale 
of 1020 kg per year globally, out of which half of all industrial 
polymers are polyolefins, such as polyethylene, polypropylene, 
and associated rubber compounds (Plastics—the Facts  2022). 
Continuously improving technologies provide stronger materi-
als, allowing down-gauging and light-weighting. The develop-
ment of new materials with improved properties is guided by an 
in-depth understanding of the microstructure of the materials 
at a molecular and supra-molecular scale. An important ques-
tion is whether the FIB-SEM ion beam, when used for, e.g., TEM 
or AFM sample preparation, will damage the surface to be im-
aged or analyzed, as this can change the original microstructure 
(García-Borquez 2023).

Previous studies on ion implantation and accompanying dam-
age were mainly focused on plasma immersion of polymers and 
functionalization of those products. Various studies have ana-
lyzed implanted polymers using Ultraviolet–visible spectros-
copy (UV–vis) (Chhokkar et al. 2021; Chawla et al. 2017), Raman 
Spectroscopy (Veres  2005), Attenuated Total Reflectance–
Fourier-Transform Infrared Spectroscopy (ATR-FTIR) 
(Chhokkar et al. 2021), Electron Paramagnetic Resonance (EPR) 
(Popok et  al.  2001), X-Ray Photoelectric Spectroscopy (XPS) 
(Popok et  al.  2001), and X-Ray Diffraction (XRD) (Kondyurin 
and Bilek 2015), each showing in a different way that the mate-
rial is altered at the surface and in the subsurface region.

The UV–vis studies show that changes in transmittance are 
due to ion implantation, even causing discoloration under high 
ion fluence (Chhokkar et al. 2021; Chawla et al. 2017). Raman 
spectra show graphitic peaks (Veres  2005), while infrared 
studies show attenuation of C-H vibrations and an increase in 
C  C bonds. Evidence from studies with EPR and XPS (Popok 
et al. 2001), and XRD (Kondyurin and Bilek 2015) show reduced 
crystallinity in ion irradiated species. As a result, ion beam 
treatment can influence the material's final mechanical proper-
ties (Sasuga et al. 1991), electrical conductivity (Irfan 2019), ad-
hesion (Mesyats et al. 1996), and surface functionality (Švorčı ḱ 
et al. 1998).

The degradation of polyolefins has also been investigated using 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS), 
where the damage was dependent on the nature of the investi-
gated polymer and the ion dose used for the investigation. A col-
lision cascade caused by the ion beams results in ion collisions 
well below the surface, breaking bonds which rearrange during 
a pseudo-graphitization process. A fairly low dose of ion bom-
bardment can thus cause a complete damage to the polyolefin 
structure (Delcorte et al. 1995; Gilmore and Seah 1996). While 
previous research has examined the general damage caused by 
the used ion beams, it did not investigate depth profiles of the 
identified species or their correlation with the implantation of 
the ion beam used.

Prior to Molecular Dynamics simulations (Duffour  2010; 
Delcorte et al. 2013) the interaction between ions and the crystal 

structure in which they become embedded was not well under-
stood. However, polyolefins are semi-crystalline materials that 
are challenging to model, and the used models consider either 
the crystalline or the amorphous part and are not fully represen-
tative of the entire material.

Moreover, the plasma studies described above were concen-
trated on the general effects of ion beams in polymer materi-
als without considering any spatial resolution. Additionally, the 
typical ion dose (fluence) used in the FIB is 1019 ions/cm2—three 
to five orders of magnitude higher than in the aforementioned 
investigations (Delcorte et al. 1995).

This study evaluates the preparation of cross sections in Low-
Density Polyethylene (LDPE) at various conditions, and sub-
sequent in-depth analysis of their molecular nature with 
Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS) 
and optical profilometry. To our knowledge, the effects of the 
focused ion beams in polymers have not been studied in such de-
tail yet at the molecular level, and especially not with techniques 
such as ToF-SIMS. The goal of this study is to provide a fun-
damental understanding of the molecular changes at and near 
the surface of FIB-prepared cross sections, which is relevant to 
the interpretation of analytical data obtained from surfaces of 
beam-sensitive materials, such as polymers.

