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Abstract: The development of Focused Ion Beam–Scanning Electron Microscopy (FIB-SEM) systems

has provided significant advances in the processing and characterization of polymers. A fundamental

understanding of ion–sample interactions is still missing despite FIB-SEM being routinely applied in

microstructural analyses of polymers. This study applies Secondary Electron Hyperspectral Imaging

to reveal oxygen and xenon plasma FIB interactions on the surface of a polymer (in this instance,

polypropylene). Secondary Electron Hyperspectral Imaging (SEHI) is a technique housed within

the SEM chamber that exhibits multiscale surface sensitivity with a high spatial resolution and the

ability to identify carbon bonding present using low beam energies without requiring an Ultra High

Vacuum (UHV). SEHI is made possible through the use of through-the-lens detectors (TLDs) to

provide a low-pass SE collection of low primary electron beam energies and currents. SE images

acquired over the same region of interest from different energy ranges are plotted to produce an

SE spectrum. The data provided in this study provide evidence of SEHI’s ability to be a valuable

tool in the characterization of polymer surfaces post-PFIB etching, allowing for insights into both

tailoring polymer processing FIB parameters and SEHI’s ability to be used to monitor serial FIB

polymer surfaces in situ.

Keywords: polymer characterization; secondary electron spectroscopy; surface interactions; focused

ion beams; polymer processing

1. Introduction

The development of Focused Ion Beam–Scanning Electron Microscopy (FIB-SEM)
systems has provided significant advances in the processing and characterization of poly-
mers. Innovative developments, including in the operation of multi plasma ion sources,
have confirmed FIB-SEM as an essential technique with an ever-increasing number of
applications to benefit polymer research [1]. FIB-SEM is now an established technique in
materials science, providing polymer microstructural information at a nanometer scale [1].
Oxygen Plasma FIB (O-PFIB) has been developed to create fine polymer cross-sections [2],
which can then be imaged by an electron beam or other techniques [3–5]. Oxygen beams
can produce curtain-free surfaces with minimal polishing, free from undesirable metal
implantation. More commonly, O-PFIB-SEM for polymer analysis has been applied in
the form of slice and view methods, allowing researchers to generate 3D images faster
and at a higher spatial resolution [1,6]. It is well established that FIB etching can vastly
change and create unique surface chemistries, but it also needs to be considered that an
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FIB can affect a specimen’s surface energy. This change in surface energy can result in a
fresh reactive surface, which not only attracts unwanted surface contamination [7], but also
has the capacity to oxidize surfaces in situ [8]. Electron and ion beam deposition (EBID
and IBID) methods are widely employed for a range of applications, for example, EBID
has been used to shield surface features prior to ion beam exposure [9]. IBID has been
used to create high-aspect-ratio three-dimensional nanostructures with high mechanical
strengths [10]. Beam irradiation during EBID and IBID has the potential to contaminate
a specimen’s surface through deposition of the chamber’s residual gases. An unknown
surface composition post-FIB etching not only creates issues in characterizing and visual-
izing multiscale structures, but also unknown surface chemistries can strongly affect the
mechanical [11] and surface properties of FIB-fabricated structures [7].

Despite FIB-SEM being routinely applied in microstructural analyses of polymers, a
fundamental understanding of ion–sample interactions is still not fully established. Of
particular concern is the lack of opportunity for users to routinely check the chemical
composition and consistency of the surfaces produced after an FIB etch. To make progress
in this field, in situ analysis of carbon bonding within the SEM chamber (without the
need for an Ultra High Vacuum (UHV)) that allows for multiscale scale surface sensitive
analysis is required. Additionally, such in situ analysis should be carried out at low beam
energies and beam currents to reduce the prospect of sample modification and charging. All
these requirements are satisfied via the use of Secondary Electron Hyperspectral Imaging
(SEHI) and the accompanying application of Secondary Electron Spectroscopy (SES) [12–14].
SEHI is made possible through use of through-the-lens detectors (TLDs) already installed
on many available FIB-SEMs. TLDs collect low pass SEs at low primary electron beam
energies and currents [15]. The development and application of SEHI has been previously
extensively detailed [13,15,16]. In brief, from a collection of SE images taken in the same
region of interest, SEHI from different energy ranges can be plotted in addition to SEHI
image stacks derived from specific energies. These SEHI stacks can then be processed
to compile surface chemistry maps down to the nanoscale [17]. Previous studies have
shown SEHI’s ability to characterize a range of polymer systems and detect EBID and IBID
contamination within an SEM chamber [8]. For the first time, this study applies SEHI to
reveal O–FIB interactions on a polymer’s surface (in this instance, polypropylene). This
study not only provides insights into tailoring polymer processing FIB parameters but also
shows SEHI’s ability to be used to monitor serial FIB surfaces in situ.

