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1: Introduction _

1 Introduction

Since the first invention of optical microscopes, science made constant progress in
developing techniques to image smaller and smaller objects. For optical microscopy, the
fundamental resolution limit was described by Ernst Abbe in 1873." Nowadays, various
charged particle methods are used for high resolution imaging. Especially the scanning
electron microscope (SEM)? is widely distributed due to its ease of use and intuitively
understandable images. It uses a finely focused beam of electrons that are scanned pixel
by pixel over a surface. Electrons emitted from the surface are detected and an image is
built.

Obviously, the size of the probing beam is an important resolution limit for all scanning
microscopes using charged particles. The smallest possible spot diameter depends on
several factors, but the wavelength of the incident radiation is crucial. This causes
fundamental limitations of electron-based microscopy that the long-lasting development
of SEM is now facing. A promising development possibility is changing the primary
particle. lons of the same energy have a much smaller wavelength, and using helium
ions in the same way provides one solution for the “next generation microscopy”. The
wavelength for He* is ~100 times smaller than for electrons, so this is no limiting factor
anymore. This allows spot sizes smaller than 0.35 nm and a much smaller semi-angle,

so the depth of field is ~ 10 times higher than in SEM in comparable circumstances.?

So far, these are the advantages originating directly from the optical system. But for the
final image the beam-sample interaction is also highly important. lon beams promise a
more localized interaction than electrons and thus a higher resolution and better surface
sensitivity.* In addition, it is possible to neutralize charge accumulation on insulating

samples with the built-in electron floodgun.

The technological challenge of actually building such a microscope was the source of a
helium ion beam. It is based on the effect of field emission. From the apex of a small tip
(the “gas field ion source”, GFIS) only the emission originating from one single atom is
directed on the sample. Some years ago, it was possible to obtain a stable and reliable
source, so in 2007 Zeiss commercialized the first helium ion microscope (HIM) and is
still the only manufacturer. Right now, the third generation (Orion Nanofab) is available
with the possibility to irradiate samples with helium, neon, gallium and electrons in one

chamber. In this work the previous model “Orion Plus” is used, which exclusively employs
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helium and has a better resolution specification (0.35 instead of 0.5 nm spot size for
helium). As we are using the technology build by Zeiss, it is not our focus to enhance the

technology of the microscope itself.

1.1 Overview of this work

The goal of this work is to explore and analyze the capabilities of helium ion microscopy
for today’s scientific applications. In the course of this work, a huge variety of samples
were investigated. To show the unique possibilities in practice, a number of scientifically
challenging sample systems were chosen to be presented in this thesis. The outline is

as following:

The next chapter describes the fundamentals and technology of the helium ion
microscope. Its focus is the beam-sample interaction and the imaging process, providing

all necessary information for a correct interpretation of micrographs.

Chapter 3 presents several aspects of imaging with this microscope. Ultrathin carbon
nanomembranes (CNMs) are a fascinating new material produced from self-assembled
monolayers. Due to the high surface sensitivity, HIM is perfectly suited to image this kind
of material. In addition, it is insulating and not very stable in conventional electron based
microscopy. High resolution images are used to thoroughly study the porosity on the nm-

scale of these membranes.

For another sample system, i.e. soot, the high resolution of the microscope is used for a
better understanding and improvement of combustion processes. Soot is a matter
consisting of carbon-based nanoparticles generated in flames. The knowledge about
soot growth at very early stages was enhanced with this work, where HIM settled a new

lower size boundary for imaging such particles.

Staying close to combustion, catalytically active films were analyzed. Transition metal
oxide (TMO) films were produced by pulsed spray evaporation chemical vapor deposition
(PSE-CVD). With its high depth of focus at full resolution the HIM is well suited to
investigate the morphology of these functional films. To obtain additional information
about the chemistry, X-ray photoelectron spectroscopy (XPS) was used on both

combustion-related sample systems.

Limited spectroscopic information is also available within the HIM: Rutherford
backscattered ions (RBI) could be detected and analyzed. However, the second detector
mode is used here only to measure the backscatter rate, as the spectrometer is not

available in Bielefeld. However, it is providing the HIM with a second imaging channel to
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distinguish elements from each other. The combination of RBI and voltage contrast

enables interesting application in the analysis of nanowires.

In addition to imaging, it is possible to use the helium beam to modify samples. In chapter
4 examples are shown where the HIM provides new possibilities. Cutting of nanometer
wide gaps in carbon nanotubes (CNTs) and producing extremely well defined gold
nanostructures for plasmonic applications is presented. Finally, helium ion lithography is
used to directly pattern (crosslink) a carbon nanomembrane. A dose dependent

crosslinking process is visualized for the first time.
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2 Methods and Devices

2.1 Helium lon Microscopy

JION PLUS

OR

Figure 1: Photography of the HIM used in this work with the microscope body on the ight side,
the electronics rack in the background and the user interface on the left.

Helium lon Microscopy (HIM) is a recently developed imaging technique that shares
similarities with scanning electron microscopy (SEM).® In HIM, a finely focused beam of
helium ions with a diameter of less than 0.35 nm is scanned over the sample,® and the
secondary electrons (SE) generated by the He* impact are detected. In SE imaging, the
topology of the sample produces contrast as more electrons are ejected when the He*
beam hits the sample at glancing incidence. Compared to SEM, the energy of the SEs
is lower, resulting in a higher surface sensitivity. Edge resolutions of 0.24 nm (asbestos
fiber®) and 0.29 nm (HOPGY) are reported. Since the first article on helium ion microscopy
by Ward, Notte and Economou in 2006,8 the number of publications using this technique
grows quickly. A couple of monographs are already available,>%-'* all with a different

focus.

There is also an article about “The history and development of the helium ion

microscope” written by the developers from the ALIS corporation and Carl Zeiss.'® Zeiss
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bought ALIS in 2006 and commercialized the helium ion microscope under the brand

“Orion”.

Figure 1 is a photography of the microscope used in this work, a Carl Zeiss Orion Plus
(serial number 5016). It is operating in Bielefeld since the middle of 2010. It is still

equipped with its first ion source.

2.1.1 Beam formation in the HIM

a b

Source L

Imaging Gas — N
Extractor

Focus

lon Beam ==l

Aperture — . C
- I/ |

Scanning 1 // 0

Deflectors ——H ' >‘

[
Electron Detector @ 6 7 lon Detector

>

_C
Transmission Detector

Figure 2: (a): Schematic of the Orion HIM imaging system (from ®) (b): lon source after a
“source build”, (c): source in a proper arrangement for measurements. Helium ions are ionized
predominantly at the top of a pyramid forming the “ionization disks”. (Reprinted with
permission®) This configuration could produce an emission pattern as in (d), which is an actual
SFIM emission image of a working source.

Presented here will be only a brief introduction to the technology itself, as this
development was done by the Zeiss Corporation. A comprehensive overview of the
technology with details on the source and the design of the column is given by Hill, Notte

and Scipioni.?

The fundamental part of the microscope is a small metallic needle, the “Gas Field lon
Source” (GFIS). It is based on the effect of field ionization, where strong electric fields
ionize a gas atom by pulling away one of its electrons. With this, Erwin Muller designed
the Field lon Microscope (FIM), the first method able to directly image the atomic

structure of metals.'®'” The material under investigation itself is sharpened to a fine tip
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with a radius below 100 nm and put on a positive potential. This tip is then ionizing gas
atoms around it, preferentially at positions with the strongest electric field — “ionization
disks” are formed close to protruding atoms (see Figure 2b). The ionized, positive gas
atom is then accelerated away from the tip by the electric field and imaged on a screen.

This tool is also useful to investigate atomic movements on metals.'®

In HIM, this tip is not investigated itself, it is used as source of helium ions. To use this
as a beam source in a microscope, it was necessary to develop a stable, high brightness
source with low energy spread and a small virtual source size. This was achieved by
forming a trimer of single atoms on top of a pyramid, where most of the ionization is
taking place (see Figure 2c). The ion beam originating from only one atom is selected by

an aperture, then focused by the ion optics (Figure 2a) and scanned over the sample.

The ion optics provides the HIM not only with an extremely small spot size, it also shifts
the optimum semi-angle (see Figure 3b) for imaging to ~10 times smaller values
compared to SEM. This is possible as the diffraction contribution to the beam size is so
much smaller (see Figure 3). The depth of field (distance where a sample is in focus) is
then in most cases higher than the field of view. Hill and coworkers calculated this with

realistic assumptions and got a value of 0.75 ym for images in highest resolution.3

100
a b
p He* beam
4 o : -
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& lens
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Figure 3 (a): Plot of probe size versus semi-angle, calculated for the Orion Plus column. It
shows the four contributions of brightness, diffraction, chromatic- and spherical aberration, and
the final probe size. Conditions are 35 kV acceleration voltage, 0.25 pA beam current, and 4
mm working distance. Probe size is defined as diameter with 50% of the ions inside. Reprinted
with permission®. (b): Definition of semi-angle a and depth of field.

2.1.2 Beam-sample interaction

Both electrons and ions travel and penetrate through solids, where they scatter within
the target material. Initially directed forward, they form an interaction volume with

increasing number of scattering events. The shape and size of this interaction volume
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plays, despite the initial beam diameter, an important role in the final resolution and
contrast. Helium is a lot heavier than an electron, thus giving it a momentum sufficiently
higher.

yidep edease’ |

<

@
173
o
-]
©
3
by
2

30 keV Gallium lon Beam 1 keV electron Beam 30 keV Helium lon Beam

Secondary Electron
Escape Depth

100 nm

v 100 nm / ’ V4

Figure 4: Simulation of beam-sample interaction of gallium, helium and electron trajectories
hitting a silicon surface. These are the two typical examples of simulations about beam-sample
interaction: either using the same energy for SEM and HIM (a, 30kV) or using conditions of
similar contrast, i.e. low-voltage SEM (b). Both show, that the helium beam stays more
collimated, especially in the range of the escape depth of secondary electrons.
Reprinted with permission (a)*; (b)"°

Figure 4 compares simulations of typically used charged particles, Ga-ions, He-ions and
electrons, penetrating a solid. Generally, the full interaction volume of helium is bigger
than that of electrons, as the ions travel very deep in the material. Gallium beams on the
other hand interact strongly with a sample. As a consequence, the interaction volume
broadens immediately below the point of impact but stays close to the surface. All these
interactions produce a number of measurable signals. For imaging, the interaction
volume for generating secondary electrons (SE) is most important. From Figure 4 it is
visible, that the He+ beam stays pretty collimated in the relevant depth of less than 10
nm. Scattering of the target nuclei (Silicon) with the helium beam is inefficient due to the
low ion mass. So the SEs collected in a measurement are from a cylinder with minimal

diameter.



2: Methods and Devices

In the many available simulations of SEM to HIM comparison, there are generally two

versions: comparing the same energy of the primary particle, or comparing a similar
contrast (or surface sensitivity)'? when using the microscopes in practice. Figure 4a
compares 30 keV beams. The electron beam diameter under these conditions stays
within ~ 2nm. This is only a bit more than for helium, but if one looks at the interaction
outside this 20x20 nm? box, a quite big amount of these electrons are scattered back to
the surface. They excite additional secondary electrons (often called SE2), which provide
no information about the sample at the penetration point — so they decrease contrast and
the effective spatial resolution. The simulations for low-voltage SEM (1keV) in Figure 4b
shows a more evident advantage of using helium. The electrons strongly scatter near

the surface, reducing the available resolution in practice.

The simulation in Figure 5 investigates the details close to the surface. It shows the mean
radius of a beam penetrating a solid, starting with a radius of 0 (Figure 5a). This average
diameter of interaction volume broadens up with penetration depth. Combined with the
SE escape probability (Figure 5b), it shows that by far most SEs are generated within a

radius smaller than the expected He beam size.

: SE escape
Beam radius (nm) probabili?y
0.02 1.
1k
g =
o g 2t
S =2
™ A
g
g3
4
v
(a) (b) (c)

Figure 5: simulation of beam-sample interaction, escape depth probability and beam spread in
samples. Reprinted with permission®

This very small SE escape depth is caused by the low energy of the SEs generated by
He ions, in particular the SE energy is much smaller than in an SEM.?° G. Hlawacek
demonstrated this effect with comparison measurements of HIM and SEM on carbon-
coated gold nano-rods. This carbon coating was almost invisible in SEM, where in HIM

it dominated the image.?'

Backscatter events of helium to the surface are rare, so the number of SE2s is small.
Again in comparison to SEM, the fraction of SE1s in the secondary electron signal is in
most cases considerably larger. Looking at the absolute SE-yields it is also substantially

higher (2-8 e per incident He*), and increasing with the primary beam energy.
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Ramachandra and Joy made big efforts on simulating SE-yields for different materials

and developed the software package “IONiSE”.??

Sample damage is a concern for all charged particle microscopes. Using ions, any
sample is additionally altered, where incident ions get implanted, and dislocate,
amorphizate and knock out sample atoms, clusters and molecules (sputtering). With the
strong interaction of the heavy gallium ions (Figure 4), sputtering occurs so frequently
that materials modification is the main application of Ga* ion beams as well as chemical
analysis (secondary ion mass spectrometry, SIMS). The interaction of He* ions with
solids is much weaker, but limits the available resolution. The operator has to find a
compromise between noise level and an ion dose at which a certain feature of the sample

is removed.

Castaldo and coworkers developed a method to investigate and quantify this for the case
of Tin nanospheres and found a minimum detectable particle size between 1 and 5 nm.2?
They stated that the “fundamental limit to the resolution in scanning microscopy is not
given by the spot size, but by the dynamics of the interaction of the beam with the sample
and the consequent modification of the sample’s geometry, even for beams of light ions”,

which is also called a useful lateral resolution.??

It is also possible to use this as beneficial effect, as the very low sputter yield combined

with the small beam size allows the direct fabrication of prior impossible (small) patterns.

2.1.3 Contrast in secondary electron imaging
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Figure 6: Secondary Electron (SE) Yield for different elements and sample angle, measured
with an Everhart-Thornley (ET) detector in a HIM. Reprinted with permission’.

Imaging with secondary electrons is by far the most used method in HIM. The primary
contrast effect is the so-called “topographic contrast”. For SEM and HIM it is based on

the dependence of the secondary electron yield to the angle of the surface plane. Theory
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predicts an increase following the “secant law” as plotted in Figure 6. However, actual

measurements show a more linear behavior with helium.

Apart from topography, there are more complex effects regarding the final contrast. On
thin films, nanomaterials or edges, a relevant fraction of the primary helium may leave
the sample again. In such cases, SEs are emitted at the exit point and at any other
material in the further path of the beam.'? These other objects may be well behind the
intended imaging plane (mm to cm), in case the path of SEs to the detector is not

sufficiently shielded.

2.1.4 Imaging insulators: voltage contrast and charge compensation

For all charged particle microscopes, the accumulation of charge on the sample is an
issue. In the HIM, areas with such a potential buildup are getting darker as more
electrons are deflected by the local electric field and thus are not able to reach the
detector. Different to SEM, the initial He* beam is marginally affected due to higher
momentum of the He-ions. In mixed or “slightly charging” samples it is therefore possible
to obtain good images by carefully adjusting beam current and contrast settings. With
this “voltage contrast” it is also possible to identify insulating or insulated structures on

samples — while scanning quickly they will simply get dark.
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Figuré 7: Example of using the electron floodgun: A conductive carbon nanomembrane is
placed on a 300 nm SiO: silicon wafer piece.

On layered structures like SiO- on silicon wafer (see e.g. Figure 15) the surface potential

will only reach a certain level allowing a lesser but still sufficient number of SEs to
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escape. In practice, highest resolution images are possible. This effect was explained by

simulations made by Ohya et al.?42°

It is also possible to directly compensate charge accumulations with an electron
floodgun. In an ion microscope, charging is always positive (In HIM, He* comes in, e are
ejected). Therefore it is possible to neutralize surfaces with additional electrons to obtain

stable image conditions without any conductive coatings.

In the HIM, an electron gun (~500-800 eV) with a spot diameter of some mm is centered
on the sample under investigation (see Figure 8). The scanning He* beam for imaging is
alternated with the electron beam for charge neutralization. A flood pulse is triggered
after every scanning line or frame. Direct comparisons to state-of-the-art SEMs were
reported by Boden et al. with butterfly wings?® and recently by Joens et al. in an extended
study on biological samples.?” Both show exciting new possibilities of HIM in measuring

uncoated organic material in highest resolution.

In summer 2013, the floodgun of the Bielefeld Orion HIM was re-calibrated by Zeiss, and
new operating conditions were employed. The currently used electron pulse time (flood
time) is about 100x smaller than previously used, accelerating the imaging times

significantly. In addition, the quality of the images on insulators was improved.

In practice, images obtained with charge compensation generally show a lower contrast.
In Figure 7b another floodgun artifact at the left border is visible: a bright strip in vertical
direction is generally observed. It is often possible to reduce this effect by careful

adjustments of the floodgun settings.

Final Lens

Electron

Flood Gun //////
Iy

MCP
Everhart
Thornley

Sample

Figure 8: Sketch of the measurement chamber with the incident He* beam, the Everhart-
Thornley (ET) electron detector, the micro channel plate (MCP) ion detector, and the electron
floodgun. (Image from Zeiss material, )
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2.1.5 Backscattered ion imaging

As second imaging mode, the number of Rutherford backscattered ions (RBI) is
measured by an additional detector. Therefore, an annular micro channel plate (MCP)
detector (Figure 8) is inserted in the primary beam path measuring highly energetic
helium atoms scattered back from the sample. This geometry maximizes the measured
angle (fraction of the backscattered ions), but decreases the performance for SE

imaging.

Other than SE images, the backscattered signal is insensitive to surface morphology,
but provides a strong elemental contrast. The contrast of these images originates from
the bulk of the sample, where the information depth is depending on material and chosen
beam energy. Figure 9 depicts experimentally measured backscatter rates for various
elements. Despite the first assumption of a monotonically growing yield there is a
dependence on the structure of the periodic table.?° Kostinski and Yao made extensive
simulations of this effect and found a correlation to the stopping power of the sample

material .30

Backscattered ions are insensitive to charging of samples due to their high energy.

Therefore, it is possible to directly measure insulators.
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Figure 9: Measured Backscatter — Yield versus atomic number. Reprinted with permission3’

Another way to analyze backscattered ions is RBI-Spectroscopy (RBS). In this add-on
(not available in Bielefeld), the RBI energy is measured by a silicon drift detector to
provide quantitative element identification and information. RBS is generally a
widespread used technique for thin film analysis, but the available ion energies in HIM

are not favorable (usually ~MeV energies are used).%?
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2.1.6 Image acquisition settings and practical issues of using the HIM

The measured signal of a single pixel depends on the sum of all electrons reaching the
detector at the time (!) the beam is pointed at this pixel. The final signal value of a pixel
is nevertheless not directly connected to a defined number of electrons. A number of
settings can be optimized by the HIM operator to obtain a good visibility of the features
under investigation. Firstly, the settings for “contrast” and “brightness”, that in fact change
the hardware settings in the Everhart-Thornley (ET) electron detector for gain and zero-
level (black point), respectively, can be adjusted. Subsequently, the signal is integrated
and digitalized in the HIM electronics. Then, the setting for “image intensity” provides a
translation of the signal to the 8 bit brightness information of the final image providing

the operator with an additional possibility for contrast optimization.

| | 5

| = L— 3
Figure 10 (a,b): Contamination diminishes available resolution. (c): the same sample after
plasma cleaning. The samples are Si spheres coated with 18 nm sputtered gold (information
about the sample and a series of HIM images are provided in literature.>)

Another crucial aspect is the helium-induced deposition of hydrocarbons on the sample.
Figure 10 is an example of a contaminated sample, where in (a) the surface structure is
totally hidden under a thick contaminant layer, deposited while scanning this high
magnification image. Figure 10b is a zoom-out of the same position after the acquisition
of Figure 10a. Such contaminants could originate from different sources. In practice,
contaminants directly on the sample under investigation is most severe. This is
supported by the fact that at the time Figure 10 was acquired, there were 5 similar
samples on the sample holder inside the microscope chamber. They were imaged

without contamination problems.

To solve problems occurring with contaminations, different strategies are available and
proved to be useful. At first, working in a clean environment to not let any hydrocarbons
accumulate on the samples or any vacuums part is the most preferred solution. Another

alternative is a plasma cleaner inside the HIM load-lock.34 Figure 10c is an image of the
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above discussed sample after such a treatment. This is obviously not possible if the
sample is organic or other sensitive material. In this case, mild heating (~80°C) for some
hours proved to be helpful. In general, one has to make sure that features under

investigation are not destroyed or altered by the cleaning process.
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Figure 11: Defective filament used in an electron floodgun. Extended re-crystallization of the hot
tungsten filament together with carbon contaminations in the high vacuum environment caused
massive changes on the wire.

The Orion HIM allows different acquisition settings to obtain micrographs. A collection of
important information is collected in the bar below the image itself (See Figure 11). In
this work, they are not cropped, when they provide useful information to the reader.
Important settings of the imaging process, where not all of them are in the information

bar:

- Image size: the number of scanned pixels. It can be varied between 256x256,
512x512, 1024x1024 and 2048x2048 px. The standard setting is 1024x1024 px.
- Field Of View (FOV): The full size of the area imaged. More important to the
imaging process is pixel spacing, the distance of two scanned pixels on the
sample. (Could be calculated by dividing the FOV through the number of pixels)
- Working Distance (WD): A calculated value describing the distance between the
column and the plane where the helium beam is in focus. As this is usually set to

the sample in investigation it describes the distance to the sample.
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- Tilt Angle: This describes the angle of the beam to the sample stage normal. It is
possible to tilt the sample stage from 0° to 45°.

- Acceleration Voltage: The energy of the helium ions hitting the sample surface

- Blanker Current: The beam is “blanked” (directed in a faraday cup in the column)
automatically if no image acquisition is running. The value is the current of the
helium beam at the time where the beam was “blanked” the last time before
saving the image.

- Dwell time: The time the beam “stays” at one pixel, while scanning over a sample.

- Frame or Line Averaging (x = 2 - 256 times): Describes the integration strategy
used to obtain the image. In Frame Averaging mode, the full image is scanned
and averaged with repeated scans. In Line Averaging mode, a line scan is
averaged x times followed by the next line.

- Irradiation dose: This depends on the discussed values of blanker current, dwell
time, averaging mode and FOV and has to be calculated manually. It is a
compromise set by the operator between sample damage, noise level, and

available time.
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2.2 X-Ray Photoelectron Spectroscopy (XPS)
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Figure 12 (a): Basic principle of the photo effect and the emission of core electrons by X-rays.
(b): Scheme of currently used XPS tools equipped with a monochromatic X-ray source.
Reprinted with permission.®®

XPS or ESCA (Electron Spectroscopy for Chemical Analysis) is a spectroscopic method
to determine elemental composition and oxidation state of surfaces.3® Although this

thesis concentrates on HIM, XPS was used as additional surface characterization
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technique. It provided valuable information on the composition of soot and CVD films

shown in chapter 3.2 and 3.3.

If a surface is irradiated by photons above a certain energy, electrons are ejected from it
due to the photoelectric effect (Figure 12a). In XPS, the energy of the photons is sufficient
to eject core level electrons. Only in close proximity (some nm) to the surface, such
electrons are able to actually leave the solid. It is therefore a very surface sensitive
technique (some nm). Energy and number of these emitted electrons are measured. In
the spectrum, the intensity of the emitted electrons is plotted against their energy. With
the knowledge of the incident photons energy, the energy loss in the emission process

is calculated, which is depending on to the binding energy (BE) of core level electrons.

Thus, the position of the peaks is characteristic for each element. In addition, the binding
energy shifts slightly if an atom is bound to different chemical species. With this chemical
shift, the oxidation state of elements is detected. This is rather simple for electrons from

1s orbitals like C1s and O1s, where the peak position is mainly shifting.

However, for all transition metals the identification and analysis is more complex. The
binding energy of different species is often interfering with each other and complex
satellite structures appear. An example is given in Figure 13, where the Co2p doublet
peaks from cobalt in metallic and two oxidic states are shown. Nevertheless, it is possible
to identify different compositions using references. Especially the work of Biesinger and

coworkers was very useful in this thesis.3"—3°

Due to the wide use of XPS, there is countless literature data available covering almost
all possible aspects.®5364041 For daily use, there are numerous reference databases and

spectra to identify all measured effects.*?43

In this work, an ultra-high vacuum (UHV) Multiprobe XPS by Omicron Nanotechnology
was used. A monochromatic Al Ka X-ray source (1486.7 eV) and a hemi-spherical
electron energy analyzer (Sphera) in constant analyzer energy mode were employed.
The base pressure of the chamber is 2x10-1° mbar. CasaXPS (Version 2.3.16 PR 1.6)
was used to analyze the spectra, and a Shirley background subtraction procedure was
employed. The elemental composition was calculated using the peak areas with the

according Scofield** cross-sections.
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Figure 13: XP-spectra of the cobalt 2p region of a cobalt metal (a), Co304 (b), and a CoO (c)
sample.
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3 Imaging with the Helium lon Microscope
(HIM)

3.1 Imaging of carbon nanomembranes (CNMs)

3.1.1 Introduction

cross-linking X
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Figure 14: (a) Fabrication scheme and microscopy images of CNMs made from aromatic self-
assembled monolayers (biphenyi-thiol in this case). (b,c): Optical microscopy images of CNM
on silicon wafer with 300 nm SiO2. The CNM is visible due to an interference contrast effect.*®

(a) shows a large membrane with some folds from the transfer process. (b) A line pattern image
fabricated by e-beam lithography. (d) SEM micrograph of four 130um x 130um holes in a TEM
grid with CNM on top. (e): TEM image of a conductive CNM transferred onto a TEM grid. The
CNM was pyrolysed at 1100 K, transforming it to a nanocrystalline and conductive film.“6 Both
electron microscopy images (d,e) show some folds and wrinkles in the membrane. Reprinted

with permission#647

Carbon nanomembranes (CNMs) are extremely thin and homogeneous two-dimensional
objects consisting of a monolayer of cross-linked molecules. They are made by exposing
a self-assembled monolayer (SAM) of aromatic molecules with electron*® or soft X-ray
irradiation*®. In Figure 14a the SAM is exemplified with the by far most investigated
system, a biphenylthiol (BPT) on gold. The CNM is subsequently released from its
substrate by dissolving the latter.5° Thickness, chemical composition, and density of the

original SAM determine the properties and composition of the resulting CNM. Freely
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suspended CNMs are made by transferring the cross-linked SAM from its substrate to a
porous structure, such as a metal grid (see Figure 14 a,d,e). The freely suspended CNM
is about as thick as the original SAM and can span large areas of more than 500x500

um?2.

The mechanical elasticity and the electrical conductivity of a CNM can be tailored via
pyrolysis in ultra-high vacuum (UHV)*5! or under inert atmosphere.5? CNMs have a
potential for a variety of technical applications, like filters,>® sensors,*® resists,*® nano-

sieves,> or “lab-on-a-chip“ devices.%®

In 2012, Turchanin and Goélzhauser published a review with all relevant aspects of the
research on carbon nanomembranes made from self-assembled monolayers.% In
addition, the PhD thesis of Christoph Nottbohm is a good source for all aspects of CNMs

(or carbon nanosheets).*’

The samples investigated in this study were fabricated by members in the group of Prof.
Golzhauser, “Physics of Supramolecular Systems and Surfaces” at Bielefeld University.
A main goal of this group is the production and investigation of CNMs, and therefore a
fast and reliable imaging method is essential. Optical microscopy is suitable on SiO2/Si
wafer pieces as depicted in Figure 14b,c, but on other surfaces, the CNM is not or only
barely visible. Freestanding membranes are imaged by transmission electron
microscopy (Figure 14e), with obvious limitations due to the transmission method.
Scanning electron microscopy (SEM) shows a very low contrast on these membranes
(Figure 14d), and tends to be destructive for freestanding membranes. Previous reports
(Zharnikov et al.) demonstrate that low-voltage SEM (500eV) could overcome some of

these limitations.58:59

There is scarce literature data HIM imaging of such ultrathin membranes. The thickness
of graphene is comparable, but a fundamental difference is its good conductivity. Due to
the high interest in the material it is used by various groups, where the main focus is the
modification and production of small structures and, finally, circuits (see, e.g. 80-63).
Nanocrystalline graphene was extensively investigated in the course of this thesis. The
images are documented in the PhD thesis of Nils-Eike Weber.%* Small flakes of
hexagonal boron nitride (h-BN), a material that shares a lot of similarities to graphene,
were imaged in a comparative study by Guo and coworkers.®® They show that HIM is
more sensitive and consistent than FE-SEM for characterizing the number of layers and
morphology of 2D materials. Hlawacek et al. investigated thin organic layers and proved

the extremely high surface sensitivity of HIM for such materials.?!66

The CNMs imaged in this thesis were produced by: Polina Angelova, André Beyer,

Xianghui Zhang, Nils Weber, Isabella Meier, Min Ai, Oliver Reimer, Hanno Meyer zu
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Theenhausen, Robin Klett, Nils Mellech, Matthias Buenfeldt, Andreas Winter, Albert

Schnieders, Daniel Emmrich, Vahe Chinaryan, and Christoph Neumann.

3.1.2 Imaging of CNMs by helium ion microscopy

For imaging with the HIM, the important aspects of a CNM is that it is an ultrathin (~1nm)
and insulating material. Due to the thickness, the high surface sensitivity of the HIM is
beneficial to obtain good images with high contrast. It is also important to note, that the
helium beam will penetrate the CNM easily, striking anything below a freestanding
membrane. Charging of the membrane is also challenging, but can be controlled by

either using low beam currents or using the electron floodgun for compensation.

3.1.3 Imaging CNMs on solid supports

For a number of applications, CNMs are transferred on solid supports. For all of these
applications, a fast and reliable production control is mandatory. On all substrates
imaged so far, HIM images of CNMs provide high contrast and good visibility of features

of the membrane.