2   |   Experimental Methods

2.1   |   Sample Preparation

Plaques of low-density polyethylene (ExxonMobil LDPE LD 
100.BW, ExxonMobil Chemical Europe LLC) were cryofaced 
using a cryo-ultramicrotome (Leica Ultracut UC7/FC7) to cre-
ate a smooth and clean initial surface for FIB-milling. The sam-
ples were flash coated with a 5 nm layer of carbon in a Quorum 
Q150R ES plus sputter coater to make them conductive, thus re-
ducing charging in the vacuum chamber of the FIB-SEM.

Traditionally, sample preparation with FIB is carried out under 
normal incidence of the ion beam with respect to the sample 
surface, as shown in Figure 1a. To produce a cross section, the 
bulk of the material is removed rapidly with a high energy ion 
beam (30 keV, 10–20 nA) creating a trench, followed by one or 
more steps using a lower energy beam (< 5 keV, 200–700 pA) 
parallel to the surface of interest (Reyntjens and Puers  2001). 
To prepare a thin electron-transparent section for TEM analysis 
(Figure 1b), a second trench, adjacent to the first trench, is made 
and the resulting thin section is lifted out (Mayer et al. 2007).

For imaging a cross-section in SEM, including serial slice-
and-view 3D imaging (Reyntjens and Giannuzzi  2007; 
Kizilyaprak 2014) the surface of interest forms one of the walls 
of the trench created by the FIB.

Because the goal of this study is to analyze the newly created 
surface by surface analysis techniques, we created sections by 
FIB under grazing incidence, where the ion beam is at 2° to the 
sample surface—i.e., (sub)parallel to the original surface of the 
sample (Figure 1c). We also made the sections wide enough to 
be compatible with the spatial resolution of the surface analysis 
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technique (e.g., hundreds of micrometers wide, while a typical 
TEM section is in the order of 10 μm wide). This simulates the 
conventional cross-sectioning techniques mentioned above, 
where the ion beam is sub-parallel to the section surface in the 
FIB trench (Figure 1a).

FIB milled surfaces were prepared with a Helios NanoLab G3 
UC DualBeam (Thermo Fisher Scientific Inc.) equipped with a 
gallium liquid metal ion source at conditions listed in Table 1.

2.2   |   Analysis

2.2.1   |   ToF-SIMS

The ToF-SIMS depth profiling measurements were performed 
with a TOF.SIMS 5 (IONTOF GmbH) instrument. The primary 
analytical beam used Bi5

+ ions at 30 keV/0.04 pA, and the sput-
tering beam used Ar3000

+-clusters at 10 keV/3 nA, as shown in 
Figure 1d. Depth profiles were acquired in non-interlaced mode, 
employing a 3.28 s sputter and an 8.5 s pause. The analytical cycle 

employed 1 shot/pixel/frame and 1 frame/cycle, set to 200 μs/
cycle. The primary ion dose density (PIDD) for one cycle was 
8.18 × 105 ions/cm2, well below the static limit for organic poly-
mers (McPhail 2006). The analytical beam used a random raster 
to avoid accumulation of charge and potential damage from the 
analytical beam (Cushman 2018). The sputtering process is pre-
sumed to be uniform, but roughness during analysis is always 
induced (Ekar and Kovač 2022). The Bi5

+ analytical beam will 
create surface damage, but it has been established that the sub-
sequent depth profiling step with the Ar3000

+ Gas Cluster Ion 
Beam (GCIB) removes this damage layer before the next ana-
lytical cycle starts (Tiddia et al. 2019; Iida 2018). Spectra post-
processing and peak identification were done with SurfaceLab 6 
software (IONTOF GmbH). From all spectra, a list of represen-
tative secondary ions (molecular fragments and elements) was 
selected for all tested parameters.

2.2.2   |   Optical Profilometry

During the depth profiling experiment, the response of the sec-
ondary ion signal is collected as a function of sputter time. Each 
datapoint is collected over a certain amount of time, dependent 
on ion fluence. To assess the final depth of the ToF-SIMS pro-
filing crater, optical profilometry was used utilizing a Bruker 
ContourX-100 system (Bruker Nano GmbH). The step height 
between the unaltered surface of the sample and the bottom of 
the profiling crater was calculated using instrument software.