2. Materials and Methods

2.1. Sample Preparation

Polypropylene (PP) (Achieve™ Advanced PP, provided by ExxonMobil Chemical,
Machelen, Belgium) was cryo-faced and coated with 20 nm of gold using a Bal-Tec SCD
050 Sputter Coater (Wetzlar, Germany).

2.2. Plasma FIB Exposure

An area of 10 µm × 10 µm was chosen and an FIB trench was created. For the exposure
of a O2 and Xe+ focused ion beam, a Helios UX G4-Hydra system was employed. Initial
SEHI data sets were acquired from the PP surface after gold coating. The surface was then
exposed to a raster scanning strategy with a 10 µm × 10 µm box pattern using a beam
overlap between individual positions of 99% and a pixel dwell time of 500 ns.

2.3. Conventional Low kV Imaging

Surface morphology observations were performed through SEM acquisition at a 1 kV
accelerating voltage and 50 pA to avoid sample damage through surface charging [8].
Typical chamber vacuum pressures were in the 10−6 mbar range and a working distance of
4 mm was also maintained. For high magnification SE images, a TLD was selected.
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2.4. SEHI Data Collection and Processing

The methodology of the application of SEHI has been described in depth previously [8,15].
Briefly, SE spectra were generated using the same acceleration voltage, beam current and
working distance as stated for SEM imaging. To mitigate carbon contamination within the
SEM chamber, 5 × 25 min plasma chamber cleaning runs were performed prior to data
collection. The collection of SE spectra consisting of different energy ranges was enabled by
adjusting the mirror electrode voltage (MV) with a tube bias setting of 150 V. Stepping the MV
in an energy range of −0.7 to 7 eV was achieved using an automatic iFast collection recipe [18].
Every image was captured at a frame interval of 0.5 s and an MV step size of 0.5 V, which
corresponds to a ~0.2 eV electron energy step size. Image processing was undertaken using
Fiji ImageJ software (ImageJ2, Version 1.53, open source).

3. Results and Discussion

3.1. Capacity of O-PFIB for the Removal of Gold Surface Coatings

Figure 1A presents the SEHI spectra (SES) of cryo-faced and aged PP + gold coating
(PPGC) and PP + O2 30 keV 45 nA; the solid line in figure represents the mean profile,
while the variation in the SES spectra is highlighted by the shaded area. Previous studies
applying SES and SEHI to carbon-based materials have already established that SE peaks
within the 2–4.2 eV range are formed from sp2/CHx bonding [12,19]. Within the SES of the
PPGC, a few minor peaks are visible within the sp2 range. However, a dominant peak is
present at 6.5 eV. It is considered that this peak is formed in response to the gold coating.
As the penetration of SEs at 1 kV is <10 nm and the gold coating is >10 nm, it is expected
that SE peaks originating from the underlying PP material would not be attainable due to
the high surface sensitivity of SES [15]. Post-PFIB etch (O2 30 KeV 45 nA), there are notable
changes within the specimens SES. Most notable is the reduction in the 6.5 eV peak (related
to Au emission) and an increase in SE emission within the energy range associated with
sp2/CHx bonding. The reduction, but not complete removal, of the Au related SE emission
is proposed to be the consequence of three potential scenarios: Firstly, the Au coating has
not been fully removed, with trace amounts still identifiable. Secondly, non-etched Au
on the edge of the scanning window could generate SEs from the interaction of multiply
scattered electrons. Thirdly, as the FIB trench is etched, the Au coating from the edge of
trench is redeposited within the walls of the trench. The third scenario is considered to be
the most likely.

tt ff ff

Figure 1. (A) SES of the cryo-faced and aged PP + gold coating (n = 3) (PPGC) and PP + O2 30 KeV

45 nA (n = 3). (B) SE image of PP post-PFIB etch. (C) In-chamber image displaying the location of the

specimen in relation to TLD and O-PFIB.

Nevertheless, this result indicates that post-PFIB etch, the underlying PP is exposed
and is identifiable via SEHI/SES. Notably, post-PFIB etch there is a larger variation in
the SE spectra compared to that of the original PPGC surface. Figure 1B displays a high-
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resolution SE image of the PFIB trench produced. The gold coating at the top of the image
is clearly visible, as is an area of the underlying and now exposed PP. Figure 1C presents
an in-chamber image showing the proximity of the TLD detector, used for SES capture, to
the PFIB.