Figure 15 shows examples on six widespread substrates with transferred CNMs in a very
low magnification (overview, about 2 mm FOV) and higher magnification to show typical
features of the membranes. Please note that a perfect (defect-free) sample will not
provide meaningful images, as contrast originates from defects, folds or the edge of the

membrane.

In Figure 15a, the edge of a CNM is imaged on oxidized silicon, together with a big
scratch for further navigation in other techniques. Defects and folds like in image (d) are
frequently observed at edges of transferred CNMs, together with contaminations, also
very well visible in an example on mica (b). Imaging at higher magnification of this sample
(e) shows only a small scratch without CNM in the middle, and some double-layers in

the upper part of the image.

A CNM double-layer is transferred on a silicon nitride chip in Figure 15c. Defects, folds
and contaminations (Figure 15f) can be assessed in high detail. The same is visible for
a CNM on silicon carbide (g,j)) CNMs on polymers are used in gas permeation
measurements, where the defective area is an important factor to calculate the final
influence of the CNM. The images on PDMS (h,k) are part of an experimental series on
gas permeation published recently.>3 The teflon used as substrate in Figure 15i,l is rough

itself and has a pore in the middle.
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Figure 16: Two Iayérs of CNM on PDMS - contrast changes with ﬂobdgun settings. The circular
objects in the corners are artifacts from the column.

In most cases the CNM lowers the final SE-intensity compared to the bare substrates.
However, Figure 16 depicts an example of a double-layer CNM on PDMS where different

floodgun settings change the contrast.

In general, it is difficult to use the image intensity as an analytical feature. The value
depends on a lot of settings like timing (dwell, floodtime) and dose density / ion dose per
area (magnification, beam current, charge compensation, etc). In summary, the contrast

is a dynamic feature to be optimized by the HIM operator.

3.1.4 CNMs on porous supports (TEM grids)

The final test whether a membrane production was successful is the transfer on porous
support to prove that it is freestanding and stable. As discussed earlier, the final intensity
in a pixel is a measure of all electrons reaching the detector at the time the beam is
positioned at a certain point. This is important to consider as the beam easily penetrates
the CNM, hitting parts of the sample stage or the grid below where again SEs are ejected.

This must be considered when interpreting the images.

Figure 17 shows a rather extreme example for such effects. The images in (a) and (b)
show the same sample, where in (a) secondary electrons from the transmitted helium
ions are hitting the stage well below the TEM grid and are free to reach the SE detector.
In case (b) the path for the secondary electrons is blocked. To guide the eye, arrows in

the figure depict the same position in the sample.
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Fi 17: In images with suspended CNMs on TEids, 'the background is important. Images
(a,b) show the same sample mounted differently. The arrows show similar positions to guide the
eye. (c,d): CNMs on a TEM grid with holey carbon film.

More complex examples are in Figure 17c,d. Here, a holey carbon film on a copper grid
is used as substrate. The carbon film should be on top of the copper grid, as in most of
the squares in Figure 17c. The grid is almost fully covered. In the top right corner a small
wrinkle of the CNM is visible. In the areas marked with A,B & C some contrast features
are well visible. At A, the CNM is not intact, thus the holes in the holey carbon film appear
darker. The holey carbon film and the copper grid itself are brighter than in surrounding
areas. At B, the CNM is freestanding some um above the holey carbon foil. A large
fraction of the SE’s from beneath the CNM are blocked, thus providing a dark
appearance. At C, the CNM is again freestanding above the holey carbon film, but with

a large crack. SE’s from beneath are able to escape through this crack providing a
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brighter appearance of the features the closer they are to the crack. Figure 17d is another

example. In the middle, CNMs span from the copper grid to the holey carbon film, which

is some um lower. As long as they are not directly supported they have a darker

appearance (see arrows).

b

igure 18: CNMs transferred on copper grids with ~80um héxégonal openings. (b): image
obtained by André Beyer.

Figure 18 represents different features of a CNM itself that are visible in HIM. In (a) larger
folds on the upper side of the image, and one rupture in the center are visible. (b) is an
interesting example of the membrane rolling up at a rupture, showing the high flexibility
of CNMs. Small folds are a feature that is frequently observed (c). Wrinkling (or waves)
of the freestanding membrane is a not often observed feature, where (d) is a nice

example of such structures in an image.
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There are even larger freestanding CNMs, Figure 19 shows the largest intact CNMs

produced so far. Please note that structures on the CNM, originating from the

background (sample stage), are visible as discussed earlier.
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Figure 19: CNMs transferred on copper grids with ~500um hexagonal openings.

CNMs with different thicknesses are imaged in this study. Despite the high surface
sensitivity, an increasing thickness should provide a higher SE-yield on freestanding
samples. This is slightly visible in Figure 20b, where the CNM was folded back in the
transfer process. In the overview image (a) this double-layer from the top left corner to
the right middle of the image is visible. The square marks the position of the magnified

image in (b) where the start of the second layer is marked with arrows.
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Figure 20: CNMs transferred on copper (a,b) and quantifoil multi-A (c,d) TEM grids. (b) isa

magnified image of the square in (a). (c,d): different SAM structures lead to different thickness

of the CNMs, in this case with 1.1 and 1.7 nm thickness (In this case HBC-Br, see chapter
3.1.9).

In Figure 20c,d the CNM is suspended on a copper grid with a holey carbon layer some
pMm below it (similar to Figure 17c,d). The CNM in (c) is folded, so the lower right part is
in fact a CNM with ~3.3 nm thickness, where in the upper left part there is only one layer
(~1.1 nm). (d) shows a CNM with 1.7 nm thickness. The structures of the holey carbon
grid are getting more blurry with increasing thickness due to an increase in scattering of
the incident helium beam. An increase in brightness with increasing thickness is not
visible here. This effect is superimposed by the interaction with the underlying carbon

grid.
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In general, it is possible to show a thickness difference in cases with well comparable

environment. Unfortunately, this effect is not quantitative so a direct thickness

measurement is not possible.

3.1.5 High resolution imaging of CNMs

o W

R P ...\' b i "”“ i

Figure 21: High resolution images of CNM transferred on a gold-coated silicon janus

nanoparticle surface. (a): the structures are fully covered, only a small rupture in the middle right
region is visible (brighter nanopatrticles). (b): CNM begins at the arrows.

It is also very well possible to image CNMs in high resolution (field of view smaller than
1 ym). Position, morphology and defects are imaged in high detail. Figure 21 is a CNM
on top of a surface enhanced Raman spectroscopy (SERS) substrate. It consists of
silicon nanospheres sputter-coated with gold. The spheres are gold coated only on top
providing so-called “janus nanoparticles”. The substrate was prepared by Prof. Takei. It

was studied in detail, also with HIM, in a recent publication.®3

As the CNM is transferred on the substrate, it is important to investigate the success of
the transfer process and the final morphology of the membrane. What is visible with the
CNM on top is that the membrane stays intact after transfer. Due to its high flexibility it
follows the particle shape very well. Figure 21b the edge of a CNM (see arrows) on a

group of single nanoparticles is shown.
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Figure 22: Micrographs of CNMs irradiated with highly charged ions (HCI). (b,c) show a CNM on
a holey carbon film with pore diameters of some um. The sample was imaged by HIM (b) and
TEM (c) showing similar pore diameters. Pores appear dark in HIM and bright in TEM. (d-h):
CNM on copper grid with ~50 um openings, the electron floodgun was used for these HIM
images. (d): Overview of one field. High resolution images are taken in the middle of such a grid
opening. The arrow points at the approximate position of image (e). 3 CNM-covered grids like in
(d) were stacked and irradiated with HCIs. The ions penetrated the samples in the order (f)-(g)-

(h).
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3.1.6 Imaging of porous CNMs made by highly charged ions (HCI)

Porous membranes are of high interest for all aspects of filtering liquids or gases. For
this purpose, a suitable analysis method is necessary. As model example, samples of
CNMs irradiated with slow highly charged ions (HCI) are investigated.*” This study was
performed in cooperation with Robert Ritter®”, Richard Wilhelm and coworkers from TU
Vienna and HZDR Dresden.

On the irradiation with HCls, every ion is producing one hole in the CNM with a relative
narrow size distribution. Figure 22a-c depicts the same sample which was irradiated with
Xe 40+ ions and later investigated by TEM and HIM. In direct comparison, HIM provides
higher contrast of the pores, thus making it easier to be analyzed. The size analysis from
a number of images resulted in similar results of both methods. Thus, it can be concluded

that HIM is a suitable method for such an analysis on CNMs.

In a follow-up study, the irradiation of a stack of 3 CNMs is carried out to learn about the
development of pore sizes and calculate energy loss in every layer. Here it is desirable
to use grids with large holes to be able to align them properly. On such large freestanding
CNMs (Figure 22d), an analysis with TEM is impossible because the membrane ruptures
instantaneously due to forces caused by charge buildup. This is also the case in HIM,
but with the floodgun in operation such membranes could be imaged. However, imaging

time is high and the achieved contrast is low.

An example of a first layer is shown in Figure 22e. The images in (f,g,h) are contrast

optimized and show the pore size development through the stack of CNMs.
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3.1.7 Imaging of porous CNMs made from different SAMs
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Figure 23: HIM images of free-standing, porous CNMs of different thickness. (a-c): prepared
from HBC-Br. (d-f): prepared from HBC-CN (3c); see inset in a,d for structural formula. The
thickness of the membranes is given at the top right corner of each image. The histograms in
the insets show the distribution of the pore diameter with a step of 0.6 nm. The membranes are
placed onto Quantifoil TEM grids type Multi A. Image from published supporting information. 58
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Since the thickness of CNMs is determined by the precursor molecules, the substrate
and preparation conditions, it can be controlled by varying these parameters. In an
elaborate study, a number of different molecules were studied for their ability to form
CNMs (see Chapter 3.1.9 for full details). Two molecules were identified where the
thickness varies with the preparation condition of the SAM. They are extended disc-type
polycyclic aromatic hydrocarbons, hexa-peri-benzocoronene (HBC) derivatives, with
either Bromide (HBC-Br) or cyano (HBC-CN) tail groups (see structural formula in Figure
23a,d; or chapter 3.1.9).

For the analysis, important aspects of the imaging process are: charging, deposition of
contaminations and sputtering. The CNMs here are transferred on Quantifoil TEM grids
with openings of some pm, so it is always possible to measure areas of CNM very close
to this supporting film. There, charging is limited and imaging is well possible without any
charge compensation. Contamination and sputter effects are somehow working against
each other. On dirty samples holes are directly closed by scanning. This visually does
not cause any problem because this effect can be easily observed by the operator. Too

high scanning doses on regular samples increase pore sizes. In this study, optimized
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scanning strategies are used, that do not notably increase the pore diameters. It is

important to note that all positions are only scanned once.

From both molecules, CNMs with thicknesses of about 1, 1.2 and 2 nm were prepared
and analyzed for porosity. With increasing CNM thickness, smaller size of the pores with
a narrower distribution were observed. The histograms present averaged data from

many images; between 550 and 1300 pores were counted for every graph.

In Figure 24 the mean pore diameter and the pore density from these samples are plotted
against the thickness of the CNM. Both CNMs show a consistent decrease in mean pore

size from ~6 nm to 2-3 nm with increasing thickness.
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Figure 24: Quantification of porosity of CNMs, prepared from HBC molecules (3b-c). (a): Mean
pore diameter versus thickness of the parent self-assembled monolayers.(b): pore density
(number of pores per area) versus thickness of the parent self-assembled monolayers. Image
from published supporting information.®®

3.1.8 Summary: Imaging of CNMs

In this chapter it is shown that the helium ion microscope is very useful in imaging of
CNMs. The high surface sensitivity allows high contrast images on the macroscale and
thus a fast and reliable product control. Freestanding CNMs are imaged and provide all
necessary information on the morphology of membranes. In highest resolution it is even
possible to analyze defects or wanted porosity of membranes down to the nm — range.

In conclusion, it is possible to follow the production by one microscopy method.
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3.1.9 Publication: A Universal Scheme to Convert Aromatic Molecular

Monolayers into Functional Carbon Nanomembranes (ACS Nano
2013)

This Chapter is reprinted with permission from ACS Publications. The original article
appeared as:

Angelova, P.; Vieker, H.; Weber, N.-E.; Matei, D.; Reimer, O.; Meier, |.; Kurasch, S.;
Biskupek, J.; Lorbach, D.; Wunderlich, K.; et al. A Universal Scheme to Convert
Aromatic Molecular Monolayers into Functional Carbon Nanomembranes. ACS Nano
2013, 7, 6489-6497.

Contribution:

Helium lon Microscopy was performed by the author.
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A Universal Scheme to Convert
Aromatic Molecular Monolayers into
Functional Carbon Nanomembranes

Polina Angelova,” Henning Vieker," Nils-Eike Weber," Dan Matei," Oliver Reimer," Isabella Meier,"
Simon Kurasch,* Johannes Biskupek,* Dominik Lorbach,® Katrin Wunderlich,® Long Chen,® Andreas Terfort,*
Markus Klapper,® Klaus Miillen,® Ute Kaiser,* Armin Goélzhauser,™* and Andrey Turchanin®

TFaculty of Physics, University of Bielefeld, 33615 Bielefeld, Germany, *Central Facility of Electron Microscopy, University of Ulm, 89081 Ulm, Germany, *Max Planck
Institute for Polymer Research, 55128 Mainz, Germany, and “Institute of Inorganic and Analytical Chemistry, University of Frankfurt, 60438 Frankfurt, Germany

ABSTRACT Free-standing nanomembranes with molecular or atomic e &
Nanomembrane

thickness are currently explored for separation technologies, electronics, e
SH

and sensing. Their engineering with well-defined structural and func- \%& &
tional properties is a challenge for materials research. Here we present a o i Q

. . R -
broadly applicable scheme to create mechanically stable carbon nano- ®
membranes ((NMs) with a thickness of ~0.5 to ~3 nm. Monolayers of g » " &
polyaromatic molecules (oligophenyls, hexaphenylbenzene, and poly- Hs & )

cydic aromatic hydrocarbons) were assembled and exposed to electrons
that cross-link them into CNMs; subsequent pyrolysis converts the C(NMs
into graphene sheets. In this transformation the thickness, porosity, and
surface functionality of the nanomembranes are determined by the
monolayers, and structural and functional features are passed on from the molecules through their monolayers to the C(NMs and finally on to the graphene.
Our procedure is scalable to large areas and allows the engineering of ultrathin nanomembranes by controlling the composition and structure of precursor

molecules and their monolayers.

KEYWORDS: two-dimensional materials - carbon nanomembranes - graphene - molecular self-assembly - helium ion microscopy

he creation of functional two-dimen-
Tsional (2D) materials is a fast-growing
field within nanoscience. Nano-
membranes,’ i.e. free-standing films with a
thickness of a few nanometers, have been
predicted to possess a superior perfor-
mance in the separation of materials where
they should allow a faster passage of the
selected—gas or liquid—molecules than
any conventional filter> Nanomembranes
were integrated in stretchable electronics®
and have been applied as mechanical resona-
tors in nanoelectro—mechanical systems;*
further, hybrids of nanomembranes with fluid
lipid bilayers were built as biomimetic inter-
faces for molecular recognition and sensing.”
Diverse strategies have been developed
to build nanomembranes. Since the 1990s
the so-called layer-by-layer (LbL) technique
is employed to fabricate membranes for
corrosion protection, sensing, and drug
delivery.>” In the LbL process, an electrically

ANGELOVA ET AL.

charged surface is sequentially dipped into
positively and negatively charged poly-
electrolytes, leading to the formation of
polymeric membranes of well-defined mo-
lecular composition with thicknesses from
~15 nm to several 100 nm. Much thinner
membranes can be made by exfoliating
single sheets out of a layered material®
Graphene, consisting of a few (~1— 5)
layers of carbon atoms, was initially made
by exfoliation® and is nowadays produced
by a variety of techniques,'® allowing re-
searchers to gain new insights into the
physics and chemistry in two dimensions.
However, the surface of graphene is
homogeneous and chemically inert, which
makes an efficient functionalization with
other molecules difficult. On the contrary,
covalent organic frameworks''"'? (COFs)
and related two-dimensional systems'3~'6
are nanomembranes with heterogeneous,
chemically reactive surfaces. The first step in
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Figure 1. Schematic for the formation of carbon nanomembranes (CNMs) and graphene from molecular precursors. (a—c)
Schematic illustration of the fabrication route for CNMs and graphene: Self-assembled monolayers are prepared on a
substrate (i), then cross-linked by electron irradiation to form CNMs of monomolecular thickness (ii). The CNMs are released
from the underlying substrate (iii), and further annealing at 900 °C transforms them into graphene. (a) Fabrication of thin
CNMs and graphene (from “linear” precursor molecules 1a—1c in d). (b) Fabrication of thicker CNMs and few layer graphene
sheets (from “condensed” precursors 2a—2f in d). (c) Fabrication of CNMs and graphene sheets with nanopores (from “bulky”

precursors 3a—c in d). (d) Chemical structures of the different precursor molecules used in this study.

their creation is the synthesis of organic molecules
of well-defined size and shape with functionalities
at defined positions. When brought into proximity,
adjacent molecules form multiple covalent bonds
and assemble, such as Wang tiles, in a 2D lattice. COF
nanomembranes look very aesthetic; however, their
fabrication is time-consuming and requires high skill in
organic synthesis.

In this article, we present a modular and broadly
applicable construction scheme to efficiently fabricate
ultrathin carbon nanomembranes (CNMs) that unite
the thinness of graphene with the chemical function-
ality of a COF and the ease of fabrication of LbL films.
It was found earlier'” that self-assembled monolayers
(SAM:s) of 1,1’-biphenyl-4-thiol (BPT) are laterally cross-
linked by low-energy electrons and can be removed

ANGELOVA ET AL.

from the surface forming 1 nm thick CNMs. When these
CNMs are pyrolized at ~1000 K, they transform into
graphene.'®'® Motivated by these findings, we applied
similar protocols to a variety of other polyaromatic
molecules. Our scheme (Figure 1a—c) utilizes a se-
quence of (i) molecular monolayer assembly on a solid
surface, (i) radiation induced two-dimensional cross-
linking, and (iii) a lift-off of the network of cross-linked
molecules. The product is a free-standing CNM, whose
thickness, homogeneity, presence of pores, and sur-
face chemistry are determined by the nature of the
initial molecular monolayer. We investigated three
types of thiol-based precursors: nonfused oligophenyl
derivatives (Figure 1d: 1Ta—1c) which possess linear
molecular backbones providing an improved structur-
al ordering of the formed SAMs; condensed polycyclic
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precursors like naphthalene (NPTH), anthracene (ANTH)
and pyrene (MP) mercapto derivatives (Figure 1d:
2a—2f) which are more rigid and should result in a
higher stability and an increased carbon density of the
monolayers; “bulky” molecules, like the noncondensed
hexaphenylbenzene derivative with a propeller-
like structure (Figure 1d: 3a) and extended disc-type
polycyclic aromatic hydrocarbons such as hexa-peri-
benzocoronene (HBC) derivatives (Figure 1d: 3b,c).2%?'
The former are specially functionalized with long alkyl
chains and a surface active group which is attached to
the z-conjugated backbone through a flexible methy-
lene linker. This molecular design enables a control over
the thickness and packing density of the SAMs by
varying the conditions of preparation. Figure 1a—c
shows schematics of our process applied to different
types of monolayers. In Figure 1a oligophenyls with a
linear molecular backbone form well-ordered mono-
layers that cross-link into homogeneous CNMs. After
pyrolysis, the CNMs transform into graphene, whose
thickness depends on the density of carbon atoms in
the monolayers. In Figure 1b, small condensed poly-
cyclic precursors also form monolayers that cross-link
into CNMs. After pyrolysis, the CNMs transform into
graphene, whose thickness is higher than in 1a, even if
the carbon density is the same as in 1a. Figure 1c shows
bulky aromatic hydrocarbons that assemble in a less-
ordered monolayer and cross-link into CNMs with
pores. After annealing, these nanomembranes trans-
form into thicker graphene sheets with pores. Hence,
the produced graphene takes on structural features
from the preceding CNM, which itself has taken on
features from the preceding monolayer, i.e. from mol-
ecules and surface. Structural and functional properties
are thus passed on from the molecules through their
monolayers to the nanomembranes. Our procedure is
scalable up to square meters and can produce CNMs
and graphene of defined thickness, chemical composi-
tion and pore density. We investigated how the molec-
ular size, composition, and structure of the monolayers
affect the resulting nanomembranes by employing
X-ray photoelectron spectroscopy (XPS), scanning
tunneling microscopy (STM), low-energy electron dif-
fraction (LEED), helium ion microscopy (HIM), and
aberration-corrected high-resolution transmission elec-
tron microscopy (HRTEM).

RESULTS AND DISCUSSION

First, we characterized the structure of SAMs on gold
from aromatic thiols shown in Figure 1d; Au(111)/mica
substrates were immersed into the solutions of the
precursor molecules (see Supporting Information (SI)
for details of the preparation). SAMs form due to the
making of strong bonds between the sulfur and the
gold atoms that is accompanied by van der Waals
interactions between the carbon atoms.?? To obtain
SAMs with a desired molecular packing, we can adjust
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parameters like immersion time, temperature, concen-
tration, and polarity of the solvents (see Sl). XPS data of
aromatic SAMs, representing diverse types of precur-
sors, are shown in Figure 2 (left). For each SAM, its
chemical composition and the thickness can be de-
rived from the binding energy and intensity of the C1s,
S2p and Au4f photoelectron signals. The sulfur signal
consists of a doublet with a S2ps,, binding energy (BE)
of 162.0 eV, which unambiguously demonstrates the
formation of sulfur—gold bonds.>® Only for the HBC
derivatives (3b,c), the presence of a second sulfur
species with the BE of the S2ps,, signal at 163.6 eV is
observed. This signal originates from physisorbed HBC
and/or of disulfides,?* which may be stabilized by 77—
interactions between the large aromatic cores, indicat-
ing a lower degree of order in these SAMs. Aromatic
and aliphatic carbons contribute to the Cls signal
at BEs of ~284.2 eV and ~285.0 eV, respectively.?®
Stoichiometry and thickness as obtained from XPS
correspond to the composition of the precursor mol-
ecules, and indicate the formation of SAMs with an
“upright” molecular orientation. By varying the pre-
cursors, the thickness of the aromatic monolayers
can be adjusted from ~6 A for NPTH (Figure 1: 2a) to
~24 A for HBC—CN (Figure 1: 3c), which directly
correlates with their molecular lengths (see Figure 1a
and Table 1). In addition, the temperature and solvent
dependent intermolecular interactions of the HBC
derivatives” allow one to tune the final SAM thickness
by varying the preparation conditions (see Table 1).
A detailed analysis of the XPS data is presented in
Table S1 (see SI).

To determine structure and surface density of the
SAMs, they were studied by STM and LEED. Figure 3
shows three molecular precursors containing different
numbers of carbon atoms per molecule — anthracene
(C14), 3-(biphenyl-4-yl)propane (C15) and terphenyl
(C18) thiols. We found that precursor molecules 1b,
1¢, 2a, 2b, 2¢, and 2e (see Figure 1d) form ordered
SAMs with the densely packed?® (v/3 x +/3) unit cell of
the adsorption places and with the (2+/3 x +/3) super-
structure of the molecular backbones. These structures
are clearly deduced from LEED as well as STM data (see
Figure 3) and correspond to a surface area of 21.6 A?
per molecule. Note that for these SAMs the surface
density of carbon atoms in the monolayer can be
precisely tuned by the carbon content of the respective
molecular precursors. Short biphenylthiols (1a) exhibit
a (2 x 2) arrangement of the adsorption places, which
corresponds to a less densely packed monolayer of
28.7 A% per molecule.?” We did not observe the forma-
tion of LEED patterns and well-ordered SAMs by STM
for precursor molecules 2d and 2f and 3a—c. As XPS
indicates a formation of sulfur—gold bonds for all
precursors, we conclude that monolayers of the “bulky”
and polycyclic molecules 2d, 2f, 3a—c are less ordered
and probably less densely packed than the monolayers
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Figure 2. XPS data of pristine SAMs and CNMs. XP spectra of C1s and S2p signals of the pristine (in yellow) and electron-
irradiated (50 eV, 60 mC/cm?) monolayers (in blue) of (a) BP3, 1b. (b) TPT, 1c. (c) ANTH, 2b. (d) TMP, 2c. (e) HPB, 3a.
(f) HBC-Br, 3b.

of oligophenyls (1a—c) and the small fused-ring sys-

TABLE 1. Effective thickness of pristine SAMs and CNMs; tems (2a—c, 2e).

carbon reduction upon electron irradiation (100 eV,

60 mC/cm?) The next step of our process is the radiation-induced
conversion of the aromatic monolayers into 2D carbon
Sample Thickness  Thickness  Reduction nanomembranes. Therefore, we irradiated the SAMs
SAM[A]  CNM[A]  ofC[%] i )
12 BPT) 0 5 g with low-energy electrons (50 or 100 eV, see Sl), using
1b (BP3) 12 10 16 typical doses of ~60 mC/cm?, corresponding to ~3500
1c (TPT) 13 12 4 electrons per 1 nm?, which leads to a loss of order, as
g: Eﬁ?;‘:; 6 6 9 observed in LEED and STM. It is known from previous
9 9 2 . . 28,29 ~
2¢ (1MP) . - 10 studies o.f th|9| 'SAMs 9n gold, that low-energy
2d (MP1) 9 8 4 electron irradiation results in the cleavage of C—H
2g (MP3) 1 10 8 bonds. In aliphatic SAMs, this C—H cleavage is accom-
gf (('I\_inppé’; 1: : 1; panied by conformational changes and C—C cleavage
a e .
3b" (HBC-Br) 10 10 4 that lead to molecular decomposition and desorption.
3b? (HBC-Br) 12 ik 5 Conversely, after C—H cleavage in aromatic SAMs, the
3b: (HBC-Br) 19 {7 2 delocalization of m-electrons over the o-framework
3¢'(HBC-CN) 12 10 6 - L .
3¢*(HBC-CN) 14 12 5 f)f th.e faromatlc ring, retains its integrity through the
3¢*(HBC-CN) 24 29 3 irradiation process and we observe a predominant

cross-linking between adjacent molecules into a mec-
" Different conditions were applied for preparation of SAMs from 3b' > and 3¢' . hanically stable 2D network. As suggested by UV

For details see SI. photoelectron spectroscopy and quantum chemical
] ACNIANO
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Figure 3. Structure of pristine SAMs. STM micrographs and LEED patterns (insets) of SAMs from molecular precursor: (a)
ANTH, 2b; LEED pattern at 116 eV. (b) BP3, 1b; LEED pattern at 127 eV. (c) TPT, 1¢; LEED pattern at 129 eV. For molecular
structures see Figure 1d.

calculations of BPT SAMs on gold (see Figure 1: 1a),
the formation of single- and double-links (C—C bonds)
between phenyl rings of the molecules prevails the
cross-linking.?® Unabling the specificity this picture is
also supported by UV—vis spectroscopy of the formed
CNMs.3® Figure 2 shows XPS data before and after
electron irradiation in the left and right parts, respec-
tively. As seen from the intensities of the C1s and Au4f
(not shown), for purely aromatic SAMs (Figure 2b—d)
the irradiation reduces carbon content and monolayer
thickness by ~5—10%; in SAMs with aliphatic chains
up to ~20% (Figure 2a). However, this small loss
of material is not relevant for the effectiveness of
the cross-linking. We find that the irradiation and the
subsequent molecular reorganization also affects the
sulfur—gold bonds, as indicated by the appearance of a
signal with the Sps/, binding energy of 163.5 eV, which
we assign to thioethers or disulfides forming after the
cleavage of S—Au bonds.

After the electron irradiation of the aromatic mono-
layers, we transferred the obtained CNMs from their
gold substrates onto perforated supports (e.g., TEM
grids)'® and imaged them with a helium ion micro-
scope®' (HIM). This novel charged particle microscopy
combines high resolution (~4 A) with high surface
sensitivity and the possibility to image nonconducting
ultrathin specimens.3? Figure 4 shows HIM micro-
graphs of free-standing CNMs from different types of
aromatic molecular precursors (see Figure 1d: 1-3).
Simply the fact that one can take these images demon-
strates that the SAMs of all these molecules have
been cross-linked into mechanically stable CNMs. In
Figure 4a—c free-standing CNMs from precursors 1c,
2¢, and 2d are shown. These HIM micrographs were
acquired at different magnifications, demonstrating
the successful fabrication of CNMs of various lateral
sizes. The field of view in Figure 4a is 40 x 40 um?,
which allows to observe some folds in the free-
standing 1.2 nm thick CNM. In the lower left corner of
Figure 4b, the boundary between the free-standing or
supported CNM and substrate can clearly be seen.
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Figure 4c shows the field of view of 300 x 300 um?
with a large and homogeneous CNM of a thickness of
0.8 nm. Macroscopic defects in these nanomembranes
are practically negligible on the length scale of these
images.