The calibration of the depth profiling is shown in Figure 2. The 
final depth of the ToF-SIMS depth profiling was extracted based 
on the step height measurement between the edge of the sputter 
crater and the bottom of the FIB trench.

FIGURE 1    |    (a) Schematic representation of the FIB geometry of a conventional cross section in the bulk of a sample, and (b) representation of a 
FIB trench for a TEM lamella. (c) To expose the surface of the cross section for further analysis, incident FIB angle is changed to a shallow grazing 
angle (2°). (d) Schematic representation of ToF-SIMS depth profiling experiment. The primary Bi5

+-beam creates secondary ions, captured by the 
ToF analyzer, alternated with sputtering Ar3000

+-beam which sputters the surface to expose the next layer.

TABLE 1    |    Overview of Ga FIB milling conditions used.

Incident angle
Accelerating 

voltage Beam current

2° 30 keV 21 nA

2° 16 keV 11 nA

2° 10 keV 6.5 nA

2° 5 keV 3.5 nA
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3   |   Results

3.1   |   Depth Calibration

The sputtering rate of the ToF-SIMS is calculated from optical 
profilometry, using the step height between the bottom of the 
FIB trench (the starting point) and the bottom of the ToF-SIMS 
crater (the final point of the SIMS depth profiling), divided by the 
total sputtering time and assuming a constant sputtering rate of 
the material. For the FIB-damaged LDPE used here, this yielded 
an average ToF-SIMS sputtering rate around 19 nm3/ion, which 
is comparable to the values obtained in previously measured 
sputter yields in undamaged polymers (Cumpson et  al.  2013; 
Seah 2013).

3.2   |   Reference Spectra From Pristine LDPE

A reference mass spectrum was collected on a cryofaced block 
of pristine LDPE flash coated with 5 nm carbon to make it con-
ductive. The trends of molecular fragmentation found in this 
material have been described before (Briggs  1982). LDPE can 
fragment in virtually all combinations of its basic components, 
i.e., C- and H-atoms, and the fragmentation behavior will de-
pend on the macromolecular structure (molecular weight, chain 
branching), but also on settings of the analysis (Cole  1987; 
Kersting 2004). Most of the total signal collected can be assigned 
to a limited number of secondary ions, out of which the follow-
ing fragments contribute to ~50% of the total signal: C3H5

+, 
C3H7,

+ C4H7
+, C4H9

+, C2H5
+, C5H7,

+ and C5H9
+. These dominant 

fragments for pristine LDPE measured with ToF-SIMS at the 
conditions described in 2.2 and shown in red on Figure 3 will 

be referred to as reference fragments from this point on. The sec-
ondary ions from potential external hydrocarbon contamination 
and the applied conductive carbon coating were considered to 
be only affecting the first collected datapoint of the depth profile 
and were not taken into consideration in further analyses.

3.3   |   Observations of Ga+ FIB Damage

ToF-SIMS depth profiling was performed on samples of LDPE 
which were irradiated with gallium FIB at 5, 10, 16, and 30 keV 
under grazing incidence of 2°. Thanks to the typical geometry 
of a FIB-SEM, where the ion beam is at an angle to the elec-
tron beam, this still provides sufficient secondary electron yield 
for electron imaging and to a lesser extent for elemental anal-
ysis (e.g., using Energy Dispersive X-ray Spectroscopy (EDS)). 
However, the fact that the surface of interest is confined in the 
FIB trench is hampering other surface analysis techniques, such 
as AFM or SIMS, which need a wider unconfined surface.

In the spectrum of Figure 3 an example of the totally integrated 
spectrum over all depths of the 30 keV experiment is added in 
blue. The graphs presented in Figure 4 show ToF-SIMS depth 
profiles of selected elements and molecular fragments from 
LDPE after milling with a Ga FIB at various accelerating volt-
ages. They are presented as the response signal of each second-
ary ion, normalized to the total signal, as a function of depth.