3.2. Selection of the Most Appropriate O-PFIB Serial Slicing Parameters

PFIB and FIB systems are routinely used to prepare polymer specimens for SEM or
TEM analyses, creating thin slices, cross-sections and polished surfaces. For these examples,
the finished material surface must be clean, smooth and undamaged by the FIB process. To
better understand the effect O-PFIB has on the surface of PP, three different etch conditions
were applied and the resulting SEHI-derived secondary electron spectra (SES) are presented
in Figure 2A,B, with accompanying SE images presented in Figure 2C–E.

tt

ff
ff

ff

ff

ff

tt

Figure 2. (A) SES of cryo-faced and aged PP + gold coating (n = 3), PP + O2 30 KeV 45 nA (n = 3),

PP + O2 30 KeV 5.6 nA (n = 3), PP + O2 2 KeV 3.8 nA (n = 3). (B) SES of samples highlighted in (A)

plotted from 3 eV to 4.5 eV. (C–E) SE images of PP post-O-PFIB etch.

It can be confirmed that all O-PFIB conditions applied resulted in spectra showing
the effective removal of the gold coating from the sample. Observable in Figure 2A is
a notable variation in the resulting spectra under different etching conditions. Spectra
variation is also notable when the same etching conditions are applied to different regions
of the specimen. Figure 1B further indicates this variation within SE peaks is in the range
of 3–4.5 eV formed from sp2/CHx. The largest variation in spectra collected from different
regions is apparent for O2 2 KeV 3.8 nA (conditions commonly applied as a polishing
step [20]). It is hypothesized that the increase in chain fragmentation, observed from
the reduced accelerating voltage, is a consequence of a highly localized surface effect.
The thickness of the amorphization layer formed as a consequence of FIB etching has
been theoretically calculated by Monte Carlo simulations to be consistent with that of the
penetration of the ion beam [21]. Low kV surface-specific amorphization is therefore not
unexpected and can be explained via the restriction of the dissipation of energy through the
sample. From the SEHI data provided, this variation indicates polymer chain fragmentation
and variation within the surface cross-linking density. Such variation appears consistent
with the SE images provided (Figure 2C–E), which show large morphological surface
variation for O2 2 KeV 3.8 nA compared to that of other conditions.
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3.3. Serial O-PFIB Etching

From the data provided in Section 3.2, it would appear that from the conditions
analyzed, O2 30 KeV 5.6 nA produces surfaces with the least chemical variation evident
within the resulting SEHI spectra. For most polymer PFIB/FIB applications, multiple
serial etching is applied. To better understand the consistency of serial etching, O2 30 KeV
5.6 nA was applied and then evaluated using SES spectra. The resulting SEHI spectra are
presented in Figure 3A,B. Despite minor peak variations notable within the SE range of
1.4–2.1 eV, previously identified to be related to the molecular order within polymers, the
variation in the surface in terms of surface chemistry is consistent after each etch. The
resulting SE images (Figure 3C–E) show some minor morphological differences between
etches; however, this is inconsistent with any chemical surface changes.

ff

Figure 3. (A) SES of cryo-faced and aged PP + gold coating (n = 3) and three replicate etches of PP+.

(B) SES of three replicate etches of O2 30 KeV 5.6 nA (each n = 3). (C–E) SE images of PP post

O-PFIB etch.

3.4. Future Work: Oxygen vs. Xe+ for Plasma FIB of PP Specimens

Future studies should aim to apply SEHI to evaluate other polymers and other plasma
FIB sources. An example for the scope of this future work is presented in Figure 4A,B.
Figure 4A presents the SEHI spectra of PP + O2 30 KeV 5.5 nA and PP + Xe+ 30 KeV 4 nA
compared to that of the PPGC. PFIB conditions successfully removed the gold coating
layer. However, applying Xe+ at the conditions selected resulted in a large variation within
the SEHI spectra related to cross-linking densities and molecular order. It is expected
that the bombardment of Xe+ initiates the well-established polyolefin chain fragmenta-
tion and recombination reactions [22]. PP free radicals are formed after Xe+ collisions,
resulting in initial PP chain fragmentation. The creation of free radicals can then trigger a
recombination reaction, creating crosslinked PP polymer chains. This result indicates the
chain fragmentation action of Xe+ is higher than that of oxygen plasma. However, a larger
study is required to evaluate various Xe+ etching conditions before such a conclusion can
confidently be stated.
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Figure 4. (A) SES of cryo-faced and aged PP + gold coating (n = 3) (PPGC), PP + O2 30 KeV 5.6 nA

(n = 3) and PP + Xe+ 30 KeV 4 nA (n = 3). (B) SE image of PP post-Xe-PFIB etch.