Since the thickness of CNMs is determined by the
precursor molecules and their packing density in SAMs,
it can be controlled by tailoring these parameters.
Figure 4 displays examples of CNMs where the thinnest
nanomembrane is from precursor 2a with a thickness
of only 0.6 nm and the thickest one is from precursor 3¢
with an about four times higher thickness (2.2 nm). The
opportunity to flexibly control the thickness of CNMs
opens broad avenues for the engineering of nano-
membranes. Along this path, we investigated different
CNMs by HIM and found a clear relation between pro-
perties of the precursor molecule, its SAMs and the
appearance of the ensuing CNM. If the molecule forms
a densely packed SAM (1a—c, 2a—c, 2e in Figure 1d),
the following CNM is continuous and free of holes.
Figure 4g shows a high magnification HIM image of a
homogeneous CNM made from terphenylthiol (1c).
Conversely, CNMs made from HBC (3b—c in Figure 1d)
or HPB (3ain Figure 1d) precursors, two molecules that
possess larger sizes and form less well-ordered SAMs,
exhibit pores, cf. the HIM images in Figure 4h and
Figure 4i. The dark spots in these images are pores that
have a very small diameter and a narrow size distribu-
tion, as shown in the respective histograms (see insets).
In case of the HBC precursor the mean size of the
nanopores is ~6 nm with the surface density of 9.1 x
10" pores/m? the more compact HPB precursor
shows a size of ~24 nm with a surface density of
1.3 x 10" pores/m?. The formation of nanopores in
these CNMs is thus attributed to the large van der
Waals radii of HBC and HPB structures and in the case
of HBCs to the propensity of the disk like molecules
for intermolecular stacking which competes with the
molecule—substrate interactions and lowers the order
in the respective SAMs. We also observe that the
average pore diameter decreases from 6.4 to 3.0 nm
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Figure 4. Helium ion microscope (HIM) micrographs of free-standing CNMs. After cross-linking the nanomembranes were
transferred onto TEM grids and images were taken at different magnifications (see scale bar). CNMs were prepared from: (a)
TPT, 1¢; (b) MP1, 2d; (c) TMP, 2¢; (d) NPTH, 2a; (e) BP3, 2b; (f) HBC—CN, 3¢; (g) TPT, 1¢; (h) HBC-Br, 3b; (i) HPB, 3a; the upper left
insets show the precursor molecules. The CNM in a is suspended over a gold TEM grid, CNM:s in (b—f) over copper grids, CNMs
in (g—i) over Cu grids with thin carbon film. The numbers in the lower left corners in (a—g) indicate the CNM thicknesses, as
determined from XPS before the transfer. HIM images (h and i) show CNMs with nanopores, the lower insets show the

respective distributions (in %) of pore diameters (in nm).

when the SAM thickness increases from 1 to 2 nm (see
Sl for details).

Finally, we studied the conversion of CNMs from
various molecular precursors into graphene'® by an-
nealing them at 900 °C in ultrahigh vacuum (~10"°
mbar) (see Sl for details). Sulfur atoms, initially present
in the CNM (see Figure 1d), desorb during this treat-
ment.?® Note that a high thermal stability of CNMs is
essential for the conversion into graphene, as non-
electron-irradiated aromatic thiol SAMs desorb from
the substrate at temperatures® (~120 °C) that are much
lower than necessary for their pyrolysis. The atomic
structure of the CNMs after annealing was imaged by
aberration-corrected (AC) high-resolution transmission
electron microscopy (HRTEM) at 80 kV accelerating
voltage. The atomically resolved AC-HRTEM micro-
graphs of annealed CNMs from various precursor mol-
ecules are presented in Figure 5; in these images carbon
atoms appear dark. Figure 5a shows one of the thinnest
CNMs (0.8 nm, 3a in Figure 1d) after annealing. Most of
the sheet area consists of single-layer graphene (~50%,

ANGELOVA ET AL.

light-blue color coded) with the clearly recognizable
hexagonal arrangement of carbon atoms; randomly
oriented graphene nanocrystallites are connected with
each other via the typical heptagon—pentagon®* grain
boundaries (see inset to Figure 5a). A small fraction
of the sheet (~20%, light green color coded) consists of
graphene double-layers, which reveals the respective
moiré pattern.3® Gray and light-red areas correspond
to the disordered carbon and holes, respectively; pen-
tagons (green) and heptagons (blue) are marked. The
thickness of the formed graphene sheets depends on
the structure of the precursor molecules and their
abilities to form SAMs and to be cross-linked into CNMs.
As seen in Figure 5b—g, graphene sheets from various
precursors have the same nanocrystalline morphology
as in Figure 5a; however, their thickness varies by a
factor of ~3, depending on the precursor. This visual
impression was confirmed by measuring the film thick-
ness by quantitative electron energy loss spectroscopy
(EELS) at the carbon K adsorption edge® (see S,
Table S2). The structural transformation of CNMs into
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3.1: Imaging of carbon nanomembranes (CNMs)

Figure 5. Atomic structure of CNMs of various thicknesses after conversion into graphene. Aberration-corrected high-
resolution transmission electron microscope (AC-HRTEM) images at 80 kV of graphene samples, prepared from (a) HPB, 3a. (b)
biphenylthiol, BP3, 1b. (c) BPT, 1a. (d) 1MP, 2c. (e) ANTH, 2b. (f) TPT, 1c. (g) HBC-Br, 3b. Regions of different layer thicknesses
are color coded: single layers - light blue; double layers - light green; holes - light red. The insert in (a) shows a magnified grain
boundary where arrangements of carbon atoms into pentagons (green) and heptagons (blue) are marked. For structures of

the molecular precursors see Figure 1d.

graphene has a drastic impact on the electrical proper-
ties. Being initially dielectric, with a band gap of ~4 eV
for CNMs from biphenylthiols*® (1a in Figure 1d), an-
nealing at 900 °C results in the conversion into con-
ductive graphene with a sheet resistivity of ~100—
500 k€/sq. The resistivity correlates with the thickness
of the graphene sheets, with lower resistivity for the
thicker sheets.

The above results clearly demonstrate that our
procedure is a modular and broadly applicable con-
struction scheme to fabricate nanomembranes that
adopt properties from their preceding molecular mono-
layers. As the process utilizes electron-beam exposures,
the size of the irradiated area can be varied. With a
flooded (defocused) exposure, large area (up to m?)
CNM and graphene sheets can be fabricated. With a

ANGELOVA ET AL.

focused electron beam lithography exposure, micro-
and nanometer sized sheets can be written.?’ In this
study only thiols on gold were investigated; however,
the fabrication of nanomembrane and graphene
sheets can be expanded to a variety of other metal sur-
faces using sulfur-, nitrogen-, or phosphorus-containing
surface active compounds as well as onto insulator and
semiconductor substrates using hydroxy->® or silane-
derivatives.'” This flexibility allows a direct growth of
CNM or graphene on technologically relevant substrates.

In order to become nanomembranes, the SAM:s first
need a stable scaffold that is rigid enough to sustain
the electron irradiation and that can form inter-
molecular cross-links. Second, they have to possess a
sufficient density of carbon atoms. These conditions
are fulfilled by SAMs with a fair amount of aromatic
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groups. While SAMs from all molecules in Figure 1d
can be converted into nanomembranes, monoaryl or
short molecules such as pyridine-4-thiol and anthra-
cene-9-thiol cannot. The shortest precursor that led to
CNMs and graphene sheets was naphthalene-2-thiol
(Figure 1d: 2a) consisting of two fused benzene rings.
Remarkably enough, the thickness of the formed
sheets correlates with the density of carbon in the
SAMs and with the packing of the constituting mol-
ecules. By selecting appropriate precursor molecules,
large areas of single-layer graphene can thus be pro-
duced. Polycyclic aromatic hydrocarbons (Figure 1d:
2a—f) led to thicker CNM and graphene sheets than
oligophenyls with the same surface density of carbon
atoms (Figure 1d: 1a—d). Pristine SAMs of high structural
quality result in the homogeneous CNM and homoge-
neous graphene sheets (see Figure 4g), whereas SAMs
of low structural quality result in sheets with nanopores
(Figure 4h, Figure 4i). The size of the resulting nanopores
is quite small and varies from ~1 to 10 nm (see SI), as
it mainly depends on the precursor molecules and
their packing density in the SAMs; one may tailor the

EXPERIMENTAL METHODS

Samples Preparation. Molecular precursors used in this study
are commercially available (1a and 2a) or were specially
synthesized (1b—c, 2b—f, 3a—c). SAMs were prepared by
immersion of 300 nm thermally evaporated Au on mica sub-
strates into the respective solvents (see Sl for details). Cross-
linking was achieved either in an ultrahigh vacuum (UHV)
(<107 mbar) chamber or in a high vacuum (HV) (<5 x 1077
mbar) chamber employing 50 and 100 eV electrons, respec-
tively, and a dose of ~60 mC/cm?. All XPS, LEED, and STM
measurements were conducted on samples cross-linked in situ
in the UHV chamber of XPS. For HIM and TEM measurements
both samples cross-linked in the UHV chamber and in the
HV chamber were employed. Transfer of CNMs and graphene
onto TEM grid was conducted by spin-coating on their surface
500-nm-thick layers of poly(methyl methacrylate) (PMMA),
etching the original gold substrates, transferring the CNM/PMMA
or graphene/PMMA sandwiches onto TEM grids, and dissolving
PMMA in acetone using a critical point dryer.'® Annealing of the
samples mounted in molybdenum sample holders was con-
ducted for 30 min at 900 °C in an UHV chamber (5 x 10~° mbar)
using heating/cooling rates of 400 °C/h.

Characterization. The as-prepared SAMs and CNMs were ana-
lyzed by XPS, STM, and LEED in a multichamber UHV-system
(Omicron). STM images were obtained using electrochemically
etched tungsten tips, with tunneling currents of 30—50 pA and
bias voltages of 300 mV. LEED patterns were recorded using
a BDL600IR-MCP instrument (OCI Vacuum Microengineering)
with a multichannel plate (MCP) detector with the electron
beam currents below 1 nA. XPS was performed using a
monochromatic X-ray source (Al Ka) and a Sphera electron
analyzer (Omicron) with a resolution of 0.9 eV. HIM was
conducted with a Carl Zeiss Orion Plus. The He™ ion beam
was operated at 33—37 kV acceleration voltage at currents of
0.2—0.4 pA. A working distance of 8—22 mm was employed,
and secondary electrons were collected by an Everhart-
Thornley detector. AC-HRTEM characterization was con-
ducted with an aberration-corrected FEI Titan microscope
operated at a beam energy of 80 kV to minimize knock-on
damage and equipped with a postcolumn Gatan energy filter
for local EELS analysis. Electrical measurements were done by
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CNMs for applications in ultrafiltration.>® Some CNMs
can form Janus nanomembranes®® with two distinct
faces possessing amino- and thiol-groups, respectively,
allowing selective chemical functionalization on both
faces. A chemical functionalization of CNMs, together
with opportunities to mix precursor molecules, opens
many doors to engineer novel 2D hybrid materials.

CONCLUSIONS

We have presented a universal and scalable route to
ultrathin free-standing carbon nanomembranes and
graphene using aromatic molecules as precursors. The
properties of the resulting sheets can be flexibly
adjusted including their thickness, conductivity, che-
mical functionalization, and appearance of nanopores.
We expect that, due to its simplicity and universality,
the approach will have a strong impact on (1) the
rapidly growing field of free-standing 2D materials and
facilitate their incorporation and application in NEMS
devices and (2) the separation of molecules as metal-
free catalysts or when properly functionalized as bio- or
chemically sensing coatings.

a standard four-point setup using Suess probes and a Keithley
source-measure unit.
Full Methods are available in the Supporting Information.
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3.2 Organic nanoparticles: nascent soot analysis

In this study, nascent soot particles are probed by using helium-ion microscopy (HIM) for
the first time. It is a joint project with the physical chemistry | department in Bielefeld
(Prof. Katharina Kohse-Hdinghaus), the group of Prof. Hai Wang (University of Southern
California / now Stanford University), and Nils Hansen (Sandia National Laboratories).
The physics department in Bielefeld provided skills in HIM and XPS. The samples were
prepared by Marina Schenk from the PCI in Bielefeld. The study started with one model
ethylene flame,® where later the flame conditions™, see Chapter 3.2.7, and the model

fuels” were varied.

3.2.1 Introduction
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Figure 25: Schematic illustration of soot growth in a flat flame. Stacks of lines represent stacked
aromatic structures, and the wiggly lines represents aliphatic components. (lllustration reprinted
with permission’, text on the right side is added to understand the chosen soot sampling
heights for HIM and XPS with different stages of soot formation).

Soot is a particulate matter resulting from incomplete combustion processes of
hydrocarbons. It is a known human carcinogen,” and has considerable negative effect
on global climate change.”* Thus, the understanding of the fundamental growth
processes is of high scientific interest. Mature soot is known to consist of aggregates of
nearly spherical particles, 20 - 50 nm in diameter, composed of large polycyclic aromatic
hydrocarbons (PAHs).”® The formation of soot in flames starts from the reaction of such
PAHSs into small particles. Young nascent soot is mostly aromatic in nature. Mass and
size of the particles are growing quickly in flames. Experimentally, this nascent soot is

difficult to characterize. However, it is this soot that undergoes the most rapid growth in
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a flame, and is eventually responsible for the emission of particulates into the
atmosphere from fossil-fuel combustion. A better understanding of these early growth
stages is necessary to identify and fill in the gaps of current kinetic descriptions of soot
formation. A detailed review about the current knowledge of soot growth processes was
published by Hai Wang in 2011.72

A standard method to analyze soot is Transmission Electron Microscopy (TEM), in which
the beam penetrates the particle and an underlying support film. This support can reduce
the image contrast substantially. In fact, the smallest soot particles detectable trough
TEM are usually around 10 nm in diameter.”®7” Note that an improvement in the signal-
to-noise ratio by simply increasing the beam dose is limited by sample damage. The
limited image contrast in TEM may be improved in future by new developments like
dynamic TEM”® or by depositing the soot on thinner substrates, e.g. the carbon
nanomembranes discussed in a previous Chapter of this work. After the detection of a
particle, TEM is then able to reveal the inner structure down to atomic resolution,

whereas HIM provides detailed information about the outer shape.

In HIM, SEM, and AFM, imaging is possible on almost all sufficiently flat, bulk surfaces.
In comparison, low-voltage SEM provides similar contrast as HIM, but the achievable
resolution is substantially lower. AFM can detect particles smaller than 10 nm, but the
probe tip is usually larger than the particle size; therefore, the particle image must be
geometrically reconstructed with assumptions that are often difficult to verify. Also, fine
features on a particle surface cannot be revealed easily in AFM, again owing to the finite
tip size. An additional advantage of HIM is the substantially faster imaging process, which

allows the investigation of a sufficiently large number of particles for statistical analysis.

3.2.2 Soot sampling

Soot sampling was carried out as shown in Figure 26. A premixed, burner-stabilized
stagnation-flow flame was used for the production of nascent soot. Samples were probed
by thermophoretic sampling, where a cold, flat surface is quickly swiped through the
flame. The substrate was affixed on a sample holder mounted on a stepper motor. The
exposure time to the flame is typically ~16 ms. We used standard p-doped silicon wafers
without further cleaning as substrate for the HIM measurements. To ensure clean
substrates, reference samples were measured for each batch. Samples were collected
at specific distances from the burner surface, which coincided with the three separate
stages of soot formation: nucleation, early mass growth, and aggregation (see Figure
25).
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stagnation plate

flame
sample holder

porous plug burner

Figure 26: Sampling procedure. Stagnation flow ethylene flame, stabilized on porous plug
burner. For the sampling of soot particles, the sample holder is quickly moved through the flame
automatically. Reprinted from Supporting Information of 6°.

Figure 27: Beam damage evaluation: Series of consecutive HIM images of soot collected from
an ethylene C3 flame. Top panels: sample collected at 1.0 cm from the burner surface with an
ion dose density of 2182 ions/nm?. Bottom panels: sample collected at 0.8 cm from the burner
surface and probed by exposing it to an ion dose density of 262 ions/nm?. Reprinted with
permission.®?
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3.2.3 Imaging of soot

For HIM imaging of sensitive samples such as nascent soot, the level of damage caused
by the probing beam is a crucial parameter. Herein, we discuss the procedures for
identifying reliable HIM operating parameters to achieve optimal results. Figure 27 shows
consecutive HIM images of two soot samples. The top panels represent images collected
with a very high ion dose density of 2182 ions/nm? per image. The bottom panel shows

consecutive images collected with a lower ion dose density of 262 ions/nm?.

Figure 28: HIM image of soot articles collected at 0.5 cm distance from the burner, showing
the capability of the technique for imaging nascent particles of 2-3 nm in size. Reprinted from
Supporting Information of °.

Exposing the samples to the ion beam causes no discernible degradation of the particles.
Changes in the contrast were only observed at the higher dosage, but no change in
particle size or shape occurred. The observed changes are attributed to condensation of
evaporated organics onto the sample. Please note that for the highest doses also
substrate swelling is occurring. All these sample modifications occur at higher ion doses
than used for the evaluated images. All other images shown are taken from sample

positions, which have not been scanned before.
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As shown in Figure 28, HIM is able to identify nascent soot particles as small as 2 nm.

For larger particles (>5 nm), HIM detects particles with high contrast, allowing for the

accurate characterization of both size and morphology.

3.2.4 Analysis of soot from ethylene flames

Figure 29 shows typical HIM images of nascent soot, which were collected at the three

different heights in the flame. The particle size is growing with the distance from the

burner, as the soot has a longer residence time in the flame.
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Figure 29: HIM images of nascent soot from an ethylene C3 flame. Particle size and
morphology change as a function of the distance from the burner surface. Reprinted with
permission. %

From these images, primary particle size distributions can be determined from the
projected areas of the particles. Distribution functions of the particle size are plotted in
Figure 29. They are superimposed by mobility diameter (scanning mobility particle size,
SMPS) distributions of the same flame conditions, which were determined in the gas
phase in a previous study by Hai Wang and coworkers.” The measured physical value
is different in both techniques, as SMPS measures the surface area whereas HIM
measures the 2D projection (the outline) of a particle. In a following publication, this study

was extended to a variety of ethylene flame conditions, see chapter 3.2.7.
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To extend the structural knowledge on soot sampled from these flame conditions, XPS
was performed with a thicker soot layer (corresponding to a higher number of sweeps in
the flame). Carbon and oxygen was found, with O/C ratios of 0.79, 0.44 and 0.31 at 0.5,
0.8 and 1.2 cm respectively. The C1s and O1s spectra are compared in Figure 30, where
the C1s signal is fitted with synthetic components for carbon (C-C), hydroxyl (C-O),
carbonyl (C=0) and carboxyl (O-C=0) oxidized species. Consistently, more oxidized
species are visible at higher measured oxygen content. Only one species for aromatic
and aliphatic carbon was used, as these species have only a small difference in binding
energy. Vander Wal and coworkers®® analyzed sp2/sp?® ratios from the C1s signal of
several different soot samples. Unfortunately, slight changes in the fitting parameters
had drastic effects on the resulting sp?/sp® ratio, an effect also other researchers
documented.®! The high oxygen content in the samples is generally not expected from
literature.®?> Caused by the sampling method, the soot is inevitably exposed to oxygen
from air where the oxidation of the soot could take place. This would indicate a high

reactivity of the early soot samples.
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Figure 30: The carbon and oxygen XPS spectra of soot sampled from Flame C3 at distances of
0.5, 0.8 and 1.2 cm from the burner surface. Reprinted with permission.5°

An additional unique strength of HIM is its ability to probe size and morphology of
particles at the same time and at sizes that have previously been impossible. Figure 31
shows morphological variations of soot sampled in different heights. Particles sampled
at 0.5 cm from the burner surface are spheroidals with a characteristic size of less than

10 nm. At 0.8 cm from the burner surface, a notable number of aggregated particles are
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observed, although the number of apparent spheroids exceeds that of aggregates, and
the apparent primary particle diameter is around 10 nm. Images obtained at 1.2 cm from
the burner show that the primary particles have grown to around 20 nm, and the number

of aggregates greatly exceeds the number of primary particles.

In chapter 3.2.7 the morphology of soot from the ethylene flames is discussed and
analyzed in terms of sphericity, circularity, and fractal dimension. The parameters do not
vary much over the collected samples, but a comparison to representative real particle

shapes indicates that the nascent soot particles have no simple or general shape.

Figure 31: Morphological variations of nascent soot collected from the ethylene C3 flame at
heights of 0.5, 0.8 and 1.2 cm and imaged by HIM, showing representative primary and
aggregate structures. Particles shown in the hexagons are in the apparent size range of 4-8 nm;
those in the squares are 14-18 nm. Particles shown in the circles are apparent aggregates.
Reprinted with permission.®®

3.2.5 Imaging of soot from different C4 fuels

To analyze the influence of the fuel chemistry on the soot morphology the following C4

fuels were analyzed: n-butane, i-butane, i-butene, and i-butanol.

HIM micrographs of soot from n-butane, i-butane, i-butene are very similar, thus, Figure
32 compares HIM micrographs of only n-butane and i-butanol. In both flames, relatively
small particles with sizes smaller than 10 nm are deteced. However, the structure of the
aggregates differs notably. The soot from i-butanol is at the lower height of 0.8 cm close
to the detection limit, whereas the n-butane flame is already producing branched
structures. Soot from i-butanol is almost spherical whereas n-butane soot is

agglomerating to bigger structures.
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This difference might indicate an influence of the fuel structure on the morphology of
nascent soot particles. This could be caused by the different C/O ratios or the chemical

structure of the fuel itself.

n-butane () n-butane
® 0.8cm ' 1.2 cm

10 nm
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Figure 32: HIM micrographs for soot probed from atmospheric-pressure flames of n-butane
(upper row) and i-butanol (bottom). For near-spherical particles (circles and pentagons), the

diameter is given. Reprinted with permission.”’

3.2.6 Summary: imaging of nascent soot

For imaging of soot, the HIM yields images with exceptional contrast even for smallest
nanoparticles. This allows the unambiguous recognition of smaller nascent soot particles
than those observed in previous electron microscopy studies. The results indicate that
HIM is ideal for rapid and reliable probing of the morphology of nascent soot. Particles
as small as 2 nm are detectable, with surface details of soot visible down to
approximately 5 nm. The results also show that nascent soot is structurally
inhomogeneous, and even the smallest particles can have shapes that deviate notably

from a perfect sphere.
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3.2.7 Publication: Morphology of nascent soot in ethylene flames (PROCI
2014)

This Chapter is reprinted with permission from Elsevier. The original article appeared as:

Schenk, M.*, Lieb, S.*, Vieker, H.*, Beyer, A., Golzhduser, A., Wang, H., Kohse-
Hoinghaus, K., 2014. Morphology of nascent soot in ethylene flames. Proceedings
of the Combustion Institute. doi:10.1016/j.proci.2014.05.009.

*: These authors contributed equally to this work.

Contribution:

Helium lon Microscopy and X-Ray Photoelectron Spectroscopy was performed by the

author.
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Abstract

Because of their significant impact on climate, environment and health, reducing the emission of soot
from combustion processes remains a problem that requires detailed understanding of its formation as well
as of the principles that govern how the result in terms of size, morphology, and chemical reactivity of soot
particles depends upon the formation process. Especially very small, below ten nanometer-sized, particles
in the early stages of the soot nucleation process are interesting targets for more detailed inspection, to
reveal useful insight and to guide further model development. In this study, Helium-ion microscopy
(HIM) is applied as an imaging technique new to combustion studies to analyze the morphology of soot
particles >2 nm and to determine their geometrical characteristics. For this analysis, a series of premixed
ethylene flames are investigated. Mobility size measurements from an earlier investigation have been com-
pared with the particle sizes determined by HIM. Observed particle shapes and geometrical statistics sug-
gest that in all flames under investigation, nascent soot possesses no well-defined morphologies.
Additionally, investigations have been made using X-ray photoelectron spectroscopy (XPS) to obtain more
information on the chemical characteristics of these particles.
© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.

Keywords: Soot particles; Morphology; Imaging; Geometric properties; Chemical composition

1. Introduction

As by-product of fuel combustion, flame-gen-
erated carbon nanoparticles, soot, can negatively

* Corresponding authors. Fax: +1 650 497 1748
(H. Wang), +49 521 106 6027 (K. Kohse-Hoinghaus).
E-mail addresses: haiwang@stanford.edu (H. Wang),
kkh@uni-bielefeld.de (K. Kohse-Hoinghaus).
! These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.proci.2014.05.009

impact global climate, air quality, and human
health [I-3]. Recent studies have shown that
endothelial cells treated with flame-generated car-
bon nanoparticles exhibit increased tendency of
cell death [4]. The toxicity of flame soot appears
to increase with oxidation in the ambient air [5].
Uncertainties about the properties and amounts
of combustion soot continue to impact our under-
standing of its climate effects [6]. Clearly, detailed
knowledge about the properties and reactivities of
soot is useful to develop formation-predictive

1540-7489/© 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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models and to understand the effects of soot
emission.

Information about morphology and chemical
composition of nascent soot is critical to a
description of the surface area and the kinetics
of surface reactions [7,8]. Earlier studies show
mature soot to consist of aggregates of primary
particles 2040 nm in diameter [9], though more
recent studies show primary particles as small as
10 nm probably because of improved microscopy
resolution. Primary particles are nearly spherical
and composed of polycyclic aromatic hydrocar-
bons (PAHSs) arranged in a turbostratic manner
[10-12]. These particles form from coalescence
or reaction with PAHs, mass growth by surface
reactions and size growth by coagulation [13]. In
the later stage of particle growth, primary parti-
cles coagulate into aggregates [9,14]. It was
thought that the coalescent growth of primary
particles is the result of viscous forces among coa-
lescing particles upon contact (see e.g. [15]). Car-
bonization solidifies them in a later stage; and
the coagulation of solidified particles produces
fractal aggregates [16]. Through Monte Carlo sim-
ulations, Frenklach and co-workers [17-19]
advanced an alternative explanation for the mor-
phological evolution of soot in flames. They pro-
posed that aggregation starts as soon as particles
nucleate out of the gas phase. The apparent sphe-
ricity of the primary particles may be explained by
collision and aggregation with freshly nucleated,
smaller “collector” particles. Indeed the size distri-
bution of nascent soot is generally bimodal (e.g.,
[20,21]); the collector particles derive from the
small-size mode in the bimodal distribution. The
surface reaction smooths the particle surface.
Hence, particle morphology is intimately related
to the nucleation rate and surface deposition of
the collector particles. Such theoretical results
have been considered in models of soot formation
(e.g. Ref. [22]), yet experimental verification
remains unavailable.

Recently, Helium-ion microscopy (HIM) was
used to probe the morphological and size evolu-
tion of nascent soot. Compared to electron micros-
copy, HIM allows for better contrast and surface
sensitivity, and soot particles as small as 2 nm
could be recognized [23]. The results show that
soot collected in a burner-stabilized ethylene flame
exhibits quite irregular shapes and structures even
for those just a few nanometers in size, suggesting
that some degree of aggregation starts as soon as
soot nucleates, as predicted by simulation earlier
[18]. Moreover, no distinctive transition was
observed showing the primary-aggregate transi-
tion. In fact, particle geometric properties, includ-
ing sphericity and fractal dimension, exhibit no
distinctive, sudden change with particle size.

Here, we seek to provide additional evidence to
understand the previous observations for a wide
range of flames. Specifically, HIM analysis was

extended to soot formed in a set of canonical eth-
ylene flames studied previously, in which the flame
temperature was adjusted systematically [24].
Additionally, an eventual relation between
morphological variations of nascent soot and its
composition is explored through a preliminary
X-ray photoelectron spectroscopy (XPS) analysis.
The question is motivated by recent findings that
young [7.8] and mature soot [25] exhibits
structural and compositional complexities which
are not clearly understood. For example, soot
microstructure varies with flame chemistry
[11,26,27]. Raman spectroscopy shows that
~2nm particles from premixed ethylene flames
just above the critical sooting limit contain amor-
phous carbon with very little ordering of graphitic
planes [28]. Increasing evidence shows that both
young and mature soot can contain considerable
sp* carbon and oxygenates (see e.g. [29-33]), and
the sp® carbon appears to be matrix-bound [33].
Clearly, these structural and compositional varia-
tions, along with morphological changes, must
impact soot surface chemistry in a way that
currently is not well understood.

2. Experimental

Soot particles were probed from four burner-
stabilized ethylene flames (burner diameter 5 cm)
with the same composition but different cold gas
velocities, as shown in Table 1. These flames were
previously characterized in terms of Particle Size
Distribution Function (PSDF) by Scanning
Mobility Particle Sizing (SMPS) [24].

Soot particles were sampled thermophoretical-
ly by motor-controlled rapid insertion of a sub-
strate into the flame zone [24,34]. The samples
were collected at three heights for each flame.
Substrate choice was made according to the
respective analysis technique (see Supplemental
material). The freshly deposited particles were
examined by HIM (Carl Zeiss Orion Plus), where
a fine beam of helium ions was scanned over a sur-
face, and the emitted secondary electrons were
detected [35,36]. Complementary to HIM, Atomic
Force Microscopy (AFM) was used for a small
number of samples. AFM (Vecco Multimode V)
was operated in tapping mode to examine the
interaction of the particle with the substrate.

Geometric analysis of approximately 50 parti-
cles from the HIM results was performed using
ImageJ [37] with the Fraclac plugin to calculate
the particle perimeter, area, diameter of a circle
which fully encloses the particle, and the fractal
dimension as determined by a box-counting
method. The analysis requires a defined particle
outline (see Supplemental material). In many
cases the resolution of the image was not sharp
enough to provide this outline. Instead the parti-
cles were carefully traced and the traced outline

10.1016/j.proci.2014.05.009
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Table 1
Summary of flames studied (C,Hy: 16.3%, O,: 23.7%,
Ar: 60%). See [24] for details.

Flame No. Cold gas velocity vy Maximum flame

(cm/s)* temperature 7 (K)
Cl 13 1898 + 50
C2 10 1805 + 50
C3 8 1736 + 50
CS5 5.5 1660 £ 50

4298 K and 1 atm.

Table 2
Geometric parameters of representative particles shown
in Fig. 7.

Label Sphericity Circularity
P1 0.58 24.1
P2 0.61 25.9
P3 0.67 16.4
P4 0.59 22.8
P5 0.70 17.5
P6 0.52 37.2
P7 0.74 14.8

was used for the analysis. Some error may be
introduced into the value of the geometric para-
meters by this procedure. The error was estimated
to be at most 10% on the geometric parameters.