During the experiment, the intensity of reference fragments 
established in pristine LDPE was tracked over time. The depth 
profiling was stopped when a steady state was reached where 
no significant change in molecular products was observed and 

FIGURE 2    |    Optical profilometry result: (a) the corners of the ToF-SIMS sputter crater are indicated with light blue lines and the FIB trench with 
red brackets. The dark blue area in the top part of the FIB trench is the SIMS crater where secondary ions were extracted for analysis. The X-profile 
is shown between arrows A and B, the Y-profile follows the FIB-trench between arrows C and D. The X- and Y-profiles in (b) are resulting from the 
indicated arrows at A, B, C and D on the image in (a). The FIB-trench is clearly visible in the center on the X-profile. Step height analysis was per-
formed at the step between the red and green rectangle indicated in (a) and on the bottom graph in (b).
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only the reference fragments were detected, indicating that a 
depth had been reached where there was no more impact of the 
Ga beam.

Figure  4a presents the signal of gallium as a function of 
depth for all the FIB energies used. The measured implanta-
tion depth of gallium corresponds largely to simulations per-
formed with Stopping Range of Ions in Matter (SRIM) software 
(see Supporting Information (SI, Figures  S1 and S2)) (Ziegler 
et al. 2010). The increased presence of dehydrogenated carbon 
fragments (C+ in Figure 4b) and reduced intensity of reference 
fragments (C2H5

+ shown as example in Figure  4c) correlate 
roughly with the Ga implantation.

Below the original sample surface, we observe an increase in 
intensity of fragments representative of polyaromatic hydro-
carbons (PAHs), such as C9H7

+ (indene) (Figure  4d), C10H8
+ 

(naphthalene), C13H9
+ (phenalene) and C14H10

+ (anthracene/
phenanthrene).

The ToF-SIMS mass spectra also show the presence of an 
oxygen-containing molecule fragment (C2H5O+ in Figure 4e) in 
the intermediate zone behind the Ga implanted region.

There are works studying bombardment of polymer surfaces by 
ion beams and concurrent recovery of molecular signals with 
Gas-Cluster Ion Beams (GCIB) (Iida  2018; Mahoney  2023), 
but to our knowledge, this is the first time that detailed ToF-
SIMS depth profiling of the molecular structure of focused-ion-
bombarded LDPE surfaces is reported. Based on the observed 
ions and molecular fragments and the measured hydrogen-to-
carbon (H/C) ratios, we distinguish three zones as a function 
of depth:

3.3.1   |   Top Zone

Most gallium is implanted here.

Highly dehydrogenated fragments dominate (H/C ranging from 
0 to 0.7).

Reference fragments from pristine LDPE are virtually absent.

3.3.2   |   Intermediate Zone

Decline of highly dehydrogenated fragments (H/C < 0.7) and Ga.

Increase of the signal from partially dehydrogenated fragments 
(H/C around 1), representative of polyaromatic hydrocarbons 
(C9-C14).

Observation of oxygenated fragments (C2H5O+).

Increase in reference fragments (H/C > 2, e.g., C2H5+ to C4H9
+), 

indicative of pristine LDPE molecules.

3.3.3   |   Bulk Zone

Ga and fragments with H/C < 1 are virtually absent.

Reference fragments (H/C > 2) are dominant and stable at levels 
observed in pristine LDPE, indicative of undamaged LDPE.

Implantation of gallium in the subsurface region and its de-
pendence on accelerating voltage was expected, as was the ac-
companying effect of damage to the molecular structure of the 
polymer.

The effect of dehydrogenation of polyolefins after plasma beam 
treatment has been studied before (Delcorte et al. 1995; Gavrilov 
et al. 1998; Davenas and Thévenard 2003) and we observe it here 
as the presence of molecular signals such as C+, CH+, C2H,+ etc. 
(see SI, Tables S1 and S2 for complete list). The damage prod-
ucts in the zone near the surface show a low hydrogen-to-carbon 

FIGURE 3    |    Integrated ToF-SIMS spectrum of the reference pristine LDPE (red) and LDPE after irradiation with 30 keV FIB (blue). Intensity is 
displayed on a log scale to highlight the difference between relative intensities of hydrocarbon peaks before and after FIB irradiation. Some previous-
ly absent peaks appear in the post-irradiation spectrum, especially at the lower end of the spectrum (C1, C2-groups). The Ga+ in the 30 keV spectrum 
originates from the FIB, Na+ is an external contamination present in both samples.
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ratio (H/C 0.7 and below). The ToF-SIMS response of these prod-
ucts is similar to that of graphitic carbon, such as carbon black 
(SI) (De Rosa et al. 2022).