4. Conclusions

The data presented in this study provide evidence of SEHI’s potential to be a valuable
tool in characterizing polymer surfaces post-PFIB etching. SEHI has the capacity to reveal
novel insights into a material’s surface chemistry, which can be used to better optimize FIB
processing. This study highlights that SEHI can reveal PFIB interactions on the surface of
polymers, displaying the capability to monitor serial FIB surfaces in situ. This approach
can aid in selecting the most appropriate FIB conditions for the processing of polymers.

Author Contributions: Conceptualization, N.T.H.F., M.P. and A.d.M.; methodology, N.T.H.F.; soft-

ware, N.T.H.F.; validation, N.T.H.F. and A.d.M.; formal analysis, N.T.H.F. and A.d.M.; investi-

gation, N.T.H.F. and A.d.M.; resources, N.T.H.F. and A.d.M.; data curation, N.T.H.F. and A.d.M.;

writing—original draft preparation, N.T.H.F., M.P. and A.d.M.; writing—review and editing, N.T.H.F.,

M.P. and A.d.M.; visualization, N.T.H.F.; project administration, N.T.H.F. and A.d.M.; funding

acquisition, N.T.H.F. and A.d.M. All authors have read and agreed to the published version of

the manuscript.

Funding: U.K funding bodies: Engineering and Physical Sciences Research Council (EPSRC) for

funding (grant: EP/V012126/1 and EP/T517835/1).

Data Availability Statement: Data available at https://doi.org/10.15131/shef.data.23731686 (24 July 2023).

Acknowledgments: Nicholas T.H. Farr would like to thank U.K funding bodies: Engineering and

Physical Sciences Research Council (EPSRC) for funding (grant: EP/V012126/1 and EP/T517835/1).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Gorelick, S.; Korneev, D.; Handley, A.; Gervinskas, G.; Oorschot, V.; Kaluza, O.L.; Law, R.H.P.; Moira O’, B.; Roger, P.; Whisstock,

J.C.; et al. Oxygen plasma focused ion beam scanning electron microscopy for biological samples. bioRxiv 2018, 457820. [CrossRef]

2. Berger, C.; Dumoux, M.; Glen, T.; Yee, N.B.; Mitchels, J.M.; Patáková, Z.; Darrow, M.C.; Naismith, J.H.; Grange, M. Plasma FIB

milling for the determination of structures in situ. Nat. Commun. 2023, 14, 629. [CrossRef] [PubMed]

3. Kato, M.; Ito, T.; Aoyama, Y.; Sawa, K.; Kaneko, T.; Kawase, N.; Jinnai, H.J. Three-dimensional structural analysis of a block

copolymer by scanning electron microscopy combined with a focused ion beam. Polym. Sci. Part B Polym. Phys. 2007, 45, 677–683.

[CrossRef]

4. Loos, J.; Sourty, E.; Lu, K.; Freitag, B.; Tang, D.; Wall, D. Electron tomography on micrometer-thick specimens with nanometer

resolution. Nano Lett. 2009, 9, 1704–1708. [CrossRef] [PubMed]

5. Liu, J.; Niu, R.; Gu, J.; Cabral, M.; Song, M.; Liao, X. Effect of ion irradiation introduced by focused ion-beam milling on the

mechanical behaviour of sub-micron-sized samples. Sci. Rep. 2020, 10, 10324. [CrossRef] [PubMed]

6. Wang, J.; Randolph, S.; Wu, Q.; Botman, A.; Schardt, J.; Bouchet-Marquis, C.; Nan, X.; Rue, C.; Straw, M. Reactive oxygen FIB spin

milling enables correlative workflow for 3D super-resolution light microscopy and serial FIB/SEM of cultured cells. Sci. Rep.

2021, 11, 13162. [CrossRef] [PubMed]



Polymers 2023, 15, 3247 7 of 7

7. Manoccio, M.; Esposito, M.; Passaseo, A.; Cuscunà, M.; Tasco, V. Focused Ion Beam Processing for 3D Chiral Photonics

Nanostructures. Micromachines 2021, 12, 6. [CrossRef] [PubMed]

8. Farr, N.T.H.; Hughes, G.M.; Rodenburg, C. Monitoring Carbon in Electron and Ion Beam Deposition within FIB-SEM. Materials

2021, 14, 3034. [CrossRef] [PubMed]

9. Seidel, F.; Richard, O.; Bender, H.; Vandervorst, W. Protecting copper TEM specimens against corrosion via e-beam induced carbon

deposition. In European Microscopy Congress 2016: Proceedings; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2016.