Additionally, XPS was used to obtain informa-
tion on the surface composition of the soot. This
surface-sensitive analytical technique uses a
monochromatic X-ray beam to eject electrons
from the top 1-10 nm of the sample surface.
XPS was carried out in a multi-technique UHV
instrument (Multiprobe, Omicron Nanotechnol-
ogy) using monochromatic Al Ko radiation (for
details, see Supplemental material).

3. Results and discussion

Representative images of soot particles are pre-
sented in Fig. 1. These samples were collected from
Flame C2 at 0.55, 0.95, and 1.2 cm above the bur-
ner surface, which correspond roughly to the three
stages of soot formation: nucleation, mass growth
through surface reactions, and size growth due to
aggregation. Despite the grainy background, the
smallest discernible particles are ~2-3 nm in size.
The four flames differ in the maximum flame tem-
perature (see Table 1). From Flame CI to CS, the
linear velocity and thus the flame temperature
decreases. At 1 cm from the burner surface, the
volume fraction of soot peaks in Flame C3 [24].
Compared to Flame C3, the size and mass growth
is limited by the kinetic rate in lower temperature
flames, while the particle growth is limited by
shorter convective time and kinetic reversibility
in higher temperature flames [24].

The particle size distribution may be
determined from HIM images as discussed in

Fig. 1. Typical HIM images of soot particles probed
from Flame C2 (additional images of Flames C1, C2 and
CS5 are presented in the Supplemental material and those
of Flame C3 in the Supporting information of [23]).

[23]. Figure 2 compares the HIM diameter distri-
butions with the mobility diameter distributions
taken earlier [24]. Note that the definitions of
the two diameters are different. In the large Knud-
sen number limit where mobility measures the sur-
face area of a particle freely suspended in a gas,
the diameter was calculated by assuming spherical
particle shape. For HIM size distribution, the
diameter is a measure of the size of a circle of area
equal to that of 2-D projection of a substrate-
deposited particle, which can be of irregular shape
and/or undergo shape distortion due to sample—
substrate interaction [23].

To illustrate one possible interaction, Fig. 3
shows an AFM image of a soot particle (3—4 nm)
compared to a TiO, particle of comparable size.
TiO, is considerably more rigid than nascent soot,
and is not expected to interact with the substrate
upon impaction as much as soot. Because of finite
probe-tip size (19 nm radius), the apparent AFM
shape of a spherical particle is a spherical top
[38]. The AFM height profile of the TiO, particle
is closely characterized by an idealized spherical
model (solid and dashed lines in the bottom panel
of Fig. 3). For the soot particle, the modeled curve
traces closely with the center of the height profile,
but the rim around the center cannot be modeled
and is indicative of the spread of a soft particle
upon impact with the substrate — an effect that
has been observed previously [23,24,38]. For this

10.1016/j.proci.2014.05.009
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Fig. 2. Comparison of particle size distributions measured by a scanning mobility sizer and Helium-ion microscopy of
between 280 and 1351 particles.

Despite the aforementioned problem, the HIM
and mobility size distributions compare favorably,
especially when the median particle diameter is
around 10-20 nm. For smaller particles, HIM

measures consistently larger particle size than
0 25 >0 nm mobility; for Flame C5, which has the lowest tem-
perature, HIM is unable to reproduce the small-
particle branch of the PSDF suggested by the
mobility measurement. Probable causes include
sample spread on the substrate and/or a lower
thermophoretic velocity [39] and thus sampling

20 nm efficiency for small particles.
Interestingly, the HIM micrographs show
10 irregular shapes for particles in almost the entire
size range (see Fig. 4). The shape irregularity is
0 prevalent even for 10 nm or smaller particles and

for all flames probed at nearly all positions. The
morphological characteristics contrast to the
£ notion of spherical primary particles. In fact, most
c /’\ - particles, many of which feature sizes smaller than
0 1 ] J 10 nm, are aggregates, an observation that
supports the theory discussed earlier [17-19].
. 4 4 o Previous TEM studies showed that young soot
Fig. 3. AFM image and height profile (solid line: particles ~20 nm in size are loosely coalesced
experiment; dashed line: modeled) of a representative doublets, triplets and multiplets [40], but the poor
soot particle sampled from Flame C3 at 0.7 cm distance contrast provided little information about smaller
from the burner surface (top panel) and a TiO, particle . . .
particles. The current result also raises questions
(bottom panel, [38]). . . e .
about the interpretation of the mobility diameter,
since the aggregate structure can lead to an

reason, the interpretation of HIM images requires increase in the particle surface area — this issue
caution especially for particles of just a few nano- deserves further study.

meters in diameter. Likewise, the mobility size The morphology of the soot particles in Fig. 4
measurement can be impacted by the assumption may be analyzed by several geometrical parame-
about particle sphericity and the effect of a rough, ters. The circularity C is the ratio of the perimeter
nonhomogeneous surface on charge equilibrium. squared (Pi) to the 2D projected area (4,) [41]:

Please cite this article in press as: M. Schenk et al., Proc. Combust. Inst. (2014), http://dx.doi.org/
10.1016/j.proci.2014.05.009
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100 nm

Fig. 4. Representative morphology of soot particles probed from Flames C1, C2 and C3.
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Fig. 5. Sphericity, circularity, and fractal dimension of
particles probed from Flames C1 (diamonds, current
work), C2 (squares, current work) and C3 (circles,
published in [23]).

C = P?/4,. It measures the geometric compact-
ness. A circular structure has the smallest C value,
while a rectangular structure with a large aspect
ratio gives a large C value. The sphericity &
compares the ratio of the circle-area equivalent
diameter (D,4) to the diameter of a circle that

encloses the particle (D¢) [41]: @ = D 4/D¢. A per-
fect circle would have @ =1 while a line has
& = 0. The fractal dimension, Dy, is calculated
with the box-counting technique [23,42].

Figure 5 shows the variation of these parame-
ters as a function of 2D projected area of the
particles. The sphericity varies from 0.5 to 0.75
and shows no dependency on particle size. The cir-
cularity shows a minor dependency on the particle
size, but this dependency is weaker than the spread
of the circularity. For the particles meas-ured, the
C values range from ~15 to 25. The fractal dimen-
sion ranges from 1.2 to 1.8, with a mild dependency
on the particle size. It should be noted that there are
two methods to describe the overall fractal dimen-
sion for a set of particles: individual and collective.
In the current study we measured the fractal dimen-
sion of individual particles as in Koyl et al. [43].
The upper range of the D, value is in agreement
with their TEM ana-lysis of 12-26 nm particles
from a counterflow methane flame. The D, value
of 2.15 £ 0.1 of Maricq and Xu [44] by combined
mobility-aerodynamic analysis of particles from a
burner-stabilized ethylene flame is larger than our
values. The discrepancy is expected considering
that mobility experiments measure mass fractal,
whereas HIM and TEM measure the perimeter
fractals [45] or the ruggedness of the particle edge.
Particularly interesting is the lack of sudden transi-
tion in the Dy value of individual particles over the

10.1016/j.proci.2014.05.009
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entire range of particle size probed, indicating that
there is no distinctive transition from spherical pri-
mary particles to aggregates.

For a better understanding of the geometric
parameters, Fig. 6 presents the correlation
between circularity and sphericity of soot particles
meas-ured along with several representative
shapes. The data appears to be bound between
those of a linear array of 1 to 3 circles and ellipses
of width-to-height ratio ranging from 1/1 (a circle)
to 4/1. Combined with the mild dependency of the
circularity on particle size, it may be concluded
that the smaller particles have a greater tendency
to assume the oval shape while larger particles tend
to assume shapes that are irregular. The observed
similarity in sphericity and circularity values

@
35
o
301 RS
%) OoEOo II=-
>
.: 25_
o
=
o
o 20
15|
1 l

1 1 | 1 1
8.4 05 06 07 08 09 1.0
Sphericity, @

Fig. 6. Circularity versus sphericity for nascent soot and

several model geometries.
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Fig. 7. Representative image of particles from Flame C3
at a distance of 1.2 cm above the burner surface with
corresponding geometric parameters shown in Table 2.

across the particles and flames is not an indication
that the particles have any well-defined shape.
Rather, the geometry is uniformly irregular and
neither spherical nor chain-like, as illustrated in
Fig. 7.

The XPS spectra in Fig. 8 compare the evolu-
tion of the Cls and Ols peaks of soot samples col-
lected in Flame C3. The results show a decrease in
the O/C ratio (0.79, 0.44 and 0.31 at 0.5, 0.8 and
1.2 cm respectively) and a consistent Cls peak with
a lower oxygen-related contribution to the total
signal for samples at larger distances from the bur-
ner surface. Fitting of the Cls peak was done with
only one species for aromatic and aliphatic car-
bon, as these species have only a small difference
in binding energy. Vander Wal and coworkers
[32] analyzed sp”/sp® ratios from the Cls signal
of several different soot samples. We found that
slight changes in the fitting parameters can have
drastic effects on the resulting sp*/sp’ ratio. Similar
observations are reported elsewhere [46]. Com-
pared to microFTIR results [30], where the soot
samples were collected from the same flame, but
using a probe and nitrogen dilution instead of
thermophoretic sampling, the XPS results dis-
cussed here suggest a higher O/C ratio. As the soot
samples were exposed to ambient air after ther-
mophoretic collection, this may hint at a high reac-
tivity of the particles extracted from the flame and
thus a higher susceptibility to oxidation for the
smaller particles collected closer to the particle
nucleation zone.

x10-3

535 530 ‘250' BT
Binding Energy (eV)

Fig. 8. The carbon and oxygen XPS spectra of soot
samples from Flame C3 at 0.5, 0.8 and 1.2 cm from the
burner surface. The Cls peak is fitted with synthetic
components for carbon (C—C), hydroxyl (C—O), car-
bonyl (C=O0) and carboxyl (O—C=0).

10.1016/j.proci.2014.05.009

Please cite this article in press as: M. Schenk et al., Proc. Combust. Inst. (2014), http://dx.doi.org/




m 3.2: Organic nanoparticles: nascent soot analysis

M. Schenk et al. | Proceedings of the Combustion Institute xxx (2014) xxx—xxx 7

4. Summary and conclusion

Helium-ion microscopy was used to probe
nascent soot particles. Because of its relatively soft
interaction with the sample and high sensitivity,
resolution, and contrast, this technique is reliable
to analyze carbon structures of <10 nm dimen-
sion. Using HIM, morphological variations of
thermophoretically-collected nascent soot samples
were examined for a number of well-character-
ized, premixed ethylene flames at the same stoichi-
ometry but different flame temperatures. Size
distributions obtained from HIM are found in
favorable agreement with previous mobility mea-
surements. The images taken for soot collected
from different heights (i.e. growth times) were
analyzed with respect to their geometrical
parameters, specifically circularity, sphericity,
and fractal dimension. While variations of these
parameters over the collected samples are not
large, comparison with representative real particle
shapes and illustrative simple geometrical shapes
indicates that nascent particles in these flames
have no well-defined shape. This is consistent with
a conceptual assumption that particles are not
spherical at their origin, but that lesser-defined
structures arise at all phases of the nucleation
and early growth process. There is some consis-
tency between the evidence that soot particles as
probed with AFM are softer than equivalent-sized
TiO, particles, and that the reactivity of the sur-
face of small soot particles with oxygen appears
to be larger at earlier growth stages as observed
with XPS.
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3.3 Characterizing CVD-grown films of transition metals

This part of the thesis reports about an additional cooperative work with the physical
chemistry | (PCl) in Bielefeld (Prof. Katharina Kohse-Hoinghaus). Samples were
prepared by Patrick Mountapmbeme Koutou, Achraf El-Kasmi, Patrick Hervé Tchoua

Ngamou and Zhen-Yu Tian.

For these highly corrugated films, it is necessary to obtain images in high resolution and
depth of field. The properties of the HIM are therefore especially helpful. In addition, XPS
was used to analyze the surface chemistry. Special focus of this study were transition

metals and their oxides, especially iron,®38 cobalt,®> copper,? and mixtures thereof.8’-8°

3.3.1 Introduction

a N2 O2 b
<+— Feedstock

Pressure controller

< Pulse-spray nozzle

Evaporation zone
«— (T,)=220°C

Transport zone

H
Heat controller ——  (T,)=220°C

Exhaust
T Substrate heater
@ (T,)= 200-500°C
Rotary pump Ceramic block

Liquid N, trap

Figure 33 (a): Schematic of the PSE-CVD reactor used to manufacture the functional films. (b):
Structure of the typical acetylacetonate (acac) precursors used.

The general scientific goal is the production and investigation of functional catalytic
surfaces for a better and cleaner combustion. Burning organic material is not only
producing soot as discussed in the previous chapter, but also volatile organic compounds
(VOCs) are emitted. These are linked to a variety of environmental damages and
negative effects on human health.®® Many currently used catalysts are made from noble

metals, so they are generally expensive. An alternative would be the use of transition



3.3: Characterizing CVD-grown films of transition metals

metal oxides (TMOs), as they are quite inexpensive and show promising usability as

catalyst.®!

Chemical vapor deposition (CVD) is a deposition technique to produce thin films. The
substrate is exposed to a precursor in the vapor phase. The film is then formed by
decomposition or chemical reaction of this precursor on or near the vicinity of the heated
substrate surface. This method can provide pure materials with atomic or nanometer
scale level. In addition, it allows much control on the film structure and the growth in all

sample directions (also on shadowed areas).

In this study, pulse spray evaporation chemical vapor deposition (PSE-CVD) is used. In
PSE-CVD, the precursor is dissolved in a solvent, and this mixture is directly injected in
the process chamber (evaporation zone, see Figure 33). Only small amounts (~uL) are
sprayed with every pulse, so the solution immediately evaporates. A gas flow is then
transporting this vapor to the heated substrate. PSE-CVD has advantages to
conventional techniques due to its simple (thus inexpensive) setup, the high flexibility, a
good growth rate control, and the high number of parameters to tune the properties of

the final surface.92:93
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Figure 34: Testing of the catalytic functionality. (a): Schematic representation of the flow-reactor
used for catalytic tests. (b): A typical test curve where the mesh temperature is plotted against
the conversion rate. This example is a-Fe203 grown at 300°C substrate temperature. Reprinted
with permission.84

As this study was application-related, the most important test was the catalytic
functionality of the prepared film. This was done in a flow reactor as depicted in Figure
34. The oxidation of several model pollutants like carbon monoxide (CO), propene (C3sHs)

and others were studied and compared to known catalysts. In detail, a catalyst-coated



3: Imaging with the Helium lon Microscope (HIM)

steel mesh was placed inside a flow chamber and the exhaust pollutant concentration

was measured. Good catalysts reduce the necessary temperature and are long-term
stable. A typical “light-off curve” of such a measurement on a-Fe;O3 grown at 300°C is
presented in Figure 34b.
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Figure '35: XPS and HIM of a-Fe203 grown at 300°C substrate temperature. (a,b,d): Parts
reprinted with permission 8

As this layer showed good results in the CO conversion, it was comprehensively
characterized by X-ray diffraction (XRD), emission Fourier transform infrared (FTIR),
Raman spectroscopy, Scanning electron microscopy (SEM), Energy-dispersive X-ray
spectroscopy (EDX), and Ultraviolet-Visible (UV-Vis) spectroscopy (see®*). To obtain a
good knowledge of the catalyst surfaces, Helium ion microscopy (HIM) and X-ray
photoelectron spectroscopy (XPS) were performed as part of this thesis. The methods
of this thorough investigation of the materials properties were applied to all investigated

films, one example is shown in the full publication in chapter 3.3.4.



3.3: Characterizing CVD-grown films of transition metals

Figure 36: PSE-CVD grown films of iron and cobalt mixed oxides, Part 1. The precursor mixing
ratio (Co(acac)z:Fe(acac)s) is given on top of the figure. The Field of View of the images
increases from 10 um (first row) to 2 um, 1 um, 500 nm until 300 nm (last row). (Continued in
next figure)
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50:50 ‘

Figure 37: PSE-CVD grown films of iron and cobalt mixed oxides, Part 2. All films are grown at
400°C substrate temperature (some of the micrographs are already published.5%87.88)



3.3: Characterizing CVD-grown films of transition metals

XPS revealed composition and oxidation state of the catalyst surface. The Iron Fe2p
doublet spectrum in Figure 35a was identified to be consistent with the Fe3* state.%49537
For the oxygen spectrum in Figure 35b, two distinct species are visible: lattice oxygen
(Ov) and adsorbed oxygen (Oads). The HIM micrographs (Figure 35c¢,d) clearly reveal that
the film is composed of a large quantity of plate-like geometric structures. It is also
observed that the sample exhibits mainly nano-plate structures with random orientations.
In literature, such a morphology is linked to better mechanical strength and a lower
pressure drop, which allows for higher reactant gas velocities than fine powder catalysts.
The observed morphology may thus be related with the catalytic performance of the
deposited a-Fe:0:.% These images are good examples for the extraordinary depth of
focus in the HIM, having all features in focus despite height differences of some

micrometers.

3.3.2 Binary mixtures of TMOs

To further enhance the properties of the iron oxide films, other transition metals were
mixed to the CVD process. Figure 36 and Figure 37 show significant differences in film
morphology as the composition changes. The precursor was varied from 100%
Fe(acac)s to 100% Co(acac), providing mixed cobalt-iron oxide films. For this figure, only

images grown at 400°C substrate temperature were selected.

The pure cobalt oxide (Figure 36h) grows in a closed layer of cubic crystals growing into
each other at numerous orientations. On the other hand, pure iron oxide (Figure 36a)
presents a uniform densely packed microstructure in octahedral shape. It is well
structured and its well-shaped, pallet-shaped crystals are superimposed on each other
with precise orientation. Increasing the amount of cobalt in the precursor to 5% (Figure
36b) leads to comparable, but somehow “disturbed” structures. At 10% Co, the
morphology is totally different. Small grain sizes with a particular open, porous structure
dominate the sample. Already at 30% Co, there is a better defined crystal structure with
a pyramidal shape embedded in a matrix consisting of small cubic grains. The step to
50:50 precursor mixing ratio gives films composed of large grains which exhibit a
cauliflower structure. These films show apparent open porosity, where the amount of

rectangular angles like in the pure cobalt film is increasing.

The films with 10%, 30% and 50% cobalt precursor fraction were studied with the full set
of analytical techniques and functional test. The results are in the publication (chapter
3.3.4).
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Figure 38: HIM micrographs of Iron-Copper oxide films on a Silicon wafer. (a,b): image of the
top surface. (c,d): The silicon wafer was freshly cleaved and the sample was mounted at 90° in
the HIM chamber. On top of the images is the Si wafer, with the Fe-Cu film growing down. The

precursor ratio was 50:50 (Fe(acac)s:Cu(acac)z) at a substrate temperature of 400°C.

In most cases, the surface morphology was imaged. This allows the view on the top side,
which is the catalytically active area. To obtain more information about the whole growth
process, some samples were also grown on silicon wafers. These wafers are broken
apart and the edges were imaged. This view allows more information on the growth
process and a deep view inside the layer. Figure 38 is an iron-copper oxide, where again

pallet shaped crystals are growing from the Si substrate to the top of the layer.
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3.3.3 Summary: imaging PSE-CVD grown films

In these study, influences of changes in deposition temperature and composition are
investigated. These changes affect all aspects of the films. Therefore a simple
connection of catalytic activity to surface structure was not possible. However, in the light
of all analytical tools it was possible to gain answers on growth process and details of

the catalytic activity itself.

Due to the high resolution of the HIM it was possible to image very fine surface details.
At the same time, the whole sample is in focus due to the high depth of focus. These two
aspects of the helium ion microscope were especially useful for the analysis of CVD

grown films.
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3.3.4 Publication: Structure—activity relation of spinel-type Co—Fe oxides
for low-temperature CO oxidation (Catal. Sci. Technol. 2014)

This Chapter is reprinted with permission from RSC. The original article appeared as:
Kouotou, P. M.; Vieker, H.; Tian, Z.-Y.; Ngamou, P. T.; Kasmi, A. E.; Beyer, A,
Golzhauser, A.; Kohse-Hoinghaus, K. Structure-Activity Relation of Spinel-Type Co-

Fe Oxides for Low-Temperature CO Oxidation. Catal. Sci. Technol. 2014, 4, 3359—
3367.

Contribution:

Helium lon Microscopy and X-Ray Photoelectron Spectroscopy was performed by the

author.



m 3.3: Characterizing CVD-grown films of transition metals

Catalysis
Science &

Technology

PAPER

Cite this: Catal. Sci. Technol., 2014,

4, 3359

Received 11th April 2014,
Accepted 14th June 2014

DOI: 10.1039/c4cy00463a

ROYAL SOCIETY
OF CHEMISTRY

Structure-activity relation of spinel-type Co-Fe
oxides for low-temperature CO oxidationy

P. Mountapmbeme Kouotou,*® H. Vieker,? Z. Y. Tian,1*® P. H. Tchoua Ngamou,®
A. El Kasmi,® A. Beyer,” A. Golzhauser® and K. Kohse-Héinghaus?

A series of cobalt ferrite thin films was prepared via pulsed spray evaporation chemical vapour deposition
(PSE-CVD). The samples were comprehensively characterised in terms of structure, surface, morphology,
and optical and redox properties. Both X-ray diffraction (XRD) and Raman analysis show that all samples
exhibited an inverse spinel structure. X-ray photoelectron spectroscopy (XPS) results indicate that the
films were mainly composed of Co, Fe and O species, and an increase in the Co:Fe ratio with Fe
substitution by Co was observed. Helium ion microscopy (HIM) images show the film morphology to be
dependent on the Co: Fe ratio. The investigation of the optical property using ultraviolet-visible spectros-
copy reveals that the increase in the Co content results in an increase in the band gap energy. In situ
emission FTIR spectroscopy was used to evaluate the redox properties of the samples, and a shift of the
redox temperature to higher values was observed upon increase in the Co content. The effect of Fe
substitution by Co in the mixed oxide systems on their catalytic performance for CO oxidation was
investigated. Co-Fe oxides exhibit substantially better catalytic performance than the single a-Fe,Os. The
catalytic performance of the Co-Fe oxides towards CO oxidation was discussed with respect to the
participation of surface and lattice oxygen in the oxidation process. According to XPS and temperature-
programmed reduction/oxidation (TPR/TPO) results, a suprafacial mechanism where CO molecules react
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Introduction

Catalytic oxidation has been recognized as one of the most
efficient techniques for CO abatement." Catalytic low-
temperature combustion of CO is continuously being devel-
oped as an important research topic in environmental
emission control.>™* The advantages of this process include
extensive applications in numerous fields such as automotive
exhaust emission control® and CO sensors® as well as trace-
able CO removal in enclosed atmospheres.””®

Currently, metal (e.g., Au) nanoparticles dispersed on solid
supports and transition metal oxides (TMOs) have been
found to be active catalysts for CO oxidation.’™"" Although
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1 Present address: Institute of Engineering Thermophysics, Chinese Academy of
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with surface-adsorbed oxygen functions to form CO, was proposed as the dominant mechanism.

noble metals present high catalytic performance towards CO
oxidation, they are generally costly and easily deactivated due
to the trend of particle agglomeration which causes the
decrease of the surface area.” TMOs are relatively cheap and
can be easily synthesized, possess high thermal stability'?
and may show comparable activity with precious metals.
Therefore, special attention has been focused on TMOs with
different structures.”'* Among the investigated TMOs, much
interest has been devoted to iron oxides because of their
abundant availability and attractive properties such as high
thermodynamic stability,"*"* low cost, and environmentally
friendly nature.'® Several studies have shown the effective-
ness of iron oxides and their composites towards the oxida-
tion of CO.'”7?° However, compared to some catalytically
active TMOs such as Coz;0, for CO oxidation,>'™>* good
performance of iron oxide is mainly observed at relatively
high temperature.

Cobalt ferrite oxide (Co-Fe-O) with a spinel structure
could thus be a potentially interesting material with com-
bined properties. Because of the versatility of mixed-oxide
spinels, which offer tuneable composition, structural sta-
bility and a possibility for bifunctional redox or acid/base
behaviour,>* such combination could improve the physico-
chemical properties and catalytic performance. Different

Catal. Sci. Technol.,, 2014, 4, 3359-3367 | 3359
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cations with more than one oxidation state can be accommo-
dated and distributed between the available octahedral and
tetrahedral sites®® to endow such interesting and tuneable
properties. For instance, CoFe,O, adopts an inverse spinel
arrangement and is thermodynamically stable at around
900 °C.>*?%72% The contrasting site occupation between iron
and cobalt in the cobalt ferrite composite is expected to
create a significant modification of its properties and activity.

Cobalt ferrite spinels have been intensively investigated as
catalysts for various reactions.>*?°° A single cobalt ferrite
with a composition of Co, Fe, 0, (identical with one of
the materials discussed in this article) has also recently
been used as a catalyst for DME, propene and n-butene
oxidation.>" Because it showed interesting catalytic behaviour
against these compounds, it was used in this work to study
the influence of the composition in a more systematic fashion.
We have thus taken Fe,O; as the starting material to improve
its properties by Co addition. In fact, the activity of Co;0, in
the low-temperature conversion of CO has been systemati-
cally investigated and its high activity was reported to be due
3233 In most cases, CO oxidation
over Co;0, follows a redox mechanism where Co** is reduced
to Co>" after CO adsorption.>” To improve the catalytic
activity of o-Fe,0;, the aim here was to tailor the Co: Fe ratio
and to deposit oxide composites in which both Co®>" and Co**
are present with Fe®" in the same phase.

The synthesis of Co-Fe-O thin films with varied com-
position for low-temperature CO oxidation was performed
by pulsed spray evaporation chemical vapour deposition
(PSE-CVD) and their properties were systematically character-
ised. PSE-CVD is a synthesis approach which offers distinct
advantages over conventional CVD and is considered as a
promising method of preparing pure films because of its rela-
tively low cost, simplicity and high throughput.** The PSE
precursor delivery system is advantageous as it allows using
less stable precursors with good control of the process and
thus permits improving the reproducibility of the film prop-
erties.>® It is well adapted to the deposition of metal oxides
with tailored composition®**° to systematically study their
properties. The obtained samples were characterised in terms
of structure, composition, morphology, and optical and redox
properties using X-ray diffraction (XRD), Raman and X-ray
photoelectron spectroscopy (XPS), helium ion microscopy
(HIM), ultraviolet visible spectroscopy (UV-vis) and in situ emis-
sion FTIR. It should be mentioned that part of this information
is also provided in ref. 31 for the composition Co, ;Fe(.90,.
Upon variation of the cobalt content, the effect of the cobalt
insertion in the iron oxide matrix on the redox properties and
the catalytic performance was investigated here and an attempt
was made to correlate the observed effects with the charac-
terized properties of the deposited thin films.

to the Co**-Co®" ion pairs.

Experimental

The preparation and characterization procedures are based
on those presented in ref. 31. However, some details are
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necessary to understand the correlations between the physi-
cochemical characteristics and catalyst behaviour addressed
here, and a more in-depth analysis is given in the present

paper.

Catalyst preparation

The Co-Fe-O thin films were prepared using a cold-wall
stagnation-point flow CVD reactor associated with a PSE
system for the delivery of liquid precursor feedstock.”>>" The
PSE delivery was achieved with a valve opening time of
2.5 ms and a frequency of 4 Hz. Firstly, cobalt acetylacetonate
(Co(acac)z) and iron acetylacetonate (Fe(acac);) were weighed
in the adequate Co/Fe molar ratios, dissolved in tetrahydro-
furan (THF) and kept at respective concentrations of 5 mM.
The single phase of Co,Fe;_,0, of the respective stoichio-
metric relations was obtained by adjusting the volume molar
ratio of the two metallic elements (C0% vol : Fe% vol = 10: 90,
30:70 and 50:50). The value of x was calculated from the
Co/Fe ratio obtained by XPS. The liquid delivery allows over-
coming the inherent contrast between the sticking probabili-
ties of different precursors in the dual-source strategy for the
growth of multi-component films. The evaporation of the
injected feedstock took place at 220 °C. The resulting vapour
was transported to the deposition chamber with N,/O, flow
rates of 0.16/1.0 standard litres per minute (SLM). Stainless
steel and bare glass were used as substrates, heated with a
flat resistive heater. After optimization, the substrate temper-
ature was fixed at 400 °C and the total pressure in the reactor
was kept at 30 mbar during the deposition. The thickness of
the obtained films was estimated gravimetrically using a
microbalance, with a resolution of 1 pg.

Characterization

A Philips X'Pert Pro MDR diffractometer with a PW3830 X-ray
generator was used to record the XRD patterns. The crystal-
line phases were identified by referring to the powder XRD
database (JCPDS-ICDD), and the crystallite sizes were cal-
culated using the Scherrer equation. Raman spectra were
obtained with a home-made Raman spectrometer.’” The
surface microstructure was examined with a Carl Zeiss Orion
Plus® helium ion microscope (HIM). The helium ion beam
was operated at 35 kV acceleration voltage at a current of
0.5 pA. A 5 pm aperture at a setting of “spot control 4” was
used. The working distance was 9 mm, and the sample tilt
was 0°. The samples were plasma-cleaned in the HIM load
lock for 8 min before measurement. The chemical compo-
sition was determined by UHV-XPS (Multiprobe, Omicron
Nanotechnology, base pressure about 10™'° mbar) using a
monochromated Al Ko X-ray source (1486.7 eV, 280 W) under
an angle of 13° from the surface normal to the electron detec-
tor. CasaXPS was used to analyse the spectra with Shirley
backgrounds and Scofield cross sections. The evaluation of
the Co and Fe spectra is not straightforward since an Auger
peak from one metal overlays the 2p peak of the other metal.
To overcome this effect, reference samples of cobalt and iron
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oxide were measured to calculate the 2p to Auger area ratio.
With this, the areas used for the elemental composition were
corrected (see details in the ESIT).