In the Top and Intermediate zone, we also observe previously 
reported indicators of dehydrogenation and cross-linking, such 
as a decrease in total ion yield (Oran 2004) and increased sig-
nal of fragments above m/z 100 (Leggett et al. 1995; De Puydt 
et al. 1992).

Figure 5 illustrates the three depth zones using typical molecu-
lar fragments for each zone (data from 30 keV): C+ (H/C ≈ 0) for 
the Top Zone, C9H7

+ (H/C ~ 1) for the Intermediate Zone, and 
C2H5+ (H/C > 2) for the Bulk Zone.

The thickness of each layer was determined by linking the final 
depth of the profiling crater by optical profilometry with each 
profiling point. The thickness of the top zone with maximum 
damage was determined by the strength of the C+-signal; the 
intermediate zone to the strength of the C9H7

+-signal (aromatic 
indicator) and the bulk zone to the strength of the C2H5

+-signal 
(reference LDPE fragment). The depth and thickness of the 
three zones are clearly dependent on the accelerating voltage of 
the Ga+ ion beam, as is illustrated in Figure 6.

4   |   Discussion

4.1   |   Damage to Polyethylene Structure

As expected, gallium penetrates deeper into the material with 
increasing accelerating voltage. The goal of this study, however, 
is to understand the molecular structure of the damage products 
and their evolution with depth.

Polyethylene has a simple chemical formula, consisting of re-
peating (CH2–CH2) units and a H/C ratio close to 2. The most 
prominent indicator of the damaged structure is the fully dehy-
drogenated secondary ion signal of C+, but also other secondary 
ions where the H/C ratio is smaller than 1 indicate damaged ma-
terial. These molecular fragments are typical for a secondary ion 
spectrum of a low-hydrogen-containing material, such as carbon 
black (SI). This is consistent with previous observations from 
plasma bombardment of polyethylene (Gavrilov et al. 1998).

FIGURE 4    |    Depth profiles of Ga+ and selected molecular fragments 
at different Ga-beam energies. (a) Ga+; (b) C+, completely dehydrogenat-
ed carbon; (c) C2H5

+, representative of pristine LDPE; (d) C9H7
+, repre-

sentative of polyaromatic hydrocarbons; (e) C2H5O+, i.e., an oxygenated 
compound.

FIGURE 5    |    Division of zones in LDPE with fragments indicative for 
the given regions: Top Zone represented by C+, Intermediate Zone by 
C9H7

+ (indene) and Bulk Zone by C2H5
+.
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We hypothesize that the incoming high-energy ions dissipate 
energy by breaking C–H and C–C bonds. This effect will be the 
strongest near the surface, where the incoming ions have not lost 
much of their energy yet. The number of broken bonds should be 
highest near the surface. As Ga undergoes inelastic collisions 
with C and H, there will be a collision cascade where energy 
is transferred to other atoms and dissipated within the mate-
rial. The deeper into the material, the less energy the incoming 
ions have. Moreover, any resulting free hydrogen species will be 
able to escape into the vacuum. As a result, the surface zone 
will be formed by a high concentration of individual C* radicals 
and short carbon chain radicals, which will quickly recombine 
into a graphitic structure. This is supported by our observation 
that the ToF-SIMS mass spectrum in the Top Zone C1–C2 frag-
ments (m/z = 10–20) of similar intensity as carbon black (SI). 
This has also been observed in plasma treatment of polyethylene 
(Pros ̆ková et al. 2000; Popok et al. 1997).

The removal and displacement of hydrogen atoms/protons from 
polyethylene molecules is also consistent with molecular simu-
lations of Cu+ bombardment (Duffour and Malfreyt 2004). The 
extent of this effect is dependent on the energy (accelerating volt-
age) and overlaps with the signal of implanted gallium ions.

4.2   |   Composition of the Intermediate Layer

The presence of polyaromatic hydrocarbons (PAHs) can be ex-
plained by induced reactivity of LDPE after FIB milling. The ac-
tive radicals are long-living and can interact with each other to 
form PAH (Pros ̆ková et al. 2000; Popok et al. 1997).