[CrossRef]

10. Xu, Z.; Fu, Y.; Han, W.; Wei, D.; Jiao, H.; Gao, H. Recent developments in focused ion beam and its application in nanotechnology.

Curr. Nanosci. 2016, 12, 696–711. [CrossRef]

11. Utke, I.; Michler, J.; Winkler, R.; Plank, H. Mechanical Properties of 3D Nanostructures Obtained by Focused Electron/Ion

Beam-Induced Deposition: A Review. Micromachines 2020, 11, 397. [CrossRef] [PubMed]

12. Farr, N.; Pashneh-Tala, S.; Stehling, N.; Claeyssens, F.; Green, N.; Rodenburg, C. Characterizing cross-linking within polymeric

biomaterials in the SEM by secondary electron hyperspectral imaging. Macromol. Rapid Commun. 2020, 41, 1900484. [CrossRef]

[PubMed]

13. Farr, N.; Thanarak, J.; Schäfer, J.; Quade, A.; Claeyssens, F.; Green, N.; Rodenburg, C. Understanding surface modifications

induced via argon plasma treatment through secondary electron hyperspectral imaging. Adv. Sci. 2021, 8, 2003762.

14. Farr, N.T.H. Revealing Localised Mechanochemistry of Biomaterials Using In Situ Multiscale Chemical Analysis. Materials 2022,

15, 3462. [CrossRef] [PubMed]

15. Nohl, J.F.; Farr, N.T.H.; Sun, Y.; Hughes, G.M.; Cussen, S.A.; Rodenburg, C. Low-voltage SEM of air-sensitive powders: From

sample preparation to micro/nano analysis with secondary electron hyperspectral imaging. Micron 2022, 156, 103234. [PubMed]

16. Stehling, N.; Master, R.; Zhou, Y.; O’Connell, R.; Holland, C.; Zhang, H.; Rodenburg, C. New perspectives on nano-engineering by

secondary electron spectroscopy in the helium ion and scanning electron microscope. MRS Commun. 2018, 8, 226–240. [CrossRef]

17. Farr, N.T.H.; Klosterhalfen, B.; Noé, G.K. Characterization in respect to degradation of titanium-coated polypropylene surgical

mesh explanted from humans. J. Biomed. Mater. Res. Part B Appl. Biomater. 2023, 11, 1142–1152. [CrossRef] [PubMed]

18. Farr, N.; Gareth, M.; Rodenburg, C. Secondary Electron Spectral Acquisition iFAST Script (Automatic). The University of Sheffield.

Software. 2021. Available online: https://doi.org/10.15131/shef.data.14535993.v1 (accessed on 4 May 2021).

19. Farr, N.T.H.; Hamad, S.; Gray, E.; Magazzeni, C.; Longman, F.; Armstrong, D.; Foreman, J.; Claeyssens, F.; Green, N.; Rodenburg,

C. Identifying and mapping chemical bonding within phenolic resin using Secondary Electron Hyperspectral Imaging. Polym.

Chem. 2021, 12, 177–182. [CrossRef]

20. Schnaider Tontini, F.; Bahri, M.; De Keersmaecker, M.; Ratcliff, E.L.; Armstrong, N.R.; Browning, N.D. FIB Sample Preparation of

Hybrid Organic-Inorganic Perovskite (HOIP) Solar Cells. Microsc. Microanal. 2022, 28 (Suppl. 1), 16. [CrossRef]

21. Montoya, E.; Bals, S.; Rossell, M.D.; Schryvers, D.; Van Tendeloo, G. Evaluation of top, angle, and side cleaned FIB samples for

TEM analysis. Microsc. Res. Tech. 2007, 70, 1060–1071. [CrossRef] [PubMed]

22. Marcilla, A.; Ruiz-Femenia, R.; Hernández, J.; García-Quesada, J.C. Thermal and catalytic pyrolysis of crosslinked polyethylene.

J. Anal. Appl. Pyrolysis 2006, 76, 254–259. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


	Introduction 
	Materials and Methods 
	Sample Preparation 
	Plasma FIB Exposure 
	Conventional Low kV Imaging 
	SEHI Data Collection and Processing 

	Results and Discussion 
	Capacity of O-PFIB for the Removal of Gold Surface Coatings 
	Selection of the Most Appropriate O-PFIB Serial Slicing Parameters 
	Serial O-PFIB Etching 
	Future Work: Oxygen vs. Xe+ for Plasma FIB of PP Specimens 

	Conclusions 
	References