The redox properties of the Co-Fe-O composites coated
on stainless steel substrates were evaluated by temperature-
programmed reduction (TPR); this was followed by re-oxidation
(TPO). Both analyses were performed from 100 to 500 °C with
a ramp of 3 °C min™", under an argon flow of 0.05 L min™*
containing 5 vol.% of H, (TPR) or O, (TPO), respectively.
Emission FTIR spectra were recorded continuously during
the TPR/TPO analyses and characteristic bands were inte-
grated versus temperature. This technique allowed for sub-
stantial improvement of the sensitivity towards dynamic
changes in the gas composition. UV-vis spectra were recorded
(UV-2501PC, SHIMADZU) to determine the optical properties.

Catalytic tests

The catalytic performance of the Co-Fe-O composites was
evaluated using a 30 cm long quartz plug-flow reactor with a
diameter of 0.9 cm. A 20 mg catalyst (supported on a grid
mesh of stainless steel) was used. The reaction gas mixture
consisted of 1% CO and 10% O, diluted in argon with a total
flow rate of 15 mL min~", corresponding to a weight hourly
space velocity (WHSV) of 45000 mL g™* cat h™. The flow rates
of gases were controlled by MKS mass flow controllers,
and the temperature of the reactor was raised with a ramp of
3 °C min™" using a HT60 controller (Horst). The temperature
of the mesh inside of the reactor was recorded using K-type
thermocouples and a digital thermometer (GMH3250, Greisinger).
The composition of the effluent gas was detected in the
wavelength range of 400-4000 cm™' with an online FTIR

Paper

spectrometer equipped with a KBr transmission cell. Details
of data treatment can be found in ref. 38. It should be noted
that the aim here was not to maximize the surface area but
to investigate the effect of Co addition on the properties of
Fe,O; under well-defined conditions. The CVD synthesis
approach offers, in principle, to coat structures with larger
surface area by, e.g., using washcoats or porous structures
as templates.

Results and discussion
Structure

The structural investigation of the deposited thin films with
a thickness of ~250 nm was performed using XRD and
Raman spectroscopy, as shown in Fig. 1. The XRD patterns of
the cubic Fd3m spinel Coz;0, (ref. 35) and hexagonal Ia3
hematite (a-Fe,03)*° from our recent work are presented as
references. The deposited Co-Fe-O films exhibit a cubic
Fd3m inverse spinel structure like the reference CoFe,O,
inverse spinel (JCPDS no. 03-0864) and no extra diffraction
peaks associated with the formation of other phases were
detected. Starting from hematite (a-Fe,O3), a non-spinel with
a hexagonal structure, Fe substitution by Co induces a struc-
ture transformation to an inverse spinel structure even at very
low Co content. A decrease in the lattice constant from 8.39
to 8.21 A (Table 1) was noted with the increase in cobalt con-
tent, which is visualised by the peak shift of diffraction peaks
towards higher angles. The calculated values of the lattice
constants vary from those of the reference materials CoFe,O,
(8.4 A) and Co,0, (8.1 A). Hematite has a hexagonal close-
packed structure with all Fe*" ions in O-sites, whereas Co;0,
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Fig. 1
sample Co, 1Fe 9Oy, is reproduced from ref. 31.
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(a) XRD patterns of Co-Fe-O oxides, pure CozO4 (ref. 35) and a-Fe,O3 (ref. 20); (b) Raman spectra of the deposited Co-Fe-O films. The
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Table 1 Characteristics of Co-Fe-O thin films®
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Composition D (nm) a(A) Ey (eV) Trpr (°C) Trpo (°C) Ty (°C) Tso (°C) Too (°C)
Coy.oFe, 104 20 8.39 1.60 295 309 170 205 230
Co, gFe; ,0, 33 8.36 1.90 300 338 210 232 250
Co,.1Fe00, 35 8.21 2.09 317 350 215 260 300
o-Fe, 03 (ref. 20) —_ — 2.16 — — 262 325 384

“ D is the particle size; Trpr and Trypo refer to the temperature of complete reduction and re-oxidation, respectively; T, Tso and T, stand for
the temperatures corresponding to 10%, 50% and 90% CO conversion, respectively.

has a normal spinel structure in which tetrahedral sites
(T-sites) are occupied by Co®" ions and octahedral sites
(O-site) by Co®" ions: [CO* J1site[CO* ' CO*]o.sitcO4- In contrast,
CoFe,0, has an inverse spinel structure in which Fe**, Co®*
and Co”" ions are distributed in both T- and O-sites. A
systematic analysis of a series of Co-Fe-O with similar
compositions has been reported by Le Trong et al. using
Mossbauer spectroscopy.®® Following their analysis, we assigned
the following distribution to our oxides upon increasing
the Co content, i.e. [CO*'Fe* C0>1ite[CO* Fe**CO*JositeOuy
[CO*"Fe* 1site[CO* Fe*"CO* Josite0s, and  [Co*'Fe* Jrgie
[Fe**C0*]ousitcO4 for Co, 01Fey 904, Co, gFe; ,0,4 and Cog oFe, 10,4,
respectively. The observed decrease in the lattice constant
with increasing Co content can be associated to this chang-
ing distribution. In fact, according to Le Trong et al.,*® when
the amount of cobalt increases, the cell parameter decreases
and there is gradual evolution toward a normal spinel struc-
ture as observed in our XRD patterns. This is due to the fact
that the diamagnetic Co®" cations replace the Fe** cations in
the octahedral position and the octahedral preference of the
Co”" cations becomes less dominant.

The particle size was evaluated by XRD analysis with the
Scherrer equation. Increasing cobalt content tends to sharpen
the peaks progressively. The Scherrer line-broadening analy-
sis on the (331) plane reveals that the volume-averaged crys-
tallite size increases from 20 to 35 nm upon cobalt insertion.
The agglomeration of small grain sizes to form larger parti-
cles may be one reason for the increase of the particle size.

Further structure information was obtained from Raman
spectra of the deposited thin films, recorded at room temper-
ature, and presented in Fig. 1b. Five Raman-active modes are
observed: the modes at ~609 and ~682 cm " are related to the
T-site mode; other peaks at ~233, ~287 and ~480 cm ™" corre-
spond to the O-site mode.*’ These assignments are in excel-
lent agreement with the previously reported results for the
Co-Fe-0 system.***"*> Thus, pure-phase Co-Fe-O spinel can
be easily synthesized with PSE-CVD through the accurate
adjustment of the feedstock composition.

Chemical composition

Ex situ XPS was used to investigate the surface composition
and chemical species of the cobalt ferrite thin films. Despite
the presence of both metals and oxygen, carbon was found
on all samples. Carbon and oxygen can be contamination
products arising from precursor decomposition and from
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ambient air. Therefore, the Fe/Co ratio was used to calculate
the chemical compositions and the results are listed in
Table 1. Details regarding XPS measurement and evaluation
are collected in the ESI: Table S1, Fig. S1 and S2.

High-resolution XPS spectra of Fe2p, Co2p, and O1s are
shown in Fig. 2. To compare the metal spectra to that in the
literature, the overlaying Auger peaks were directly subtracted
from the data. It is worth mentioning that even for clear
spectra, the identification and fitting of chemical species are
not unique. This Auger correction gives an additional source
of error, although it is the best route in this study (see the
original data in Fig. S21). The Fe2p spectra are visible in
Fig. 2a. The signals at 710.6 and 723.3 eV with the separation
of 12.7 eV and a small satellite structure at ~734 eV have been
reported to indicate the presence of Fe**.** Inspection of the
measured Co2p peak (Fig. 2b) shows that it is composed of
the main doublet with peaks at around 780 and 795 eV, indi-
cating the presence of oxidized species. Only the 2p,,, parts of
the spectra were fitted as it is less affected by the Auger
correction. Here, the species interpretation according to
Gautier et al.** was used. The main peak consists of two species:
one at ~795.2 eV for Co®" and one at ~796.4 eV for Co>*. A broad
satellite peak at 802.8 eV is assigned to originate from Co®>".

As shown in Fig. 2¢c, the O1s spectra for all samples were
deconvoluted in three peaks in the BE range of 530-533 eV.
The lower peak (~530 eV) could be assigned to the lattice oxy-
gen species O°". The two species at higher BE are generally
assigned to “adsorbed oxygen™."® The peak at ~531.4 eV is
explained to be the hydroxyl species (OH") or defective
oxygen,*® whereas the peak at 533.2 eV probably comes from
carbonate species, CO;>” or defects in the structure. From the
XPS spectra of all samples, lattice and adsorbed oxygen are
observed. Both 0,>” and O~ species are strongly electrophilic
reactants, which can attack an organic molecule in the region
of its highest electron density and therefore result in the
oxidation of the carbon skeleton.'® For CO conversion over
oxides, electrophilic oxygen species such as lattice and adsorbed
oxygen are generally responsible for the total oxidation.'®*’
Thus, these electrophilic oxygen species (0,>” or O) present
at the surface of Co-Fe-O oxides are expected to benefit the
total oxidation of CO.

Morphology

The surface morphology of the thin films was studied with
HIM and a few representative micrographs of the obtained
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Fig. 2 XPS spectra of the Co-Fe-O samples: (a) Fe2p; (b) Co2p; (c) O1ls. In the case of the metals an overlaying Auger signal has been subtracted
(see ESIt). An offset is added for better visibility. The sample Co,1Feq 9O, is reproduced from ref. 31.

films are shown in Fig. 3 (additional images can be found
in Fig. S31). The images revealed significant differences
between the samples of different composition, whereas the
Co, gFe; ,04 sample (Fig. 3b, e and h) shows better defined
crystals with a pyramidal shape embedded in a matrix

2 O \
w Ny
- K < vl"

! i
% 55000 nin
U

Fig. 3 High magnification HIM images of Co-Fe-O thin films coated
on stainless steel at 400 °C, (a, d, g) Cog gFe; 104, (b, e, h) Co;gFe; ;04
and (c, f, i) C02.1Feo.904.
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consisting of small cubic grains. The Co, ;Fey 0, sample
(Fig. 3¢, f and i) shows films composed of large grains which
exhibit a cauliflower structure; these films show apparent
open porosity; thus no particular defined geometry is
observed due to the complete loss of the crystallinity. By
increasing the Co content, the grain size apparently becomes
larger due to the agglomeration of small grains with average
values of about 20-35 nm. HIM images confirm visually that
the increase in grain size upon Co addition is in accord with
the estimation by XRD analysis. The grain size of CogoFe, 10,
films is the smallest, followed by Co, gFe; ,0, and Co, 1Fej 9O,.
Usually, the smaller the grain size, the larger the specific
surface area.’”*® Therefore, the difference in grain size may
influence the physicochemical properties as well as the cata-
Iytic performance.

Optical properties

The controlled variation of the band gap energy (E;) in a
material could be used as a tool to reflect its performance. As
an example it has been demonstrated that metal oxides with
low E, can exhibit good catalytic performance.*”*° To investi-
gate the influence of the Co content on the optical properties,
the UV-vis spectra for the samples were measured in order to
estimate the optical band gap.

Typical UV-vis spectra of the thin films are displayed in
Fig. 4a. The collected absorption spectra were then used to
evaluate the direct E, from the Tauc equation: ohv = A(hv - E,)",
where o represents the absorption coefficient, iv is the
photon energy, A is the refractive index constant and »n is a
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Fig. 4 (a) Optical absorption spectrum and (b) Tauc's plot resulting in

an optical Eq for the different Co-Fe-O composites.

constant associated with the nature of the transition (1/2 for
direct allowed transitions). E, is estimated from the intercept
of the extrapolated linear fit to the experimental data of
(ahv)® vs. hv, see Fig. 4b. Results for Co, oFe, 104, Coy sFe; ,0,
and Co, ;Fe( 0, thin films calculated from the linear fit are
1.60, 1.90 and 2.09 eV, respectively. These values are larger
than that of 1.44 eV reported by Rai et al.>' and smaller than
2.61 eV by Ravindra et al.’> for similar cobalt ferrites. It is
important to note that E, increases upon Fe substitution with
Co. Several factors could influence the E, of semiconductors:
defects, charged impurities, disorder at the grain boundaries,
cationic distribution as well as three-dimensional quantum
size effects. These influences have not been discussed in
detail for our materials in the literature. The only pertinent
studies reported the effect of grain size evolution and distri-
bution on the optical properties of pure V,05 thin films pre-
pared by pulsed-laser deposition.>® The decreases in Eg and
changes in the spectral characteristics were attributed to
the increase in the grain size, the random grain distribution
and the structural modification of the material.>® This last
assumption seems to be more applicable to our deposited
films because the insertion of the cobalt in the matrix of the
iron oxide is expected to create some structural disorder in
the material and a perturbation of the band structure which
can influence the band gap. The UV-vis spectra of PSE-CVD-
deposited Fe,O; thin films exhibit one absorption band cor-
responding to an optical band gap energy of 2.16 ev>* which
is assigned to the ligand-metal charge transfer 0>~ — Fe®",
The combination of two transition metals with variable
oxidation states has caused a structural modification and
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perturbation of the band structure which is responsible for
the shift of the optical band gap of the Co-Fe-O materials to
lower values, which would also enable their application to
photo-catalysis. The increase of the optical band gap of the
deposited films with the increase in the cobalt content can
be logically associated to the structural modification arising
with the cationic re-distribution in both the O- and T-sites
which is in line with the XRD and XPS results. This approach
is consolidated by Auvergne et al.>* who reported that the
band shift in oxides is due to Coulomb interaction between
species which occurs as a result of doping. These observa-
tions and concepts also seem useful with respect to the pres-
ent composite oxides and their electronic and optical
applications. It is well known that materials with narrow
energy band gaps offer higher electron mobility, and the cor-
relation of the electron availability and mobility with the
redox activity of a respective catalyst has been reported.>”
According to Zaki et al.,”® the electron availability and mobil-
ity of lattice and surface oxygen species determine the redox
activity of their catalysts. It is therefore crucial to investigate
the redox properties of the prepared sample.

Redox properties

To investigate the redox properties of the mixed oxides,
TPR and TPO were carried out with emission FTIR as an
in situ monitoring technique, using 5% of H, or O, in Ar
(0.05 L min™'). Fig. 5 displays the redox behaviour of
the samples. The typical feature of the integrated IR band
intensity of Fe-Co-O as a function of the temperature in the
TPR is presented in Fig. 5a. As the temperature increases, a
progressive red shift of the two bands at around 530 cm™*
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| (b) TPO
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Fig. 5 Redox behaviour of the selected Co-Fe-O oxides: (a) TPR;
(b) TPO; (c) progressive loss of the spinel structure and (d) recovery of
Co-Fe-O IR vibration. The sample Co, Feq 9O, is reproduced from ref. 31.
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and 628 cm ™' (Fig. 5¢) is observed. The complete reduction is
characterized by a plateau at 300 °C. Fig. 5b and d display
the TPO profiles and the total recovery of the inverse spinel
structure in the oxidation step, respectively. The reduc-
ibility and the re-oxidation order for the three samples is
Co, 1Fey.004 < CoqgFe;,0,4 < CogoFe, 04 The reduction
and oxidation temperatures are notably shifted to higher
values, indicating that the increase in the Co content can give
rise to unexpected changes of the Co-Fe-O structure and
thereby make it more difficult to be reduced. The presence of
anionic vacancies in the lattice of Mn-doped®® and Ce-doped
Co30, (ref. 56) has been reported to also increase the reduc-
ibility temperature. In this study, this kind of vacancies can
also be generated upon cobalt insertion and make the corre-
sponding material less reducible. The Co, ;Fe, 40, sample
shows a high reduction and oxidation temperature (low lat-
tice oxygen mobility), followed by Co, gFe, ,04, whereas the
Coy.oFe, 104 sample, with low cobalt content, is reduced and
re-oxidized at low temperature (high lattice oxygen mobility).

Taking also the optical properties into consideration,
CogoFe, 10, and Coq gFe; ;04 samples might allow high
electron mobility due to their narrow E,, with the knowledge
that the reduction/oxidation of oxide material can proceed
with electron transfer.’”*® Consistently, the redox behaviour
of samples with low Co content (low E;) can be explained in
terms of easy migration of the O®” to the surface due to the
high electron mobility during the electron transfer process. It
could thus be suggested that the redox properties (lattice oxygen
mobility) of the Co-Fe-O in this study might also be influenced
by the band gap energy (electron mobility) variation.

Catalytic performance

To evaluate the catalytic performance of the prepared cobalt
ferrite mixed oxides, the oxidation of CO was investigated at
atmospheric pressure over all samples. The results were thus
compared with that obtained with pure o-Fe,0; from previ-
ous work®® and a blank sample of non-coated mesh, as
shown in Fig. 6. Single a-Fe,0; becomes active in CO oxida-
tion at around 230 °C and achieves complete CO conversion
to CO, above 450 °C. Co-Fe-O composites exhibit lower tem-
peratures for the initiation of CO oxidation than single
o-Fe,O3. The complete CO oxidation over CoggFe, 04,
Co, gFe; ,0, and Co, ;Fe, 0, occurs at 255, 275 and 325 °C,
respectively. The catalytic performance of various catalysts
can be more easily compared by T, (the reaction tempera-
ture corresponding to a 50% CO conversion), as presented in
Table 1. The Ts, for single a-Fe,O3 is 350 °C. T, sharply
decreases to ~232 °C for Co, gFe; ,0, and further decreases to
205 °C for Cog oFe, 10,4. Tso thus increases with further sub-
stitution of Fe by Co in the Co-Fe composites. Only a small
amount of Co is sufficient to shift the oxidation temperature
of CO toward lower values. These results indicate that cobalt
ferrite oxides are more catalytically active than the pure
a-Fe,0; single oxide. The performance order is as follows:
a-Fe,03 < Co, 1Fey 90,4 < Coq gFe; ;04 < CogoFe; 104.
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Fig. 6 Light-off curves of CO conversion with the Co-Fe-O samples

and a-Fe,03 as well as the non-coated mesh. The results obtained
over a-Fe,05.2°

To understand the difference observed in the catalytic per-
formance upon Co addition, a study of the phenomena that
govern the catalytic oxidation on the surface is needed. From
a viewpoint of oxygen species participating in the catalysis,
adsorbed (and/or surface) oxygen and lattice oxygen are sup-
posed to contribute to the suprafacial and intrafacial pro-
cesses, respectively. XPS results revealed the presence of
cations (Co**, Co®" and Fe’®") and anions (0®>", OH™ as well as
C0;*7) in the Co-Fe-O structure. The activity of Co-Fe-O
composites should be dominated by the exposed fraction of
the active species of the Co-Fe-O composite. We will there-
fore discuss how either the redox properties or the adsorbed
oxygen at the surface of Co-Fe-O may be involved in the CO
catalytic oxidation process in this work.

It is generally accepted that CO oxidation over oxides fol-
lows a Mars van Krevelen-type mechanism,’®*°
reactions involve alternate reduction and oxidation of the
oxide surface with formation of surface oxygen vacancies
(as the key step) and their replenishment by gas-phase
oxygen. Thus, the density of surface oxygen vacancies in the
solid oxide plays an important role in their catalytic activity
in CO oxidation. Nevertheless, according to Tascén et al.,*"
the CO oxidation reaction over mixed oxides may also follow
a suprafacial mechanism in which lattice oxygen is not
involved as presented in the following mechanism:®>

where the

0,(g) +e — 0, (ads); O, (ads) + e — 20 (ads)  (E1)

CO (g) ~ €O (ads) (E2)

CO (ads) + 20™ (ads) — CO,*> (ads) (E3)
CO;> (ads) — CO, (ads) + O™ (ads) + e~ (E4)
CO, (ads) —~ €O, (g) (E5)

In the present study, XPS analyses indicate the presence of
both Opa¢tice aNd Oagsorbea Species (Fig. 2¢). As mentioned
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above, a shoulder of Oxgsorbea at high BE is identified to be
hydroxyl groups, mainly Fe-OH and Co-OH and CO;>".** The
catalyst with low Co content tended to have a larger amount
of surface-adsorbed oxygen in comparison with the sample
with high Co content. It is therefore suggested that the
adsorbed oxygenated species, mainly Co;>” and OH", could
effectively participate in the oxidation of CO.

The TPR/TPO experiment reveals that the Co-Fe-O redox
reaction is shifted to higher temperatures, increasing the Co
content. In an ideal state the reduction of Fe,O; requires a
higher temperature than that of Co;0,4. The Co*'-Co®" ion
pairs are known to be very active in low-temperature CO
oxidation®® over cobalt oxide; this higher activity is strongly
dependent on the reduction of Co** to Co®" after CO adsorp-
tion.*>®* Therefore, the presence in Co-Fe-O composites of
both Co®" and Co®" together with Fe®" in the O- and T-sites
should enable a decrease of the reduction temperature,
accompanied by an improvement of the catalytic performance
of CO over samples with higher Co content (Co, ;Fe, 00, and
Co, gFe; ,04), which have the following cationic distribution
in the O-site: [Co”'Fe*"Co*|o.sice. Surprisingly, the oppo-
site behaviour is observed with Co, ¢Fe, ;0, (the most active
sample) in which only Fe** and Co”" are present in the O-site:
[Fe**Co*'Josite- A similar behaviour has been observed by
Yu Yao*? with CoAl,O, spinel in which Co was stabilized as
Co”", causing its inactivity in the CO oxidation through a
redox mechanism. It can therefore be suggested here that
the CO oxidation over a Co-Fe-O catalyst does not proceed
through a redox mechanism even if Co, oFe, 0, presents the
lowest reduction temperature. This hypothesis is strongly
supported by the fact that CO oxidation of Co, ;Fe, 40, is
initiated at ~200 °C while the reduction (Fig. 5a) started at
~280 °C. The earlier initiation of the reaction at low tempera-
ture can be assigned to the surface-adsorbed oxygen revealed
by XPS analysis. Summarizing these observations, it is thus
proposed that CO oxidation over Co-Fe-O follows a supra-
facial mechanism where CO molecules react with adsorbed
oxygen, mainly as CO;>~ and OH ", to form CO,. This is in
excellent agreement with the results reported in the literature
for the same material.>*®>

In this investigation, the results demonstrate that the
combination of Fe and Co in the same phase intrinsically
influences the redox properties and the catalytic performance
of Co-Fe-O vs. Fe,0O; in CO oxidation and causes the shift
of the optical band gap toward lower values. It is therefore
likely that the controlled variation of the Co:Fe ratio in the
cobalt ferrite oxides could be used as a tool to reflect their
properties.

Conclusions

Cobalt-iron mixed oxide thin films were prepared by pulsed
spray evaporation chemical vapour deposition and their prop-
erties were systematically characterised. The results show
that the Co:Fe ratio in Co-Fe-O thin films strongly influ-
ences their physicochemical properties. In particular, the

3366 | Catal Sci. Technol, 2014, 4, 3359-3367
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variation of the cobalt amount in the Co-Fe-O structure plays
a decisive role in controlling both the band gap energies and
the redox properties of Co-Fe-O films. Co-Fe mixed oxides
exhibit better performance than pure a-Fe,0;. The perfor-
mance of Fe-Co mixed oxide catalysts for the CO oxidation
reaction was significantly affected by the adsorbed oxygen
species and the cobalt content. The XPS and TPR analyses
suggest that the suprafacial mechanism is dominant in the
CO oxidation over Co-Fe-O catalysts.
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3.3.4.1  Electronic Supporting Information (ESI)

Table 1: (ESI 1): Estimated composition at the surface of the Co-Fe thin films.

Cls Ols Co2p Fe2p Co/Fe Co Fe 0]
CopoFer 104 43% 49% 3% 6% 0.43 0.9 2.1 4
CoisFe20s 37% 51% 7% 5% 1.47 1.8 1.2 4
Co21Fe0sOs  35% 49% 11% 5% 2.23 2.1 0.9 4

3.3.4.2 Details about the XPS analysis

The surface composition was determined by the means of X-ray photoelectron
spectroscopy (XPS). XPS was done in a multi technique ultra-high vacuum instrument
(Multiprobe, Omicron Nanotechnology) using a monochromatic Al Ka X-ray source
(1486.7 eV, 280 W) and a hemi-spherical electron energy analyzer (Sphera) in constant
analyzer energy mode (25 eV) and a step size of 0.05 eV. The sample was located under
an angle of 13° from the surface normal to the electron detector. The base pressure of
the chamber is 2x10-'°© mbar. CasaXPS was used to analyze the spectra, and a Shirley
background subtraction procedure was employed. The elemental composition was
calculated using the area of the Fe2p, Co2p, C1s and O1s peaks with the according
Scofield cross-sections. The peak areas of the Fe2p and Co2p signals were corrected
for Auger LMM peaks that each metal has in the 2p-area of the other metal. In both
cases, mainly the 2ps; parts of the spectra are affected. To do the correction, 2 sputter-
cleaned metal oxide samples made by PSE-CVD were measured as references. The

intensity correction of the peak area was done according to the following formula:

_ M(Fe) — K(Co)M(Co) _ M(Co) — K(Fe)M(Fe)
A(Fe = 2p) =~ C0IK (Fe)) A(Co=2p) = RICOK (Fe))
Definitions:
A = Area

K = [A(LMM) / A(2p)] (Correction factor)
Measured Areas:

M(Fe) = A(Fe-2p+Co-LMM)

M(Co) = A(Co-2p+Fe-LMM)
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Figure 39: (ESI 1): Pure iron oxide (a, b) and cobalt oxide (c, d) reference sample.

Area ratio K (Fe) = A(Fe-LMM) / A(Fe-2p) = 14.3/84.8 = 0.148

Area ratio K (Co) = A(Co-LMM) / A(Co-2p) =41.1/206.8 =0.210
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Figure 40: (ESI 2) The original XPS spectra of Fe2p and Co2p with the corresponding Shirley

backgrounds.

In addition, the subtraction of the Auger signals was done to obtain less-disturbed iron

and cobalt spectra. This was done with CasaXPS by subtracting the LMM references

from the 2p data (see Fig 2a and 2b in the main text).
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3.4 Rutherford backscattered ion (RBI) imaging

Imaging with backscattered ions gives additional information about the elemental
composition of samples compared to the standard secondary electron (SE) imaging
mode in the helium ion microscope. Unfortunately there is no real spectroscopic
information with the standard multichannel plate (MCP) detector, but it is well possible to
distinguish known elements from each other. The examples shown in this chapter consist
of gold with the highest known backscatter yield, and on the other hand of carbon and

silicon with rates more than 50 times lower.29:30

3.4.1 Defect analysis on phase plates for use in a TEM

This study is a cooperative work with PD Dr. Daniel Rhinow from the Max-Planck-

Institute of Biophysics, Frankfurt.®”

To maximize in-focus phase contrast in TEM of weak-phase objects like biological
specimen, a Boersch phase plate (BPP) can be used. The BPP is an electrostatic einzel
lens that shifts the phase of the unscattered beam by up to 90°. It poses several
technological challenges to actually produce such lenses and to operate them
continuously. The goal of this work was the investigation of possible sources of BPP

contamination and failure by helium ion microscopy (HIM).

The principle of phase contrast TEM with a BPP is shown in Figure 41a. Figure 41b,c
show BPP devices imaged in a helium ion microscope, indicating alternating layers of
conductive (Au) and isolating materials (SisNs) of the electrode ring. The locally confined
electrostatic field of the electrode ring shifts the phase of the unscattered electrons by

an angle that depends on the applied voltage.
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Figure 41 (a): Schematlc ofa Phase contrast TEM with a BPP (b,c): HIM images of the central
BPP electrode show alternating layers of conductive and insulating materials in the BPP.
Reprinted with permission.®”
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Figure 42: HIM micrographs of a BPP. (a) HIM image of a BPP in secondary electron (SE)
mode. (b) HIM image of the central electrode in SE mode and (c) the same area in RBI mode.
(d) HIM image of the central hole and (e) the corresponding RBI image. In RBI mode gold
appears particularly bright. An area of gold re-deposited during the FIB process is highlighted
(arrow). Reprinted with permission.®”
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Figure 42 shows a HIM image of a BPP, which produced strong disturbances due to
charging. HIM images of the central electrode were acquired simultaneously in
secondary electron (SE) and RBI mode. Some black dots in the RBI image (see Figure
42c) originate from ion channeling effects of gold grains. The bright area on the upper
left of the central hole in Figure 42e (arrow) is interpreted as a thin film of gold re-

deposited during the final production step (FIB milling of the BPP).

There were no indications for gross contaminations like large silicon nitride particles in
the vicinity of the central hole. Therefore, the deposition of gold in the central hole is most
likely responsible for leak currents or even short-circuits, which are observed with many
BPPs. Furthermore, thin films consisting of gold islands might be susceptible to
electrostatic charge build-up. In short, HIM analysis revealed that FIB milling of BPPs is

accompanied by undesired re-deposition of gold in the central hole.
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3.4.2 Analyzing gold nanowires

This chapter reports about the analysis of electrospun gold nanowires. It concentrates
on the aspects of HIM imaging, whereas chapter 3.4.4 presents a full paper with
synthesis and characterization of such nanowires. This work is done in collaboration with

the group of Prof. Greiner in Marburg, and now in Bayreuth.

The wires are produced by electrospinning a polymer solution with gold nanoparticles
(AuNPs). Subsequent annealing evaporates the polymer and melts the AuNPs to a

continuous smooth wire.

In Figure 43 the different contrast effects of secondary electron (SE) and Rutherford
backscattered ion (RBI) images are visible. The SE image in (a) shows the surface
topography in detail. The lower part of the wire is only slightly visible, indicating a charge
buildup due to the ion beam. The corresponding RBI image in (b) shows a different
appearance. Due to the high energy of the backscattered ions, RBI images are not
affected by charging. The high brightness of the complete wire leads to the conclusion
that the wire actually consists of a high amount of material with high atomic number. As
only gold and carbon are possible, it is identified as gold. At the positions where charging
gets visible in the SE image, the wires seem not to be continuing in RBI mode, whereas
the outline is still visible in the SE image (see arrows). It is very reasonable to conclude

that in these positions leftover carbon acts as an insulator.