We hypothesize that at a deeper level into the material, the 
incoming ions will have lost part of their energy and fewer 
C–C and C–H bonds will be broken, leading to less dehydroge-
nation, longer chain fragments, and a lower concentration of 
free radicals. In addition, fewer of the free hydrogen species 
will be able to escape into the vacuum. These fragments will 
be able to recombine into (poly)cyclic hydrocarbons such as 

naphthalene, indene, etc. by reaction of small radical mole-
cules with cyclic precursor molecules leading to ring expan-
sion (Zhao et al. 2019). This is consistent with the ToF-SIMS 
spectra from the Intermediate Zone in the ToF-SIMS depth 
profiles where fragments similar to indene, naphthalene, phe-
nalene, and anthracene have been observed.

The observation of oxygen-containing fragments in the 
Intermediate Zone could be surprising at first sight, but has also 
been described before (Oran 2004; Leggett et al. 1995). As shown 
in Figure 7, such oxygen-containing compounds have only been 
found in the Intermediate Zone from which it is hypothesized 
that some radicals can remain active long after the interaction 
with the gallium, especially at some level below the surface, 
which was also observed in earlier plasma studies (Pros̆ková 
et al. 2000; Popok et al. 1997). The level of the C2H5O+ fragment 
(up to 0.8% in 30 keV sample) cannot be explained solely by the 
additives included in polyethylene (up to 600 ppm of antioxi-
dants, slip agents, catalyst residues etc.), consisting of oxygen-
containing molecules which will also be broken down, ionized, 
and radicalized under the influence of the FIB. However, mo-
lecular oxygen from the atmosphere diffuses into the material 
(Kamal et al. 1984) and can react with the sub-surface free radi-
cals, forming additional reaction products that will fragment into 
C2H5O+ as observed in the ToF-SIMS (Oran 2004).

4.3   |   Role of the Carbon Coating

Please note that the original carbon coating, applied to the entire 
sample to mitigate charging, is not expected to significantly influ-
ence the ToF-SIMS data. Once the FIB trench begins to form, the 
carbon coating in that region is removed. The data presented in 
this paper were acquired from the bottom of the FIB trench—an 
area well beneath the original carbon-coated surface—ensuring 
that the analyzed surface is free of the initial coating.

Outside the trench, the carbon layer remains intact, continuing 
to provide conductivity and reduce overall charging by dissipat-
ing stray electrons and ions.

FIGURE 6    |    Depth of different zones, depending on the maxi-
mum signal of indicative secondary ions for each zone as indicated in 
Figure 4.

FIGURE 7    |    Comparison of a depth profile of a reference and 30 keV 
LDPE. The signal of C2H5O+ increases in the Intermediate Zone around 
16–20 nm below the surface, beyond the Top Zone.
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Simulations (see SI Figure  S1) indicate that during the initial 
stage of FIB milling—when the carbon coating is still present—
causes gallium (Ga) to deposit more shallowly than in its ab-
sence, as if the incoming Ga ions had less energy. Consequently, 
other molecular fragments may also form at shallower depths 
under these conditions. However, once the coating is removed, 
this effect ceases to be relevant.

We therefore hypothesize that the 5 nm carbon coating has a neg-
ligible impact on the ToF-SIMS results and, at most, may cause a 
slight broadening of the measured depth distributions.

5   |   Conclusions

The effects of Ga FIB processing on polyethylene include dehy-
drogenation, bond breaking, radicalization, recombination, and 
post-processing oxidation of the sub-surface structure. These ef-
fects were investigated with ToF-SIMS depth profiling, the sput-
tering depth being calibrated with optical profilometry. The depth 
of the damage is dependent on the chosen accelerating voltage of 
the FIB and corresponds roughly to the depth of implanted gal-
lium. Damage to the structure can be divided into distinct zones 
based on the products found at a certain depth. The Top Zone con-
tains the most damaged structure, containing mostly dehydroge-
nated carbon next to implanted gallium. The Intermediate Zone 
shows polyaromatic hydrocarbon structures and oxygenated mol-
ecule fragments. The pristine structure is observed below the Top 
and Intermediate zones. Figure 6 summarizes the observed depth 
ranges as a function of ion beam energy.
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