Field Of View Acceleration V' |Dwell Time Averaging jFleId Of View |Acceleration V |Dwell Time Date: 7/7/2011
9.50 um 36.9 kV 1100.0 us Off 19.50 um 36.9 kV 100.0 us |Time: 3:36 PM

Working Dist Blanker Current Tilt Angle {Working Dist Blanker Current |Detector
-0.1 pA -0.1 pA ‘MCP

16.0 mm 0.0 deg 1.00 um 116.0 mm JI 00 um

Figure 43: HIM images of gold nanowires, where both images were taken at the same time With‘
the SE detector (a) and RBI detector (b). They are mechanically supported by a gold TEM grid
on the upper part of the image.
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1 ;

Figure 44: Micrographs depicting the temperature-induced transition to gold-nanowires (top to
bottom). Left: TEM pictures; middle: HIM micrographs based on secondary electrons (SE)
showing the surface and induced charging in the first row causing a low SE-yield; right: HIM
images based on Rutherford backscattered ions highlighting areas of high gold content.
Accepted by Macromolecular Rapid Communications, 2014.%8
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In a following experiment, such nanowires were modified before the annealing step. The
fibers were coated with a highly thermally stable polymer to obtain more regular wires in
the end. Due to this polymer, thermal treatment up to 1050 °C led to the degradation of
the polymer material while fusing the gold aggregates in the confinement of the polymer

tubes together.%

Figure 44 shows the effect of rising annealing temperature from top to bottom.
Comparable TEM images (left column) are added to the HIM SE (middle column) and
RBI images (right column). The polymer coating of the tubes degraded as the
temperature increased, resulting in a very rough and inhomogeneous surface. At higher
temperatures reaching up to 1050 °C, the remaining gold aggregates fused together and
eventually led to continuous nanowires featuring a smooth surface. Throughout the
transition, the average fiber diameter decreased significantly, whereas no insulating

wires were found as in Figure 43.

3.4.3 Summary: using RBI imaging in HIM

RBI imaging adds the possibility to simultaneously acquire a second image which is
sensitive to the elemental composition of the sample under investigation. In defect
analysis on Boersch phase plates this information in combination with the other high

resolution images were proven to be useful.

In the analysis of gold nanowires this combination was especially informative, as it is
possible to distinguish between the two ingredients of the wires (carbon and gold). The
combination with voltage contrast is advantageous in the assessment of defects in the

wires as they get instantly visible.
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3.4.4 Publication: Preparation of Continuous Gold Nanowires by
Electrospinning of High-Concentration Aqueous Dispersions of
Gold Nanoparticles (Small 2012)

This Chapter is reprinted with permission from Wiley. The original article appeared as:

Gries K, Vieker H, Golzhauser A, Agarwal S and Greiner A 2012 Preparation of
Continuous Gold Nanowires by Electrospinning of High-Concentration Aqueous
Dispersions of Gold Nanoparticles Small 8 1436—41

Contribution:

Helium lon Microscopy was performed by the author.
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T Gold Nanowites

Preparation of Continuous Gold Nanowires by
Electrospinning of High-Concentration Aqueous
Dispersions of Gold Nanoparticles

Katharina Gries, Henning Vieker, Armin Gélzhduser, Seema Agarwal,

and Andreas Greiner*

Gold nanowires are prepared by the electrospinning of highly concentrated aqueous
dispersions of gold nanoparticles (AuNPs) in the presence of poly(vinyl alcohol) and
subsequent annealing at higher temperatures. Continuous wires of sintered AuNPs are
obtained as a result of this process. The Au wires are characterized by transmission electron
microscopy, helium ion microscopy, optical microscopy, and X-ray diffractometry.

1. Introduction

Metal nanofibers are of interest to the investigation of elec-
trical and magnetic properties. Numerous examples of metal
nanowires have been published in the literature.''>] These
include nanowires made from Fe;O, nanoparticles that were
prepared via magnetic-field-induced self-assembly,”! semi-
conductor nanowires of CoTe and NiTe alloy,[® and palla-
dium nanowires synthesized in hexagonal mesophases.l’]
Recently, the preparation of copper,®! cobalt,”) and iron
wires(?) out of electrospun fibers has been reported. Following
this concept, composite nanofibers of metal salts and poly-
mers were prepared by electrospinning of the corresponding
solutions and subsequent thermal treatment under reductive
conditions. Metal nanofibers with diameters less than 100 nm
were obtained, which showed good electrical conductivity
(Cu) and ferromagnetic properties (Co, Fe). Other exam-
ples of metal nanowires obtained from electrospun fibers
include magnetic nickel nanowires, 1! platinum nanowires
for methanol oxidation,!''l and Co;0, nanofibers for selec-
tive glucose detection.['?! Pol et al. prepared gold nanowires
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using platinum electrodes in the electrospinning of metal salt
solutions.['*] Furthermore, in some of the reported examples
the conversion of metal salt/polymer composite fibers to
metal wires by reduction in a hydrogen atmosphere at high
temperatures is described, which is quite dangerous.[3%1413]
Gold nanowires prepared by other techniques have been
reported in the literature as well.l'*] Additional examples
of the successful preparation of gold nanowires are those
prepared by electrodeposition into nanoporous aluminum
oxide templates, which had an average diameter of 47 nm.[??!
In a different approach, Huo et al. prepared ultrathin gold
nanowires with a diameter of only 1.6 nm by wet-chemical
preparation.**] Similar works were simultaneously published
by Lu et al. and Wang et al.[>>?%] The disadvantage of the
above-mentioned approaches is the use of metal salts, which
are highly corrosive, particularly in the case of precious
metals, such as gold or platinum. The avoidance of corrosive
metal salts is an advantage, which is not only important for
the preparation of nanowires of precious metals by electro-
spinning, but also for other preparation techniques, such as
hydrothermal preparation processes using a stainless steel
autoclave.?7-28]

Several examples have been published of electro-
spun composite fibers with metal nanoparticles and poly-
mers.[2%] Examples are electrospun polyethylene oxide
(PEO) fibers containing dodecanethiol-capped gold nano-
particles (AuNPs),??] fibers of poly(e-caprolactone) loaded
with FePt particles,® nickel nanoparticles in polystyrene
fibers,?" and Ag nanoparticle dimers or larger aggregates
in poly(vinyl alcohol) (PVA) fibers.[*! Further examples
include the preparation of ferromagnetic iron oxide nanopar-
ticles in electrospun poly(vinyl pyrrolidone) fibers! as well
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as silver nanoparticles in polyacrylonitrile
nanofibers.’8] Following the concept of
electrospinning, Long et al. prepared Au/
polyaniline microfibers with a core/shell
structure with a diameter of the gold-
containing inner core of 140-180 nm.*”) In
a similar approach by Pol et al., a solution
of gold acid in aqueous poly(acrylic acid)
was electrospun to yield gold-containing
polymer fibers.['3] In another study, Park
et al. presented gold nanowires prepared
from electrospun  polystyrene-block-
poly(4-vinylpyridine) fibers, which were
immersed in a gold salt solution and con-
secutively treated in oxygen plasma.l!]
These examples clearly prove that, in gen-
eral, the preparation of gold wires by elec-
trospinning should be possible.

Our hypothesis was that access to gold
wires should be possible through polymer
nanofibers with a high content of AuNPs.
This is in itself a challenge but could be
useful for other applications as well, for
example catalysis, which is not the topic
of this contribution. Gold nanowires should be obtainable
by annealing of such composite nanofibers. The annealing
process should result in decomposition of the polymer and
fusion of AuNPs, thereby forming the corresponding gold
nanowires. According to the literature, the melting point of
small particles is below that of bulk materiall*>*] and the
interaction between particles affects the melting point.[*/]
We assumed that these effects would allow the fusion of the
AuNPs at lower temperatures than the bulk melting tempera-
ture, and thereby prevent the nanowires from disintegrating in
shape at fusion temperature. We assumed that the success of
gold nanowire formation from AuNPs, and thus its transition
from nanoparticles to bulk state, should
be accompanied by significant changes
in the solid-state structure, which can be
analyzed by wide-angle X-ray scattering
(WAXS). PVA was used as the matrix
polymer due to its excellent electrospin-
ning properties, but accepting a relatively
high carbon residue which is expected to
remain after pyrolysis of the fibers.*S] To
analyze gold wires and carbon residues, we
employed a new technique called helium
ion microscopy, which is superior to
energy-dispersive X-ray (EDX) analysis
in the detection of carbon, which we used
here for comparison.

electrospinning.

2. Results and Discussion

The preparation of the gold nanowires
was carried out in two steps, as sche-
matically shown in Figure 1. First, PVA/
AuNP composite fibers were prepared by
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Figure 1. Schematic
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illustration of the preparation steps of gold nanowires via

electrospinning, followed by pyrolysis of PVA and simulta-
neous formation of the gold wires by sintering of the AuNPs.

PVA was used as the matrix polymer due to its excel-
lent electrospinning properties. A general problem with all
organic compounds that are used as templates and removed
by pyrolysis is some percentage of carbon residue, which is
expected to remain after pyrolysis of the fibers. It is about
2 wt% in the case of PVA.[*! AuNPs with an average size of
approximately 13 nm (Figure 2a) were used for electrospin-
ning with PVA. Aqueous dispersions with a high content of
AuNPs were prepared by reducing gold acid with trisodium
citrate. The concentration of the resulting AuNP dispersion

Figure 2. Transmission electron microscopy (TEM) images of citrate-capped AuNPs from
aqueous dispersion (A), electrospun PVA/AuNP composite fibers (B), after annealing in air
(C-E), and a high-resolution TEM image of a gold wire (F).
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was increased to 0.125 wt% by water evaporation in the pres-
ence of PVA. Excess trisodium citrate was removed by dia-
lysis against deionized water, sodium dodecyl sulfate (SDS)
was added, and then evaporation of water was continued to
increase the concentration to 7.1 wt% Au and 7.1 wt% PVA.
As a result, a viscous dark purple aqueous dispersion com-
posed of 50% PVA and 50% AuNPs was obtained. The disper-
sion showed a maximum UV/Vis absorption at 520 nm, which
did not change during the individual processing steps (Sup-
porting Information). However, the zeta potential changed
during the individual processing steps. While a citrate-stabi-
lized AuNP dispersion lacking the addition of PVA showed a
negative zeta potential of —48.66 mV, it changed to 1.52 mV
after the addition of PVA. After purification by dialysis, the
zeta potential became negative (-17.60 mV). The size dis-
tribution measured by dynamic light scattering (DLS) gave
mainly constant values. Before the addition of PVA, the
number distribution value was 11.2 + 2.6 nm, but after adding
PVA, the value slightly increased to 13.9 + 3.8 nm and was
13.2 £ 1.2 nm after dialysis. As DLS gave the hydrodynamic
radius of the particles, it was not surprising that the values
slightly increased after addition of PVA.

The readily prepared dispersion was directly used for the
preparation of PVA/AuNP nanofibers by electrospinning under
standard conditions. Clearly, a dense population of AuNPs of
49% by weight (according to elemental analysis) relative to
PVA could be observed in electrospun PVA nanofibers by
TEM imaging (Figure 2B). Annealing of these AuNP/PVA
composite nanofibers in air at 300 °C for 7 h then at 500 °C
for 1 h resulted in almost quantitative pyrolysis of PVA and,
hence, the formation of gold nanowires (Figure 2C-E). In the
high-resolution image (Figure 2F) the crystalline nature of the
nanowire could be verified. A well-developed crystalline gold
lattice as well as a rather uneven structure of the gold wires
could be seen in the TEM images (Figure 2C-F).

WAXS analyses of AuNPs obtained from the dispersion
and gold nanowires showed significant differences (Figure 3).
Amorphous halos were observed for PVA/AuNP composite

Au wires

WWMWMWWMWWMW

AuNP in PVA fibers

40 60 80
2 Theta/®

Intensity / A. U.

Figure 3. X-ray diffraction diagram (Cuy,, radiation) of submicrometer
gold wires on a glass slide. The background signal of the glass slide was
subtracted. Upper curve: gold wires after 7 h of annealing; lower curve:
AuNPs in electrospun PVA fibers.
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Figure 4. Optical microscopy image of gold nanowires on a mica slide;
scale bar: 100 um.

fibers but strong reflexes were observed for gold nanowires.
These reflexes correspond well with the reflexes for bulk
gold. 4]

Inspection of the gold nanowires by optical microscopy
showed long wires at least several millimeters in length,
which was not unexpected as electrospun fibers tend to be
long (Figure 4).

The nanowires were also characterized by helium ion
microscopy (HIM). HIM is a recently developed imaging
technique that shares similarities with scanning electron
microscopy (SEM). In HIM, a finely focused beam of helium
ions with a diameter down to 0.25 nm is scanned over the
sample, and the secondary particles generated by the He*
impact are detected. Two images are obtained simultaneously:
the intensity of secondary electrons (SEs) and of Rutherford
backscattered ions (RBIs).[*"]

In SE imaging, the topology of the sample produces con-
trast as more electrons are ejected when the He* beam hits
the sample at glancing incidence. The energy of the SE is
very low, which results in a high surface sensitivity. Electrical
fields can further hinder the low-energy SEs from leaving the
sample, thus leading to an additional voltage contrast that
allows the visualization of insulated sample regions.

In RBI imaging, backscattered He* ions are measured.
As these originate from the bulk of the sample and possess
a high energy, the RBI signal is not sensitive to topology or
charging. The rate of backscattering rises with the atomic
number of the sample material; however, oscillations have
been reported.*s! In our case, gold has one of the highest
backscatter yields, producing a clear contrast to carbon, which
has a very low yield.

For HIM measurements, nanowires were prepared on a
gold grid. Figure SA shows an overview of a grid with sus-
pended nanowires. They were found all over the grid, on the
gold mesh as well as freely standing in the gaps. The SE image
shows topological contrast, whereas the RBI image shows the
elemental contrast. In the latter, both grid and wires appear in
the same gray value as both consist of gold. In Figure 5SB-D,
SE and RBI images of freestanding nanowires are shown
together with a part of the supporting grid at the bottom

small 2012, 8, No. 9, 1436-1441
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Figure 5. HIM measurement of gold nanowires showing secondary electron (SE) and
Rutherford backscattered ion (RBI) images that were recorded simultaneously. A) The wires
were spun and annealed on a supporting gold grid. B,C) Only a little contamination is visible
on the wires. In (C) the conductivity of a wire is interrupted at the white arrow, thus causing
a darker appearance in the upper part of the SE image, whereas in the RBI image, the small
interrupting gap is visible. There, presumably leftover carbon acts as isolator. D) A fiber before
the final annealing step at 500 °C. The SE image is very dark, which indicates nonconductive
behavior. This is supported by the RBI image, where the AuNPs appear as single bright spots

with a lot of remaining polymer between them.

of the image. Figure 5B shows a typical wire consisting of
merged AuNPs. Some darker spots on the wire surface result
from the remaining polymer. The appearance of some wires
in SE mode changes from bright to dark from one position
to another, whereas the RBI mode indicates that there is still
gold in place. In Figure 5C, it is shown that such a wire is
interrupted by a region of low RBI yield, presumably carbon
(see arrow). Above this carbonaceous region, the SE image
appears darker, which indicates localized electric charging.

Gold nanowires that were not annealed at 500 °C were
found to still contain residual polymer between the AuNPs.
They appear dark in SE mode, where mostly the outline is
visible (see Figure SD). In RBI mode, a complex structure of
particles and gaps was visible, which was interpreted as the
individual AuNPs still within the polymer matrix. The AuNPs
were not electrically connected, and the wire was showing
insulating behavior in the SE image.

The results of HIM contrast with those of the EDX
spectra of the annealed wires, which did not show any signal
for leftover carbon (Supporting Information). As EDX
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analysis has a relatively low sensitivity
towards carbon, the method is less suitable
for checking quantitative pyrolysis of the
matrix polymer.

3. Conclusion

Highly concentrated aqueous dispersions
of AuNPs were obtained in the presence
of PVA. Clearly, PVA stabilized highly
concentrated dispersions of AuNPs against
aggregation. These dispersions were used
for the preparation of PVA nanofibers
with a high content of nonaggregated
AuNPs. Annealing PVA/AuNP composite
nanofibers at 300-500 °C in air resulted
in gold nanowires, which represent solid
structures like bulk gold. The nonaggre-
gated AuNPs were welded to bulk Au at
a temperature several hundred degrees
lower than the melting point of bulk Au.
Defect analysis of gold nanowires with an
extremely high resolution was performed
by HIM. EDX resolution was not suf-
ficient for monitoring such defects. The
HIM technique, in future, could be of
great help in understanding the proper-
ties of nanowires, such as electrical con-
ductivity. The electrical conductivity of
gold nanowires prepared by electrospin-
ning originating from AuNPs of different
sizes and shapes, as well as a more detailed
study about the effects of polymer concen-
tration, particle distribution in the fibers,
and annealing conditions, will be the topic
of forthcoming articles.

4. Experimental Section

Materials: Hydrogen tetrachloroaurate(lll) trihydrate
(HAuCl,-3H,0) was purchased from ChemPur. Trisodium cit-
rate and SDS were purchased from Aldrich. PVA (56-98; M,, =
195 000 g mol™?) was purchased from Kuraray. All chemicals
were used without further purification. Dialysis was performed in
Visking cellulose membranes with a molecular weight cutoff at
14 000, purchased from Carl Roth.

Measurements: Thermogravimetric analysis (TGA) was carried out
on a Mettler 851 TG module under a nitrogen atmosphere at a flow
rate of 50 mL min~! and a heating rate of 10 K min~. DLS and zeta
potential measurements were carried out in a flow cell using a Delsa
Nano instrument by Beckman Coulter. CHN analyses were carried out
on a Elementar Vario EL lll analyzer. The amount of gold was deter-
mined with an atomic absorption spectrophotometer 5000 (Perkin—
Elmer) after dissolving the sample in perchloric acid and aqua regia.

Samples of fibers for TEM were prepared by electrospinning
directly onto either a copper grid (300 mesh, Quantifoil) or a gold
grid (1500 mesh, Agar Scientific). To measure annealed samples,
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grids with fibers were heated in an oven and were consequently
submitted to TEM analysis. Samples of free AuNPs were prepared
by dipping a carbon-covered copper grid (carbon support films,
300 mesh, Quantifoil) into the nanoparticle-containing aqueous
solution. TEM images were obtained using a JEOL JEM 3010 micro-
scope with an acceleration voltage of 300 kV and an integrated
four-megapixel CCD camera.

EDX spectra were recorded using a CamScan-4DV instrument
(by CamScan) equipped with a Pioneer detector and an ultrathin
window (Vogager, Thermo Noran). X-ray diffraction measurements
were performed using an X’Pert-PRO diffractometer (by PANalytical)
applying Cuy,, radiation and with a PIXcel detector. Samples were
measured on glass slides in the range from 30 to 90° for 10 min.
Optical microscopy was carried out using a Keyence VHX-100 dig-
ital microscope.

Helium ion microscopy (HIM) was performed with a Carl Zeiss
Orion Plus microscope. The helium ion beam was operated with
an acceleration voltage of about 36 kV, and secondary electrons
(SEs) were collected by an Everhart-Thornley detector. Rutherford
backscattered ions (RBIs) were detected by a microchannel plate
(MCP) detector. Samples were prepared on gold grids (1500 mesh,
Agar Scientific).

Detailed descriptions of the electrospinning setup were pub-
lished in previous works.l“?) Annealing of the samples was carried
out in an electrical tube furnace.

Synthesis Procedures: Citrate-capped AuNPs were prepared
using a slightly modified approach according to Turkevich
et al.b% In a typical procedure, a solution of HAuCl,-3H,0
(125 mg) in deionized H,0 (500 mL) and a solution of trisodium
citrate (500 mg) in deionized H,0 (500 mL) were heated sepa-
rately to 60 °C, then poured together into an open beaker. After
approximately 10 min, a color change occurred from pale yellow to
black-blue to wine red. When the color change started, the mixture
was heated to boiling. After 30 min of boiling, a 10 wt% PVA solu-
tion (625 mg) was added and boiling was continued until the total
volume was reduced to approximately 50 mL. The remaining mix-
ture was transferred to a dialysis tube and dialyzed against deion-
ized water for 24 h; the dialysis bath was changed three times to
remove excess trisodium citrate. SDS (3.1 mg, 5 wt% relative to
PVA) was added to the remaining solution and boiling was con-
tinued to reach a total weight of 0.94 g.

Electrospinning: Electrospinning of the AUNP—PVA dispersion
was carried out by applying a voltage of 10 kV on both elec-
trodes at a distance of 15 cm. The flow rate of the solution was
adjusted to 300 uL h7!. Glass, aluminum foil, or baking paper
were used as substrates. The temperature was 21 °C and the air
humidity was 42%. Elemental analysis calcd for PVA-AuNP fibers:
C24.02, H 4.03, Au 50.00; found: C 28.89, H 4.72, Au 49.44.

To anneal the fibers, samples on glass slides were placed into
an electric oven and heated in air at 300 °C for 7 h and then at
500 °C for1 h.

Supporting Information

Supporting Information is available from the Wiley Online Library
or from the author.
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4 Lithography and nanomachining with

helium ions

In earlier years of HIM, lithographic applications and especially direct modification of
materials was a major focus of the user community. This has good reasons, as the helium
beam allows directly visible improvements to the established Gallium Focused lon Beam
(Ga-FIB) technique. The length scales available in direct materials modification are well
below compared to what was previously possible due to the small beam diameter and
sputter rate. Also, sample contamination by helium-ion implantation is usually less
problematic than with gallium ions.®® On the other hand - a severe disadvantage in HIM
is the so-called swelling of substrates, rendering the lithography of extended structures
difficult. Swelling is the accumulation of helium in deeper regions of a solid, which are
actually forming gas filled bubbles in depths of some 100 nm in the substrate that cause
a deformation of the surface.’® Recently, strategies were published to reduce this

effect. 101

In resist-based lithography, the ability to write 6 nm sized dots in hydrogen
silsesquioxane (HSQ, a typical high resolution resist) was demonstrated. This is
comparable to electron-beam systems, where the limiting factor in both cases seems to
be the photoresist itself.'? An advantage of HIM was the drastic reduction of any
proximity effect, allowing a 14 nm pitch of the dots (repeat distance). Potentially, there
could be advantages in the exposure of very thick resist systems as the He+ beam is

less scattered within solid material.

Direct writing or sputtering of features in samples has been demonstrated by a number
of researchers. Drilling of defined holes in silicon nitride membranes has also been
performed in Bielefeld,'%31%4 but was first reported by Adam Hall who investigated this
application in depth.'9-107 Precise cutting of graphene structures with nanometer
precision is performed by various groups.60-63.108-110 Unfortunately, graphene itself tends
to be very sensitive to the He ion beam, loosing its unique properties already at low ion
doses.""" 112 Another focus of the community are gold nanostructures, which are

produced in manifold variations.'13-118

105
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4.1 Lithography with the Orion Plus HIM
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Figure 45: Screenshot of a typical lithography task with the Orion Plus User Interface (Ul). The
patterning settings are in the left column. In the middle, the writing pattern is overlaid on the last
image taken. The right column shows an IR-camera live view in the main chamber and the
stage position menu.
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The tasks in this work were performed with the in-build patterning tool of the microscope
user interface. It allows to pattern lines and boxes, as well as bitmap files with a limited
number of pixels (~600x600 pixel). It is possible to use the pixel brightness value of such
bitmaps as multiplication factor to the dwell time of the written point. Unfortunately, the

ion dose calculation then has to be done manually.

Recently, a dedicated patterning system has been installed to the Orion in Bielefeld. This

allows more sophisticated writing strategies and the automation of processes.
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4.2 Helium-ion milled gold nanoantennas for plasmonic

applications

Plasmonic nanoantennas are versatile tools for coherently controlling and directing light
on the nanoscale. For these antennas, current fabrication techniques such as electron
beam lithography (EBL) or focused ion beam (FIB) milling with Ga*-ions routinely achieve

feature sizes above the 10 nm range (see Figure 46a,b).

This study is a cooperation with Martin Silies and Heiko Kollmann from Oldenburg
University. It employed a combined approach of gallium-FIB and helium-ion lithography
(HIL). A direct fabrication of such structures only by HIM is impossible due to the low
sputter yield (time), and substrate swelling by helium accumulation in bubbles.'® The
goal of this study is the fabrication of better defined nanoantennas for improved optical
activity. At the end, Gold bowtie antennas with less than 6 nm gap size were fabricated

with single-nanometer accuracy and high reproducibility (Figure 46d-f).
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Figure 46: SEM (a-c) and HIM (d,e) images of bowtie nanoantennas fabricated by Ga - ion
(a—c) and He - ion (d-f) beam milling. (a,b):Antenna before- and after opminization of the FIB
milling procedure. In all cases, there are rounded corners with a radius of curvature (ROC) of

about 13 nm. (d): With HIL, the corners are considerably smaller, and a much smaller gap size

of less than 6 nm can be routinely obtained. (e) Tilted view of the same antenna (angle 35°). (f)

Plot of the SE intensity of image (d), indicating a gap width of 5.5 nm. All scale bars are 200 nm
long. Reprinted with permission.’"®
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Figure 47: Milling of Bow-Ties by Helium-lon lithography (HIL). (a): Typical structure prepared
ex-situ by Ga-FIB. (b): structure after milling a pre-structured bow-tie with the mask of Figure
45. Helium implantation in the substrate causes swelling and severe destruction of the intended
structure. (c-f): fabrication path of a final bow-tie using HIL starting with the structure prepared
by conventional Ga-FIB: first the edges are sharpened (d), followed by the final cut in the
middle. (f): tilted image of the final structure with well defined, steep edges. The fabrication
process and several imaging scans induced a slight swelling of the substrate.
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Other HIM groups investigated similar approaches with pre-structured gold substrates
made by either resist based e-beam lithography or direct FIB milling. They achieved sub-
10 nm feature sizes by HIM milling and produced plasmonic structures with gaps of
similar size as presented here. They studied simple dipole structures (rectangles) and

investigated the gap width''® or the effect of cutting of only a lateral or vertical part of the

New in this study is the use of bow-ties as structures, and the enhancement of all edges
around the structure. In addition, it is the first time where nonlinear optical properties of

HIL-fabricated nanostructures are analyzed.

All antennas produced in this study were fabricated in a 30 nm thick polycrystalline gold
film evaporated onto a glass substrate. Bow-tie structures without gap are milled by Ga-
FIB in 5x5 fields as visible in Figure 47a. The samples with bow-ties as in Figure 47c are
then introduced into the HIM. As next step, the outer boundary is carefully sharpened to
obtain well-defined borders and edges. This material removal is done by applying about
1.8E18 lons / cm?, using 1 nm pixel spacing and repeated scanning. A corner radius of
6 nm and smaller is easily obtained. Subsequently, the two triangles are separated by
writing a single line scan with 100 ms dwell time and 1 nm pixel spacing at 0.5 pA. These
values are a compromise between the size of the gap and the assurance of a thorough

cut through the gold layer.

Figure 47f is a tilted view showing the excellent aspect ratios of the final structure. Also,
a slight bending caused by substrate swelling is visible. This was caused by the milling
process and a high number of slow imaging scans done on this structure to obtain images
in high quality. All bow-tie structures investigated for optical measurements were only
imaged at the minimal possible level needed to properly align the lithography process.

In any case, swelling did not cause disturbing effects here.

The samples were then irradiated with ultrashort (~8 fs) laser pulses in the near-infrared
spectral range. Such irradiation induces surface plasmons in metallic structures. In case
of high intensities, non-linear effects cause the emission of higher harmonic photons,
light with a multiple frequency compared to the incident light. In this case, the third
harmonic (TH) is measured which is proportional to the sixth power of the local electric
field at the milled structure. This local electric field depends especially on the geometric
parameters of the antenna. Steep edges and the small gap “compress” the electric field
in a very small volume of nanometer dimensions. For the HIM-milled samples, nonlinear
TH emission is severely enhanced compared to all prior fabricated samples. For details
of the TH measurements together with some emission simulations, the reader is directed

to the corresponding publication in Nano Letters.""®
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This performance is an excellent testimonial to the application of He*-ion beam milling
for ultrahigh precision nanofabrication on solid materials, which can be applied for a
number of different scientific applications. With the now available successor of the HIM,
the Orion Nanofab, such a combined approach with different milling beams is possible

in just one tool.
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4.3 Cutting of nanogaps into carbon nanotubes (CNTs)

The use of individual metallic carbon nanotubes (CNTs) as electrodes is attractive for
single molecules conductivity measurements. Due to the small size (almost one-
dimensional) and favorable electronic properties they offer advantages compared to
metals of the same dimensions.'® With such a direct measurement, a better
understanding of electronic transport for (future) organic semiconductor materials is

possible.

In this study, single metallic CNTs were embedded in functional devices. Nanogaps of
only (2.8 % 0.6) nm size in the CNTs were subsequently produced by the helium ion
beam sputerring. CNT device preparation and electrical measurements on
oligo(phenylene ethynylene) molecular rods (OPE, length: 3.9 nm) were performed by
Cornelius Thiele in the group of Prof. Ralph Krupe, both from the Karlsruhe Institute of
Technology. Details thereof are in the following publication. Prior to these experiments,

electron beam induced oxidation in an SEM was used for cutting the nanogaps, where

the electron beam induces oxidation at the focal point. The average gap size obtained

with this method was (19 + 5) nm."?!
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Figure 48: Overview of the devices used. (a): The middle bar is connected to ground. If no
electric connection is present between the metallic contacts to the top and bottom, the material
charges up during imaging and appears darker than other contacts.

In Figure 48, an overview of the used devices is visible. The nanotubes are deposited on
tungsten electrodes and supported by SiO./Si substrates. Single CNTs were deposited
between the electrodes by a process called “dielectrophoresis” developed in the group

of Prof. Krupke.'?? A drop of CNT dispersion is brought on the device while an AC and
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DC voltage is applied on the contacts leading to an alignment of single tubes. Before
HIM measurements, all devices were annealed at 600°C to eliminate contaminations.
Nonetheless, it was necessary to leave the samples in the HIM vacuum chamber for

some hours before the lithography steps in order to ensure a good vacuum.

To cut the CNTs, a single line was written with the HIM. A pixel distance of 0.25 nm at a
dwell time of 1 ms was sufficient to fully disrupt the electric conductivity through the
nanotube. These values were obtained on test structures as in Figure 48a, where only
the middle electrode was grounded. After a successful cut, the other electrode was left
floating, so charge from the helium beam accumulates and causes a darkening in the
image (see also Figure 49d). Prior to the cutting process, a fast alignment scan was

performed to locate the CNT and to align the cut perpendicular.
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Figure 49: (a) Scheme of the CNT- dewce and the HIM-cutting. (b) SEM image of a CNT device
after dielectrophoretic deposition. (c) Fast alignment scan of the same device with the helium
ion microscope. (d) Slow scan of a device after gap formation. One of the electrodes is now
electrically floating and accumulates positive charges during scanning. (e) Slow scan of a
device with higher resolution showing only the CNT with the gap produced by helium ion beam
milling. Reprinted with permission.??3
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Figure 50: (a) Secondary-electron intensity profiles from three different nanogaps. (b) Histogram
of 14 nanogap sizes. Reprinted with permission.’?3

The cutting was later performed on devices with both contacts grounded. One example
for these structures is shown in Figure 49e, a high resolution image of the vertical CNT

and the horizontal gap. A clear trench is visible, also in the silicon oxide substrate. A
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number of such images were analyzed to determine the gap size. The SE intensity along
3 CNTs was plotted in Figure 50 to measure the gap width. For 14 analyzed devices, the

gap size histogram in Figure 50b shows a mean size of 2.8 nm and a very narrow size

distribution.
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Figure 51: Atomic force microscopy (AFM) applied on a HIM-cutted CNT device. (a): HIM image
of the device with the gap position indicated. (b): AFM topography image with the vertical line
profile analyzed in (c). Figure reprinted.’?*
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To confirm the gap size with another method, AFM was applied in Karlsruhe. Figure 51
depicts the results of such a measurement, showing similar gap sizes as the SE analysis
shown before. A line profile along the CNT was fitted with an inverted Gaussian profile
resulting in a gap size of 3.5 nm and a depth of the trench of about 2 nm, which is also

visible along the sputtered line.

Finally, about 50 working CNT nanogap devices were tested with OPE nanorods, a 3.9
nm long molecule. Due to the similar length, one single molecule should fit in the gap to

be measured. Details thereof are in the following publication (chapter 4.3.1).

In this study, the reproducible production of nanogaps of less than 3 nm in carbon
nanotubes is shown. This reliable fabrication method for nanoscale electrodes will in
future allow the electrical measurement of many other small organic or inorganic

systems.
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4.3.1 Publication: Fabrication of carbon nanotube nanogap electrodes by

helium ion sputtering for molecular contacts (APL 2014)

This Chapter is reprinted with permission from AIP Publishing LLC. The original article
appeared as:

Thiele, C.; Vieker, H.; Beyer, A.; Flavel, B. S.; Hennrich, F.; Torres, D. M.; Eaton, T.
R.; Mayor, M.; Kappes, M. M.; Goélzhauser, A.; et al. Fabrication of Carbon Nanotube
Nanogap Electrodes by Helium lon Sputtering for Molecular Contacts. Applied
Physics Letters 2014, 104, 103102.

Contribution:

Helium lon Microscopy and Lithography was performed by the author.



4: Lithography and nanomachining with helium ions K]

APPLIED PHYSICS LETTERS 104, 103102 (2014)

@ CrossMark
&click for up

Fabrication of carbon nanotube nanogap electrodes by helium ion sputtering

for molecular contacts

Cornelius Thiele, %2

Frank Hennrich,! David Munoz Torres,* Thomas R. Eaton,* Marcel Mayor,
Manfred M. Kappes,%° Armin Golzhauser,® Hilbert v. Lohneysen,

and Ralph Krupke'#&®)

) Henning Vieker,® André Beyer,® Benjamin S. Flavel,’

1,2,4
1,2,6,

'Institute of Nanotechnology, Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany
’DFG Center for Functional Nanostructures (CFN), 76028 Karlsruhe, Germany

3Faculty of Physics, Bielefeld University, 33615 Bielefeld, Germany

“Department of Chemistry, University of Basel, 4056 Basel, Switzerland

SInstitut fiir Physikalische Chemie, Karlsruhe Institute of Technology, 76131 Karlsruhe, Germany
SPhysikalisches Institut, Karlsruhe Institute of Technology, 76128 Karlsruhe, Germany

"Institut fiir Festkorperphysik, Karlsruhe Institute of Technology, 76021 Karlsruhe, Germany

8 Institut fiir Materialwissenschaft, Technische Universitit Darmstadt, 64287 Darmstadt, Germany

(Received 6 February 2014; accepted 24 February 2014; published online 10 March 2014)

Carbon nanotube nanogaps have been used to contact individual organic molecules. However, the
reliable fabrication of a truly nanometer-sized gap remains a challenge. We use helium ion beam
lithography to sputter nanogaps of only (2.8 = 0.6) nm size into single metallic carbon nanotubes
embedded in a device geometry. The high reproducibility of the gap size formation provides a
reliable nanogap electrode testbed for contacting small organic molecules. To demonstrate the
functionality of these nanogap electrodes, we integrate oligo(phenylene ethynylene) molecular
rods, and measure resistance before and after gap formation and with and without contacted
molecules. © 20714 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4868097]

The use of individual metallic carbon nanotubes (CNTSs)
as electrodes is attractive for contacting nanocrystals,' single
molecules,” and functional materials, such as phase-change
materials,” due to the CNT’s intrinsic one-dimensionality
and electrical conductivity. The formation of CNT electrodes
starts, typically, with a pristine CNT on a surface, where the
nanotube is contacted by lithographically defined metallic
electrodes. Subsequently, two opposing CNT electrodes are
generated by forming a gap in the CNT near its center. The
molecule or material of interest is assembled between or de-
posited onto the CNT electrodes.

Different methods for fabricating such nanogaps have
been reported. For example, current-induced breakdown in
high vacuum,' which has been shown to produce gaps down
to 7nm, however, the typical gap size is often much larger.
Alternatively, plasma oxidation through a lithographic mask,
a complicated technique, limited by reliability problems and
highly variable gap sizes.” The use of electron-beam-induced
oxidation has been shown to overcome variability in gap
size,* but resulted in a typical gap of ~20nm, which is an
order of magnitude too large for most organic molecules.

In this work, we report on the use of a helium ion micro-
scope (HIM) to reliably fabricate nanogaps of (2.8 = 0.6)
nm in metallic single-walled carbon nanotubes (mSWNTs),
see Fig. 1(a) for a scheme. The optimum helium ion sputter-
ing condition for gap formation was determined by in-situ
voltage-contrast microscopy analysis. The functionality of
the nanogaps was demonstrated by contacting of oligo(phe-
nylene ethynylene) (OPE) molecular rods and electrical
characterization throughout the fabrication process.

Cornelius.Thiele@kit.edu
Ykrupke@kit.edu

0003-6951/2014/104(10)/103102/4/$30.00

104, 103102-1

Tungsten electrodes with a separation of 700 nm were
fabricated on a silicon substrate with 800 nm of thermal ox-
ide, using a two-layer photoresist system comprising 180 nm
poly(methyl methacrylate) (PMMA) 600K ELI1 and
200nm of PMMA 950K A4.5. Standard electron-beam li-
thography was used to pattern the photoresist. To obtain a
nearly flat sample surface, metallic electrodes were “buried”
into the oxide by etching their pattern into the surface with a
CHF; plasma. Sputter deposition was then used to fill these
electrode trenches with tungsten. Finally, the photoresist and
the undesired metal were lifted off in an acetone bath.

The mSWNTs were prepared by S-200 gel filtration and
density-gradient ultracentrifugation (DGU). For an initial
suspension, typically, 10mg of raw CNT material from
pulsed laser vaporization® was suspended in 15ml H,O with
1 wt. % of sodium dodecyl sulfate (SDS) using a tip sonicator
(Bandelin, 200 W maximum power, 20 kHz, 100 ms pulses)
for 2h at ~20% power. During sonication, the suspension
was cooled by a 500 ml water bath. The resulting dispersion
was then centrifuged with ~100.000 g for 1.5 h and carefully
decanted from the pellet, which was formed during centrifu-
gation. The centrifuged CNT suspension was used as the
starting suspension for gel filtration fractionation. Gel filtra-
tion was performed in a glass column of 20 cm length and
2cm inner diameter. After filling the glass column with the
filtration medium, the gel was slightly compressed to yield a
final height of ~14 cm. For the separation, ~10ml of initial
suspension was applied to the top of the column and subse-
quently a solution of 1 wt.% SDS in H,O as eluant was
pushed through the column with compressed air by applying
sufficient pressure to ensure a flow of ~1ml/min. After
~10ml of this eluant had been added most of the mSWNTs
had moved through the column, whereas the semiconducting

© 2014 AIP Publishing LLC




4.3: Cutting of nanogaps into carbon nanotubes (CNTs)

103102-2 Thiele et al.

(a)

Focused ion beam

Uit~

SE detector

. 700 nm F<1nm spolt
[ eeccemessssnnnnmg w
R

Appl. Phys. Lett. 104, 103102 (2014)

FIG. 1. (a) Scheme of helium ion sputtering of mSWNTs embedded in a device geometry. The nanotubes are deposited on tungsten electrodes and supported
by SiO,/Si substrates. (b) SEM image of a mSWNT device after dielectrophoretic deposition. (c) Fast alignment scan of the same device with the helium ion
microscope. (d) Slow scan of a device after gap formation. One of the electrodes is now electrically floating and accumulates positive charges during scanning.
(e) Slow scan of a device with both electrodes grounded after gap formation. A clear trench is visible, also in the silicon oxide substrate.

CNTs remained trapped in the upper part of the gel.” The
mSWNTs were collected and used for DGU, to remove
defected mSWNTs and any additional carbonaceous species
present. Ultracentrifugation was performed in 20wt. %
iodixanol and 1 wt. % SDS in H,O. mSWNTs with a diame-
ter distribution of (1.2 = 0.2) nm were used in this work.

mSWNTs were deposited between the tungsten electro-
des using dielectrophoresis.” An alternating voltage with a
frequency of 300kHz and a peak-to-peak voltage between
1.0 and 1.3 V was applied between source and drain contacts,
while a ~=50-ul drop of CNT dispersion with a concentration
of ~5 CNTs per um® was placed on the device. After 5min,
the drop was first diluted with doubly distilled water, fol-
lowed by methanol and finally allowed to dry.

Before the samples were transferred to the HIM, CNT
deposition was assessed with a conventional scanning elec-
tron microscope (SEM), see Fig. 1(b). To eliminate any
effects from electron-beam exposure, samples were annealed
in a vacuum oven (p = 10~° millibars) at 600 °C for 30 min
after imaging. Electrical characterization of pristine devices
showed an Ohmic current-voltage behavior with a resistance
of, typically, 500 kQ.

The Zeiss Orion Plus HIM used in this work allows
imaging similar to an SEM, except for a helium ion beam
being scanned over the sample. The image is generated by
the detection of secondary electrons from the sample. Due to
the very small effective source size, favorable beam-sample
interaction and a much smaller de Broglie wavelength of he-
lium ions compared to electrons, the HIM offers an improved
resolution compared to traditional SEMs.*” The acceleration
voltage of the HIM was always set to 35kV. The 5-um aper-
ture was used, resulting in a spot size of below 1nm and a
beam current of ~0.4pA. The signal-to-noise ratio of an
image and the implanted ion dose is depend on the beam cur-
rent, the dwell time per pixel and the averaging settings. To
minimize the ion dose, fast alignment images were recorded
using the following settings: Pixel spacing 1 nm, dwell time
0.5 us, no averaging. This led to a line dose of 0.2 nC/m
per scan line. Later, slow scans for characterization were
performed with fixed parameters: A pixel spacing of 5 A a
dwell time of 0.5 us, and 32x line averaging. This led to a
line dose of 13 nC/m per scan line.

The focused helium ion beam can also be used to pattern
samples by physical sputtering, similar to gallium ions in a
focused ion beam instrument. This has been demonstrated,
e.g., for graphene,'"'? silicon nitride,"” and recently gold
nanorods.'* Here, we employed helium ion beam lithography
to pattern nanogaps into metallic carbon nanotubes, in a de-
vice geometry. These nanogaps were then used as contacts
for a molecular wire, to demonstrate their practical usage. To
reduce hydrocarbon deposition on the surface, all samples
were stored in the helium ion microscope chamber under
high vacuum for at least several hours. The chamber pres-
sure, typically, reached 2.5 x 107 millibars before experi-
ments were started.

In order to cut CNTs, a single pixel line with a pixel
spacing of 2.5 A and a dwell time in the millisecond range
was scanned across a nanotube. To align this line perpendic-
ularly to the nanotube, a fast scan was performed before the
lithography was started, see Fig. 1(c).

To ascertain the critical dose for gap formation, we
employed voltage-contrast microscopy (VCSEM), which is
capable of locating defects and gaps within a nanotube and
to reveal the nanotube’s electronic type.'” In our devices,
this was realized by grounding one of the two metal electro-
des. The other electrode remained floating, albeit connected
to the grounded electrode by the mSWNT. After a single
pixel line was scanned across the nanotube, a slow scan
image of the device was acquired. Once an electrically insu-
lating nanogap was formed in the metallic CNT, the floating
electrode accumulated positive charges, thereby inhibiting
secondary electrons from reaching the detector. Thus, the
floating electrode appeared darker in the image, while the
grounded electrode and the CNT segment connected to it
appeared brighter, see Fig. 1(d) for an example. Using this
experimental procedure, the critical dose for gap formation
was determined to be ~24 uC/m. Before proceeding to cut
further nanogaps, the beam current was measured and the
pixel dwell time adjusted accordingly to accommodate this
value. We note that the line doses implanted by our fast- and
slow-scan images are at least three orders of magnitude
lower, and thus, have a negligible sputtering effect.

In order to precisely measure the size of the gap formed,
the electrostatic charging of floating electrodes had to be
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avoided as charging always caused drifts. Also, the different
secondary electron intensities on opposite sides of the gap
would make an analysis difficult. To avoid charging, the
samples were mounted in commercial 16-pin dual in-line
package chip carriers, where the common drain electrode
and source electrodes of devices were bonded to the chip car-
rier with Al wires. A customized sample holder in the HIM
connected all pins to the stage/ground potential. In this way,
detailed slow scans of the nanogaps after lithography were
made possible, see Fig. 1(e).

Secondary electron intensity profiles were then recorded
across 14 nanogaps in different carbon nanotube devices.
The resulting curves were fitted with inverted Gaussians, see
Fig. 2(a). A histogram of FWHM of the nanogaps is plotted
in Fig. 2(b). With an average nanogap size of (2.8 * 0.6)
nm, direct helium ion sputtering is more precise by almost
an order of magnitude than electron-beam-induced etching
and a factor of 2-3 better than the smallest gaps achievable
by current-induced breakdown. Most striking is the compara-
bly narrow gap size distribution, which is an indication of
the highly reproducible nature of this method. As we were
targeting the smallest gap size possible for the subsequent
insertion of molecules, we did not explore the formation of
larger gaps.

Electrical measurements were performed on pristine
mSWNTs and on mSWNTs after gap formation. The resist-
ance of pristine mSWNTs yielded (479 = 193) kQ and is
comparable to 1.2nm diameter mSWNTs on Pd electrodes.'®
mSWNTs with nanogaps had a resistance of (643 = 311) TQ,
which is nine orders of magnitude higher than in pristine
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FIG. 2. (a) Secondary-electron intensity profiles from three different nano-
gaps. (b) Histogram of 14 nanogap sizes.
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FIG. 3. Structure of OPE Rod 1 which was contacted by the nanogaps.
Phenanthrene anchor groups on each side couple to the sidewalls of a carbon
nanotube.'’

devices. We attempted to measure tunneling or field-emission
currents through the air gap and to correlate the current with
the HIM derived gap size. However, despite the large electric
fields of up to 5 V/nm in these nanogaps, we were not able to
detect any sign of field emission.

To demonstrate the utility of these nanogaps for contact-
ing organic molecules, OPE Rod 1, a symmetric molecular
wire of 3.9nm length, with five subunits and phenanthrene
anchor groups at each end was synthesized by performing a
series of acetylene protection and deprotection steps,'® simi-
lar to the molecule used by Grunder ef al.,'” see Fig. 3. A
voltage of 1V was applied across the nanogap device and
the current monitored, and a drop of very dilute OPE Rod 1
solution (less than 1 pug/ml in methylene chloride) was placed
on the device and allowed to dry under ambient conditions.
This process took, typically, no longer than 2min, after
which the devices exhibited a low-bias resistance of
(90 £ 85) GQ. See Fig. 4 for a resistance histogram over the
lifetime of nanogap devices, including 50 devices with OPE
molecules. For reference, experiments with clean solvent
without the OPE molecule, the conductance of a nanogap
was not changed. Interestingly, it was possible to wash off
contacted molecules using clean solvent, thereby, restoring
the conductance of a device to the level of an empty
nanogap.

Scanning tunneling microscope break-junction measure-
ments on an OPE of similar length revealed a resistance of
~200 MQ for a single molecule, albeit with the molecule
covalently bonded to gold on both sides.”” We observe an
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FIG. 4. Resistance histogram over the lifetime of nanogap electrode devi-
ces, including 50 CNT-OPE-CNT contacts. Pristine mSWNT devices:
(479 = 193) kQ; CNTs with nanogap: (643 =311) TQ; with OPE mole-
cules: (90 = 85) GQ.
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average resistance almost three orders of magnitude higher,
with values spread over roughly two orders of magnitude.
We ascribe this to a varying imperfect attachment of the
molecules’ anchor groups to the CNT electrodes and confor-
mational freedom of molecules in the junction; both pro-
foundly deteriorating the conductance.”’ Currently, STM
investigations of the molecule and its electronic properties
are underway to resolve these issues.

The reproducible engineering of nanogaps in carbon
nanotubes that we have achieved will allow the study of
many other organic or inorganic systems of nanoscale
dimensions at the single-molecule or few-atom level, by pro-
viding a reliable way to fabricate nanoscale electrodes.
Future work will have to address the issue of establishing
reliable contacts between CNT electrodes and molecules.
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4.4 Carbon nanomembrane (CNM) lithography

In chapter 3.1, imaging of carbon nanomembranes (CNMs) was extensively studied. This
thematic was expanded to the question whether it is possible to modify CNMs with the
helium ion beam. The fabrication of CNMs by structured crosslinking is so far
demonstrated by EUV4%54 or E-Beam lithography.'?® Another approach is the subsequent
destruction of parts of the membrane by UV/ozone.? In this work, two possible routes
are presented: milling of freestanding CNMs, and the production of structured CNMs by

using helium ions to crosslink SAMs to CNMs.

4.4.1 Direct milling of structures in CNMs

For the first time, it was tried to directly mill freestanding CNMs. A mask of circular
features was created by using a bitmap file with circle diameter decreasing from left to
right, and dose increasing in 10% steps (10%, 20%, ... 100%) from bottom to top (see
Figure 52a).

Field Of View Acceleration V Dwell Time
36.0 kV 0.5 us

Blanker Current Line Averaging
0.5 pA 16

Figure 52: Helium ion milling of carbon nanomembranes. (a): milling mask used in this
experiment. (b): Image of milled pores in a freestanding CNM. The structured area is about 250
by 250 nm.

The structure was milled in a freestanding BPT CNM on carbon-covered copper grid with
1 pm holes (Quantifoil 1/4). Milling was performed at a pixel spacing of 0.5 nm, 0.5 pA
current and a dwell time between 2 to 25 ms per pixel. The structure in Figure 52b shows
the pores milled in this process. Some distortions due to drift, moving of the sample and

the deposition of contaminants is visible, but it is proven that it is possible to pattern small
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structures in freestanding CNMs. This work is currently continued by Daniel Emmrich,

and expanded to explore the limits of this technique.

4.4.2 Fabrication of CNMs by helium ion irradiation

Here the use of helium ions to crosslink SAMs to form a CNM is presented. The results
were ex-situ transferred onto oxidized Si-surfaces and then imaged in the HIM. The ion
beam used for cross-linking is again programmed to irradiate an array of circular features
as seen in Figure 52a. Due to the discreteness of bitmap files, the helium ion beam is
intentionally slightly defocused in order to obtain overlapping irradiation. Figure 53a
shows the irradiated structures on gold. In Figure 53b, these CNMs were transferred to
SiO,. The non-crosslinked molecules are lost during this process, so that only the

crosslinked CNMs remain.

The He* dose density for a complete crosslinking is determined to be 850 uC/cm? (Figure
53c). Overdosing starts at about 5 times this dose and leads to a destruction of the
membrane (Figure 53d). Compared to the crosslinking with electrons, the necessary ion

intensity is about 60 times smaller.

Finally, a lithographic crosslinking of SAMs to CNMs by helium ions was shown for the
first time. The crosslinking process was also thoroughly analyzed. The irradiation dose
density applied to the sample was varied, and 3-stage model for the growth are
presented: the initial nucleation, 1D growth and 2D growth are related to differences in

activation energy. This is in detail presented in the following publication.
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Field Of View |Acceleration V/ Dwell Time Field Of View Acceleration V' Dwell Time

50.00 um 33.8 KV 1.0 us 34.9 kV 1.0 us

\Working Dist Blanker Current |Averaging — ir i Blanker Current Line Averaging
22mm .8 pA off 0.4 pA 32

Field Of View |Acceleration V' Dwell Time
500.00 nm 37.9 kV 30.0 us
Working Dist Blanker Current ging
9.1 mm 0.5 pA Off

Field Of View Acceleration V ITilt Angle
1.10 um 37.9 kV 35.0 deg
\Working Dist Blanker Current

9.1 mm 0.6 pA

100.00 nm

Figure 53: Helium ion fabrication of carbon nanomembranes.(a): Image of SAM on gold after
structured He-ion irradiation. The structure of gold grain boundaries is visible. (b): Irradiated
structure after transfer on SiOz wafer. (c): Magnification of one CNM, crosslinked with optimal
ion dose density. (d): over-exposure leads to destruction of the CNM (please note the increased
FOV compared to image c).
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4.4.3 Publication: Fabrication of carbon nanomembranes by helium ion
beam lithography (BJNano 2014)

This Chapter is reprinted with permission from the Beilstein foundation. The original

article appeared as:

Zhang, X.; Vieker, H.; Beyer, A.; Golzhauser, A. Fabrication of Carbon
Nanomembranes by Helium lon Beam Lithography. Beilstein Journal of
Nanotechnology 2014, 5, 188—-194.

Contribution:

Helium lon Microscopy and Lithography was performed by the author.
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Abstract

The irradiation-induced cross-linking of aromatic self-assembled monolayers (SAMs) is a universal method for the fabrication of
ultrathin carbon nanomembranes (CNMs). Here we demonstrate the cross-linking of aromatic SAMs due to exposure to helium
ions. The distinction of cross-linked from non-cross-linked regions in the SAM was facilitated by transferring the irradiated SAM to
a new substrate, which allowed for an ex situ observation of the cross-linking process by helium ion microscopy (HIM). In this
way, three growth regimes of cross-linked areas were identified: formation of nuclei, one-dimensional (1D) and two-dimensional
(2D) growth. The evaluation of the corresponding HIM images revealed the dose-dependent coverage, i.e., the relative monolayer
area, whose density of cross-links surpassed a certain threshold value, as a function of the exposure dose. A complete cross-linking
of aromatic SAMs by He" ion irradiation requires an exposure dose of about 850 pC/cm?, which is roughly 60 times smaller than
the corresponding electron irradiation dose. Most likely, this is due to the energy distribution of secondary electrons shifted to lower
energies, which results in a more efficient dissociative electron attachment (DEA) process.

Introduction

Carbon nanomembranes (CNMs) with monomolecular thick-
ness and macroscopic lateral size represent a new type of func-
tional two-dimensional (2D) materials [1]. A universal scheme
to fabricate CNMs is the irradiation-induced cross-linking of
aromatic self-assembled monolayers (SAMs), which allows for
creating a variety of functional nanomembranes by using
different molecular precursors as building blocks [2]. The prop-
erties of CNMs, such as stiffness, chemical functionality and

porosity, can be tailored through a prudent choice of the molec-
ular precursors and the fabrication conditions. CNMs are
capable of being released from the substrate and transferred
onto arbitrary substrates, e.g., solid supports and holey
substrates [3]. Mechanical properties of freestanding CNMs
were characterized by bulge test in an atomic force microscope
(AFM): biphenyl-based CNMs possess a Young’s modulus of
ca. 10 GPa and a remarkable tensile strength of ca. 600 MPa
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[4]. The possibility of transferring CNMs and their high
mechanical strength make them suitable candidates for nano-
electromechanical systems (NEMS). Postsynthetic modifica-
tions, e.g., multilayer stacking [5], thermal annealing [6], chem-
ical functionalization [7], and perforation [8,9], lead to a further
tailoring of the performance of the CNMs and enable various
investigations and applications.

The cross-linking of SAMs is so far conducted by exposure to
electrons [10] and photons [11]. Electron irradiation induces the
dissociation of C—H bonds at the phenyl rings. The consequent
cross-linking between adjacent aromatic moieties is a critical
step in the formation of CNMs. Both electron beam lithography
and extreme ultraviolet (EUV) lithography have been utilized to
fabricate CNMs from SAMs [11,12]. The EUV photon induced
cross-linking is, for that matter, related to secondary electrons
generated by the photoemission process [11]. Turchanin et al.
investigated the electron induced cross-linking of biphenylthiol
(BPT) SAMs on gold with complementary spectroscopic tech-
niques and they suggested a dissociative electron attachment
(DEA) as the dominating process to which both primary elec-
trons and secondary electrons contribute [13]. However, a
detailed picture of how the spatial distribution of cross-links
evolves until a complete CNM has been formed is still missing.

Further modification and patterning of SAMs have been
achieved by using ion irradiation (e.g. Ar", Ga*, Si*, etc.),
which leads to the desorption and the fragmentation of mole-
cules [14,15]. High energy helium ions passing through
polymer films modify the macroscopic properties of these films,
too. This is related to changes in the chemical structures of the
polymers [16,17]. Recently, the helium ion microscope (HIM)
has been employed as an imaging and measurement tool for
nanotechnology, for which the sub-nanometer sized ion probe
and its resulting high brightness lead to a higher resolution and
the small convergence angle of the ion beam leads to a larger

Beilstein J. Nanotechnol. 2014, 5, 188—194.

depth of field. As an imaging tool, this instrument has a high
surface sensitivity and is particularly advantageous to distin-
guish monolayers from the supporting substrate [18,19]. As a
tool for nanofabrication, the low proximity effect that arises
from the finite excited volume, in which the ion—material inter-
action takes place, extending deeply into the material, and the
confinement of ion scattering to the secondary electron escape
depth promise an outstanding performance of HIM [20]. So far,
various approaches have been used to exploit the capabilities of
HIM, such as ion milling [21], scanning helium ion beam litho-
graphy (SHIBL) [22], and helium ion beam induced deposition
(HIBID) [20].

Here we used 4'-nitro-1,1'-biphenyl-4-thiol (NBPT) as a molec-
ular precursor to form SAMs on a Au substrate and employed
HIM both as a nanofabrication tool to cross-link SAMs and as
an imaging tool for the ex situ observation of the crosslinking
process. As regards the nanofabrication, both supported and
freestanding CNMs were fabricated by transferring them onto a
silicon substrate and a transmission electron microscopy (TEM)
grid, respectively. As regards the investigation of the cross-
linking process, the helium ion beam was programmed to irra-
diate NBPT SAMs with a series of different doses. The sep-
aration of cross-linked and non-cross-linked SAMs was con-
ducted by transferring them onto a Si substrate with an oxide
layer. The observation was done by using HIM in doing so
taking advantage of the high surface sensitivity of the instru-

ment.

Results and Discussion

Figure 1 shows a schematic representation of the cross-linking
and transfer process. Firstly, the SAM that consists of closely
packed NBPT molecules is formed on a gold substrate;
secondly, the SAM is irradiated locally with He™ ions; thirdly,
the transfer is assisted by a layer of poly(methyl methacrylate)
(PMMA) for mechanical stabilization, which allows the dissolu-

Figure 1: (a—d) A schematic representation of the NBPT SAM cross-linked with He* ions and the transfer onto a Si substrate: (a) Formation of SAM
on Au; (b) Local exposure to He* ions; (c) Transfer of CNM with a polymeric film; (d) Separation of cross-linked from non-cross-linked regions. (e) A
demonstration of lithographic CNMs in Chinese characters nanomembranes transferred on a silicon substrate.
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tion of underlying Au layer; lastly, the PMMA layer is
dissolved and only the cross-linked SAM is transferred onto
another substrate, e.g., SiO,/Si. Figure le demonstrates a
successful transfer of structured CNMs in Chinese characters
which means nanomembranes: the grey background is SiO,/Si
substrate and the darker features are transferred CNMs.

For the fabrication of freestanding CNMs, NBPT SAMs were
irradiated in square patterns by helium ions at 35 keV and holey
carbon-coated TEM grids were used as supporting substrates.
Figure 2a shows the HIM image of a CNM with a size of
50 x 50 um?2 on a TEM grid and the corresponding irradiation
dose is approximately 500 uC/cm?2. The CNM is supported by a
holey carbon film on a grid. The holey carbon film appears
brighter and the CNM slightly darker due to the charging effect.
To identify the CNM, its three corners are marked with arrows.
Figure 2b shows the higher magnification HIM micrograph of
the CNM in Figure 2a. It is noticeable that the CNM has many
tiny holes, indicating that the crosslinking is not complete at
this dose. Figure 2c and Figure 2d show the HIM micrographs
of a CNM with an irradiation dose of ca. 1000 pC/cm?. The
CNM shows homogeneous features and no pores are visible
here, which indicates a complete crosslinking. The CNM in the
upper—left corner is damaged and the dark features arise from
the sample stage beneath the TEM grid (see Figure 2d). Notice
that imaging doses are at least one order of magnitude smaller
than the irradiation dose, no further modification of CNMs is
expected during imaging.

In order to observe the development of the crosslinking of the
SAM, the NBPT SAM was irradiated in circular regions by
helium ion beam with a series of different doses. The variations
of the irradiation dose are achieved by controlling the dwell
time of the beam. Provided that the fabrication conditions are
the same for the whole series, the irradiation dose is propor-
tional to the total irradiation time. Therefore, the dynamics of
cross-linking and growth regimes can be studied by making ex
situ observations of the development of cross-linked SAMs. To
this end, the distinction of cross-linked from non-cross-linked
regions in the SAM was facilitated by transferring the irradi-
ated SAM to a new substrate. Strictly speaking, there exists a
threshold value, which is given by the density of cross-links that
is required for a successful transfer of a monolayer. Below this
threshold, the formed supramolecular network is not dense
enough to sustain a lift-off from its initial substrate. Therefore,
the transfer distinguishes the irradiated SAMs whose density of
cross-links surpasses the threshold value from those below the
threshold. Figure 3 shows a series of HIM images of a cross-
linked SAM that have been transferred onto a SiO,/Si substrate.
Interestingly, the first step is the formation of circular shaped
nuclei, which is analogous to the nucleation for thin films or

Beilstein J. Nanotechnol. 2014, 5, 188—194.
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Figure 2: Freestanding CNMs with a dimension of 50 x 50 pm?
supported by a TEM grid with a holey carbon film: (a) the HIM micro-
graph of a CNM with an irradiation dose of 500 uC/cm?, where three
arrows mark its corners; (b) the high magnification HIM micrograph
shows that the CNM contains tiny holes; (c) the HIM image of a CNM
with an irradiation dose of 1000 uC/cm?; (d) the high magnification HIM
image shows that the CNM contains no microscopic defects. (Imaging
doses: a) 0.27 uC/cm2, b) 55.9 uC/cm2, ¢) 3.36 pC/cm? and

d) 33.6 uClcm?).

polymer crystallization [23]. After a dose of 176 pC/cm?
(Figure 3a), the average diameter of the nuclei is 9.0 + 1.7 nm,
which means that each nucleus consists of ca. 300 molecules,
and the nucleus density is approximately 450 um 2. When the
dose is 225 pC/cm?, the nucleus density increases to approxi-
mately 930 pm™2 (see Figure 3b). The above mentioned
threshold is related to the density of the cross-links of these
smallest patches (nuclei) that are able to be transferred. After
the early stage, the nuclei start to grow in one dimension and
chainlike structures with a typical length of about 100 nm
become the dominant features, as shown in Figure 3c. Figure 3d
shows a marked change of structures, i.e., chain thickening,
which indicates that a two dimensional (2D) growth (or lateral
growth) begins to take place. Figure 3g and Figure 3h show an
incomplete CNM with tiny holes and a complete CNM without
holes, respectively. In order to make sure that all these struc-
tures are indeed CNMs and to exclude the possibility that some
features (especially the small nuclei) might be due to contami-
nations from the transfer process, the sample (irradiated SAM
on Si0,) was annealed up to 300 °C in ultra-high vacuum
(UHV). The subsequent imaging with HIM confirms that no
change of the structures occurs. It is also worth mentioning that
an excessive exposure to He™ ions (>4000 pC/cm?) leads to a
damage of the CNMs, which is attributed to the swelling of the
Au substrate from ion implantation [24].
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Figure 3: A series of HIM images showing the cross-linking of a NBPT SAM induced by helium ion irradiation, where the cross-linked SAM was trans-
ferred onto a SiO,/Si substrate after being cross-linked within a circular region with the dose given in the upper right corner of each image: (a) forma-
tion of circular shaped nuclei which are widely separated and randomly distributed. (b) more nuclei come into being and some of them start to grow
one dimensionally; (c) chainlike structures with a typical length of ca. 100 nm become the majority; (d) chain thickening indicates a two-dimensional
(2D) growth beginning to take place; (e—f) 2D growth plays a dominating role; (g) the CNM contains tiny holes; (h) the CNM forms completely and no
defects are observed, indicating the status of a complete cross-linking. The scale bars are 200 nm.

A complete cross-linking of NBPT SAMs by He" ion irradi-
ation requires an exposure dose of approximately 850 pC/cm?,
which is roughly 60 times smaller than the corresponding elec-
tron irradiation dose (ca. 50,000 pC/cm?, 100 eV) [13]. The
energy loss of helium ions in alkanethiol SAMs on Au were
investigated by neutral impact collision ion scattering spec-
troscopy (NICISS) and the stopping power was determined to
be about 3.7 eV/A for the ion energy of 4 keV [25]. Though the
total scattering cross—section of He ions by the SAM is very
small, the energy transfer could induce molecular excitation and
bond scissions, which may contribute to the cross-link forma-
tion to a certain extent. However, the tremendous dose differ-
ence can be associated with distinctive characteristics of sec-
ondary electrons that are excited by the helium ions. Firstly, the
secondary electron yield for 35 keV He' ions impinging
perpendicularly on a Au substrate is calculated by the software
package IONiSE to be about 2.7 [26]. And this is approxi-
mately three times higher than the experimentally determined
secondary electron yield (approximately 0.85) for 100 eV elec-
trons [27]. Secondly, the energy spectrum of secondary elec-
trons excited by 35 keV He" ions on Au showed a peak around
2 eV, with a small shoulder in the range of 5-6 eV [28]. For the
excitation by electrons at 100 eV, the energy distribution of sec-
ondary electrons shows a peak at about 5 eV [27]. It is known
that secondary electrons at energies well below the ionization
threshold could produce single strand and double strand breaks

in DNA and thus induce genotoxic effects in living cells [29].
These breaks are attributed to the DEA process, in which the
attachment of incident electrons leads to the formation of a tran-
sient molecular anion (TMA) state and this TMA decays by
electron autodetachment or by dissociation of a specific bond.
The probability of forming a TMA, i.e., the electron capture
cross section, varies inversely with the energy of the TMA state
with respect to the ground state. In addition, the life time of
TMAs increases with decreasing their energies [30]. This indi-
cates that in the case of electron irradiation in NBPT SAMs, by
analogy with strand-breaks in DNA, the DEA process is more
efficient for secondary electrons with lower energies around
2 eV.

The DEA process is endothermic, as the electron affinity of a
biphenyl molecule (3—7 kJ/mol) is much smaller than the bond
energy of C—H (ca. 430 kJ/mol) [31,32]. The characteristic
energy barriers for cross-linking arise from the activation
energy for the DEA process and the entropic barrier to form a
covalent bond among adjacent molecules. The activation energy
and the above mentioned energy-dependent DEA cross section
determine the rate coefficient of the DEA process [33]. The
entropic barrier can be associated with a conformational entropy
reduction of a molecule after being cross-linked, as a single
molecule is more flexible and thus possesses higher degrees of
freedom compared to a molecule being cross-linked and
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constrained by covalent bonds. The sequence of cross-linking
depends on the characteristic energy barriers, as the entire
region is irradiated homogeneously. A formation of nuclei
would be associated with minimum activation energies in the
SAMs. Further crosslinking prefers to occur around those
already cross-linked nuclei, instead of regions that are not cross-
linked. This implies that activation energies in cross-linked
regions are relatively smaller, as n-electrons are laterally delo-
calized due to the cross-links and the electron mobility in cross-
linked regions increases as well. The formation of interfaces
between cross-linked and non-cross-linked region could result
in entropic barriers due to steric hindrance. Note that the orien-
tation of the 1D structures appears to be closer to the horizontal
(scan) direction than to the vertical direction, which implies that
the activation energy could be slightly brought down by the
helium ion beam scanning due to the local electronic field
around the growth front. Therefore, the growth direction of the
nuclei is determined by the growth front that exhibits the lowest
activation energies as well as the lowest entropic barriers.
Lastly, the fact that a 2D growth follows the 1D growth could
be attributed to a higher entropic barrier encountered at the
sides of 1D structures. As regards the entropic barrier, an
extreme example would be that for the insurmountable entropic
barriers the crosslinking does not occur and vacancies that
contain isolated molecules are formed. XPS spectra showed that
the maximum degree of crosslinking of the BPT SAM was
approximately 90% and further crosslinking was sterically
hindered [13].

As mentioned above, three stages of the crosslinking process
were designated: the formation of nuclei, 1D growth, and 2D
growth of cross-linked regions. Figure 4 shows the percentage
of the cross-linked area as a function of the irradiation doses:
(1) the initial formation of nuclei occurs up to a surface
coverage of 6-10%; (2) the 1D growth dominates for a
coverage up to about 35%; (3) the 2D growth dominates for a
coverage above about 35%. We employed Gaussian distribu-
tions to describe the probability of surpassing the threshold
cross-linking density at a given dose. As shown in Figure 4, the
cross-linked area coverage in dependence on the exposure dose
can be described by two superimposed sigmoid functions repre-
sented by the following cumulative Gaussian distribution func-
tions
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where 0 is the cross-linked area coverage, D is the irradiation
dose, D = (204 + 18) nC/cm? is the mean dose of the first
Gaussian distribution, 6| = (42 + 24) pC/cm? is the corres-
ponding standard deviation, and /; = 0.22 + 0.04 is the magni-
tude of the first cumulative Gaussian distribution. The corres-
ponding quantities of the second Gaussian distribution are D, =
(476 £ 8) pC/em?, 65 = (56 = 7) pC/cm? and I, = 0.78 + 0.04.
The existence of two distinct Gaussian distributions indicates
that two types of monolayer regions for 1D and 2D growth
regimes are involved, which require different doses for cross-
linking with mean values of approximately 200 pC/cm? and
approximately 480 pC/cm?, respectively.
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Figure 4: Percentage of the cross-linked area plotted as a function of
the irradiation dose: (1) no CNM forms below the threshold dose of
approximately 160 pC/cm?; (2) the formation of nuclei occurs up to a
surface coverage of 6-10%; (3) the 1D growth dominates for a
coverage of up to about 35% and the required mean dose is approxi-
mately 200 uC/cm?; (4) the 2D growth dominates for a coverage above
about 35% and the required mean dose is approximately 480 uC/cm?.

A possible explanation for this behaviour can be found by
considering the in-plane tension of cross-linked SAMs. It is
known that free-standing CNMs from fully cross-linked NBPT
SAM:s exhibit an in-plane tensile residual strain of about 1%
[4]. This strain is expected to be introduced during the cross-
linking process, as new bonds are created between neigh-
bouring molecules. Figure 3a shows the formation of small
nuclei in the initial phase of the cross-linking process. Such
island-like structures are known to partially relax compressive
as well as tensile strain by slight expansion or shrinkage, res-
pectively [34]. A 10 nm sized nucleus may shrink up to 1 A by
relaxing a tensile strain of 1%. Consequently, the distance
between neighbouring molecules adjacent to such cross-linked
nuclei should increase, which will reduce the probability of a
new cross-link formation. This increases the mean dose for the
non-cross-linked monolayer areas near cross-linked patches to
reach the threshold cross-linking density. The two distinct
Gaussian distributions in Figure 4 can be understood to reflect
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the cross-linking of unstrained and strained regions with mean
doses of approximately 200 pC/cm? and approximately
480 pC/em?, respectively. A consequence of this interpretation
is that the formation of nuclei as well as the formation of 1D
structures is assigned to the cross-linking process with the lower
mean dose, i.e., to the unstrained monolayer regions. This is
obvious by Figure 3¢ and Figure 4. The HIM image of
Figure 3¢ shows the occurrence of 1D structures while the
second sigmoidal function in Figure 4 possesses a negligible
value at this dose. Therefore, cross-linked patches are not
isotropically surrounded by strained regions but in certain direc-
tions the adjacent monolayer is unstrained, which results in the
observed formation of 1D cross-linked structures with the lower
mean dose. The 2D growth of cross-linked areas is then
assigned to the higher mean dose due to the strain in these
monolayer regions.

Conclusion

Freestanding carbon nanomembranes were successfully fabri-
cated from aromatic self-assembled monolayers by using
helium ion beam lithography. Three distinct stages of the cross-
linking process, i.e., the initial nucleation, 1D growth and 2D
growth, were observed ex situ by helium ion microscopy. Such
a sequence could be related to different activation energies of
dissociative electron attachment process as well as different
entropic barriers encountered by the growth fronts. The irradi-
ation dose for a complete cross-linking with helium ions is
roughly 60 times smaller than that with electrons. Most likely,
this is due to the energy distribution of helium ion excited sec-
ondary electrons being shifted to lower energies.

Experimental

Preparation of self-assembled monolayers

For the preparation of 4'-nitro-1,1'-biphenyl-4-thiol (NBPT)
SAMs we used a 300 nm polycrystalline Au layer with (111)
crystal planes epitaxially grown on a mica substrate (Georg
Albert Physical Vapor Deposition, Germany). The substrate
was cleaned with a UV/ozone cleaner (UVOH 150 LAB FHR)
for 5 min, rinsed with ethanol, and then blown dry under a
nitrogen stream. Afterwards the substrates were immersed into
10 mL of a solution of dry and degassed dimethylformamide
(DMF) with ca. 10 mmol NBPT molecules for 72 h in a sealed
flask under nitrogen atmosphere.

Helium ion lithography and helium ion
microscopy

The experiments were conducted with a Carl Zeiss Orion Plus®
helium ion microscope at room temperature. The irradiation of
NBPT SAMs was performed by using the built-in software. The
ion beam is programmed to irradiate an array of circular

features by using a bitmap file and the dose variations are
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achieved by controlling the dwell time per pixel. The helium
ion beam was operated at an acceleration voltage of 34.8 kV
and a current of 3.5 pA. Due to the discreteness of bitmap files,
the helium ion beam is intentionally slightly defocused in order
to minimize any inhomogeneities in crosslinking. One circular
feature consists of 2160 write points at a pixel distance of
10 nm. The fabrication of freestanding square CNMs was
carried out by irradiating NBPT SAMs by HIM in a repeated
scanning mode. The sizes of CNMs are the same to the field of
view (FOV) and dose variations are achieved by controlling the
total scanning time. For imaging, the helium ion beam was
operated at acceleration voltages of 36.5-37.9 kV and currents
0f 0.3-0.6 pA. Images on SiO, were acquired at a working dis-
tance of 9 mm and a tilt angle of 35° with 30 ps dwell time per
pixel. Images on grid were acquired at a working distance of
30 mm with 0.5 ps dwell time and 128 frames averaged.

Transfer of carbon nanomembranes

After helium ion irradiation, the whole NBPT CNMs were
transferred onto another substrate for further investigations
again with the HIM. For the transfer of NBPT CNMs onto a
Si0,/Si substrate the samples were spin-coated with a layer of
poly(methyl methacrylate) (PMMA) for stabilization and baked
on a hotplate at 90 °C for 5 min. The separation of the PMMA/
CNM/Au layer from the mica substrate was achieved by care-
fully dipping the sample into water. Subsequently, the Au layer
was completely etched by a gold etchant (5 wt % I, and
10 wt % KI in water). Afterwards, the PMMA/CNM layer was
transferred to a Si substrate with an oxide layer with the thick-
ness of 300 nm and the sample was immersed into acetone for
40 min for the dissolution of the PMMA layer. For the fabrica-
tion of freestanding NBPT CNMs on a TEM grid the same
process was carried out, except for the drying process being
conducted in a critical-point dryer (CPD, Autosamdri-815B,
Tousimis, USA) to yield intact and suspended CNMs.
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5: Summary and conclusions

5 Summary and conclusions

In this work, several examples of the use of helium ion microscopy (HIM) on actual
scientific challenges have been presented. These examples demonstrate major
advantages of HIM compared to the established technique of scanning electron
microscopy (SEM). In most cases, the extraordinary small spot size and thus the

achieved high lateral resolution are of importance.

For ultrathin carbon nanomembranes (CNMs), the combination of high surface
sensitivity, resolution and tolerance to insulating samples in HIM provides images that in
a quality that is impossible from other methods. A good contrast of such membranes on
all tested substrates is shown. Characteristic features like folds, cracks and the general
morphology are well visible from the macro- to the nanoscale. On freestanding CNMs,
the possibility to investigate porosity down to the nanometer-size is demonstrated. Thus,

a time-efficient production control for the manufacturing of CNMs is possible with HIM.

A further challenging carbonaceous material investigated are nascent soot nanoparticles
from combustion processes. The high contrast on samples composed of light elements,
again in combination with the high lateral resolution, is a key advantage of using HIM.
HIM allowed the time efficient probing of a high number of particles for size and shape
down to 2 nm. Thus a statistical analysis was possible. Especially, the assumption that
nascent soot is not a sphere could be supported. The growth of such nanoparticles was
then systematically studied for different flame conditions and fuels. The composition was
also tested by X-ray photoelectron spectroscopy (XPS), indicating that soot at early

stages is highly reactive in air.

A variety of transition metal oxide (TMO) films were imaged, where the high depth of field
provided well resolved images on these highly corrugated films. The understanding of
the growth and the catalytic activity of such films was enhanced with this work. These
films are intended to be used as better and cheaper catalysts in combustion processes.
Here, again XPS was additionally used to investigate the elemental species involved in
catalytic processes at the surface. The results were combined with a variety of other
characterization techniques performed by the collaborating group to thoroughly

investigate and test all films.
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All examples so far use the detection of secondary electrons. Another imaging mode of
the HIM is the detection of Rutherford backscattered ions (RBI). This mode is especially
sensitive to the atomic number of a solid material. Its usability is demonstrated by an
example of defect analysis on Boersch phase plates for use in TEM. The second
example is the analysis of the effect of annealing on electrospun gold nanowires. Voltage
contrast provides information about insulating parts in freestanding wires, where the RBI

mode shows positions of high gold concentration in the wires.

Due to the high momentum of helium ions compared to electrons, sputtering is a relevant
factor in the HIM. Compared to the commonly used gallium focused ion beam (FIB), the
sputter rate is small and the interaction is collimated to a smaller spot. This provides
scientists with new possibilities to directly manipulate solids with prior impossible feature
detail, which is demonstrated on gold bow-tie structures where edges were sharpened
and reproducible cuts of less than 6 nm size were added. Carbon nanotubes within
functional devices were cut with dimensions of less than 3 nm. This is small enough for

single organic molecules to be directly measured between these electrodes.

Finally, some lithographic possibilities were explored. The irradiation (crosslinking) of
self-assembled monolayers, which leads to crosslinking an eventually to the formation
of CNMs by helium ions was demonstrated for the first time. The dose dependency of
the crosslinking process was investigated and described. Also, the necessary irradiation

dose was observed to be extraordinary low compared to electrons.
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AuNP
AFM
BPP
BPT
CNM(s)
CNT(s)
CVD
EBL
EDX/EDS
ESCA
FE-SEM
(Ga-)FIB
FTIR
GFIS
HBC
HCl
HIL
HIM
HOPG
LEED
MCP
HSQ

OPE

acetylacetonate (CH;COCHCOCHs3)
Gold NanoParticle

Atomic Force Microscope/Microscopy
Boersch Phase Plate

BiPhenyl-Thiol

Carbon NanoMembrane(s)

Carbon NanoTube(s)

Chemical Vapor Deposition

Electron Beam Lithography

Energy Dispersive X-ray Spectroscopy
Electron Spectroscopy for Chemical Analysis
Field Emission SEM

(Gallium) Focused lon Beam

Fourier Transform InfraRed

Gas Field lon Source
Hexa-Peri-Benzocoronene

Highly Charged lon(s)

Helium lon Lithography

Helium lon Microscope/Microscopy
Highly Ordered Pyrolytic Graphite
Low Energy Electron Diffraction
MultiChannel Plate

Hydrogen SilsesQuioxane

Oligo(Phenylene Ethynylene)
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PAH
PDMS
PSE-CVD
RBI
RBS
SAM
SE
SEM
SERS
SFIM
SHIM
SMPS
STM
TEM
T™MO
UHV
UV-Vis
VOC
XPS

XRD

Polycyclic Aromatic Hydrocarbons
PolyDiMethylISiloxane

Pulsed Spray Evaporation Chemical Vapor Deposition
Rutherford Backscattered lon

Rutherford Backscattered Spectroscopy
Self-Assembled Monolayer

Secondary Electron

Scanning Electron Microscope/Microscopy
Surface Enhanced Raman Spectroscopy
Scanning Field lon Microscopy/Microscopy
Scanning Helium lon Microscope/Microscopy
Scanning Mobility Particle Sizer

Scanning Tunneling Microscope/Microscopy
Transmission Electron Microscope/Microscopy
Transition Metal Oxide

Ultra-High Vacuum

Ultraviolet—Visible spectroscopy

Volatile Organic Compound

X-Ray Photoelectron Spectroscopy

X-Ray Diffraction
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Figure 1: Photography of the HIM used in this work with the microscope body on
the right side, the electronics rack in the background and the user interface
ON N [EFL. . e 13

Figure 2: (a): Schematic of the Orion HIM imaging system (from °) (b): lon source
after a “source build”, (c): source in a proper arrangement for
measurements. Helium ions are ionized predominantly at the top of a
pyramid forming the “ionization disks”. (Reprinted with permission®) This
configuration could produce an emission pattern as in (d), which is an
actual SFIM emission image of a working source. .............cccoeeeeeeeeneen. 14

Figure 3 (a): Plot of probe size versus semi-angle, calculated for the Orion Plus
column. It shows the four contributions of brightness, diffraction, chromatic-
and spherical aberration, and the final probe size. Conditions are 35 kV
acceleration voltage, 0.25 pA beam current, and 4 mm working distance.
Probe size is defined as diameter with 50% of the ions inside. Reprinted
with permission3. (b): Definition of semi-angle a and depth of field............ 15

Figure 4: Simulation of beam-sample interaction of gallium, helium and electron
trajectories hitting a silicon surface. These are the two typical examples of
simulations about beam-sample interaction: either using the same energy
for SEM and HIM (a, 30kV) or using conditions of similar contrast, i.e. low-
voltage SEM (b). Both show, that the helium beam stays more collimated,

especially in the range of the escape depth of secondary electrons. ......... 16
Figure 5: simulation of beam-sample interaction, escape depth probability and
beam spread in samples. Reprinted with permission®.............c...ccccccee... 17

Figure 6: Secondary Electron (SE) Yield for different elements and sample angle,
measured with an Everhart-Thornley (ET) detector in a HIM. Reprinted with

PEIMISSIONZ. .. et e e e 18
Figure 7: Example of using the electron floodgun: A conductive carbon
nanomembrane is placed on a 300 nm SiO- silicon wafer piece................ 19

Figure 8: Sketch of the measurement chamber with the incident He* beam, the
Everhart-Thornley (ET) electron detector, the micro channel plate (MCP)
ion detector, and the electron floodgun. (Image from Zeiss material, 28)....20

Figure 9: Measured Backscatter — Yield versus atomic number. Reprinted with
(01214 4o 1YY o] o RO 21

Figure 10 (a,b): Contamination diminishes available resolution. (c): the same
sample after plasma cleaning. The samples are Si spheres coated with 18
nm sputtered gold (information about the sample and a series of HIM
images are provided in literature.33) .........cccoiiiiiii 22

Figure 11: Defective filament used in an electron floodgun. Extended re-
crystallization of the hot tungsten filament together with carbon
contaminations in the high vacuum environment caused massive changes
ONthE WIr€. .o 23

Figure 12 (a): Basic principle of the photo effect and the emission of core electrons
by X-rays. (b): Scheme of currently used XPS tools equipped with a
monochromatic X-ray source. Reprinted with permission.®...................... 25
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Figure 13: XP-spectra of the cobalt 2p region of a cobalt metal (a), CosO4 (b), and

A C00 (C) SAMPIE. e, 27

Figure 14: (a) Fabrication scheme and microscopy images of CNMs made from

aromatic self-assembled monolayers (biphenyl-thiol in this case). (b,c):
Optical microscopy images of CNM on silicon wafer with 300 nm SiO». The
CNM is visible due to an interference contrast effect.> (a) shows a large
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image fabricated by e-beam lithography. (d) SEM micrograph of four
130um x 130um holes in a TEM grid with CNM on top. (e): TEM image of a
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Figure 15: CNMs on various solid substrates. See text for details......................... 32
Figure 16: Two layers of CNM on PDMS - contrast changes with floodgun

settings. The circular objects in the corners are artifacts from the column. 33

Figure 17: In images with suspended CNMs on TEM grids, the background is

important. Images (a,b) show the same sample mounted differently. The
arrows show similar positions to guide the eye. (c,d): CNMs on a TEM grid
with holey carbon film. ... 34

Figure 18: CNMs transferred on copper grids with ~80um hexagonal openings. (b):

image obtained by André BeYer. ..o 35

Figure 19: CNMs transferred on copper grids with ~500um hexagonal openings. 36
Figure 20: CNMs transferred on copper (a,b) and quantifoil multi-A (c,d) TEM

grids. (b) is a magnified image of the square in (a). (c,d): different SAM
structures lead to different thickness of the CNMs, in this case with 1.1 and
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Figure 21: High resolution images of CNM transferred on a gold-coated silicon
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Figure 22: Micrographs of CNMs irradiated with highly charged ions (HCI). (b,c)
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Figure 23: HIM images of free-standing, porous CNMs of different thickness. (a-c):

prepared from HBC-Br. (d-f): prepared from HBC-CN (3c); see inset in a,d
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Figure 24: Quantification of porosity of CNMs, prepared from HBC molecules (3b-

c). (a): Mean pore diameter versus thickness of the parent self-assembled
monolayers.(b): pore density (number of pores per area) versus thickness
of the parent self-assembled monolayers. Image from published supporting
INFOrmMation.B8 ... ... 42
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Figure 25: Schematic illustration of soot growth in a flat flame. Stacks of lines
represent stacked aromatic structures, and the wiggly lines represents
aliphatic components. (lllustration reprinted with permission’?, text on the
right side is added to understand the chosen soot sampling heights for HIM
and XPS with different stages of soot formation). ............................... 53

Figure 26: Sampling procedure. Stagnation flow ethylene flame, stabilized on
porous plug burner. For the sampling of soot particles, the sample holder is
quickly moved through the flame automatically. Reprinted from Supporting
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Figure 27: Beam damage evaluation: Series of consecutive HIM images of soot
collected from an ethylene C3 flame. Top panels: sample collected at 1.0
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probed by exposing it to an ion dose density of 262 ions/nm?. Reprinted
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Figure 28: HIM image of soot particles collected at 0.5 cm distance from the
burner, showing the capability of the technique for imaging nascent
particles of 2-3 nm in size. Reprinted from Supporting Information of ©°. ... 56

Figure 29: HIM images of nascent soot from an ethylene C3 flame. Particle size
and morphology change as a function of the distance from the burner
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Figure 30: The carbon and oxygen XPS spectra of soot sampled from Flame C3 at
distances of 0.5, 0.8 and 1.2 cm from the burner surface. Reprinted with
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Figure 31: Morphological variations of nascent soot collected from the ethylene C3
flame at heights of 0.5, 0.8 and 1.2 cm and imaged by HIM, showing
representative primary and aggregate structures. Particles shown in the
hexagons are in the apparent size range of 4-8 nm; those in the squares
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Reprinted with permission.®®..............ccoii i 59

Figure 32: HIM micrographs for soot probed from atmospheric-pressure flames of
n-butane (upper row) and i-butanol (bottom). For near-spherical particles
(circles and pentagons), the diameter is given. Reprinted with
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Figure 33 (a): Schematic of the PSE-CVD reactor used to manufacture the
functional films. (b): Structure of the typical acetylacetonate (acac)
PrECUISOIS USEA. ...iiiii i ee i e ettt e e e e e e e e e e e e e e e e e e e e e aaaae s 71

Figure 34: Testing of the catalytic functionality. (a): Schematic representation of
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Figure 35: XPS and HIM of a-Fe203 grown at 300°C substrate temperature.
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Figure 37: PSE-CVD grown films of iron and cobalt mixed oxides, Part 2. All films
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Figure 38: HIM micrographs of Iron-Copper oxide films on a Silicon wafer. (a,b):
image of the top surface. (c,d): The silicon wafer was freshly cleaved and
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the sample was mounted at 90° in the HIM chamber. On top of the images
is the Si wafer, with the Fe-Cu film growing down. The precursor ratio was

50:50 (Fe(acac)s:Cu(acac),) at a substrate temperature of 400°C............. 77
Figure 39: (ESI 1): Pure iron oxide (a, b) and cobalt oxide (c, d) reference

SAMIPIE. e 90
Figure 40: (ESI 2) The original XPS spectra of Fe2p and Co2p with the
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Figure 41 (a): Schematic of a Phase contrast TEM with a BPP (b,c): HIM images of
the central BPP electrode show alternating layers of conductive and
insulating materials in the BPP. Reprinted with permission.?” .................... 92

Figure 42: HIM micrographs of a BPP. (a) HIM image of a BPP in secondary
electron (SE) mode. (b) HIM image of the central electrode in SE mode and
(c) the same area in RBI mode. (d) HIM image of the central hole and (e)
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Figure 43: HIM images of gold nanowires, where both images were taken at the
same time with the SE detector (a) and RBI detector (b). They are
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Figure 44: Micrographs depicting the temperature-induced transition to gold-
nanowires (top to bottom). Left: TEM pictures; middle: HIM micrographs
based on secondary electrons (SE) showing the surface and induced
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Figure 45: Screenshot of a typical lithography task with the Orion Plus User
Interface (Ul). The patterning settings are in the left column. In the middle,
the writing pattern is overlaid on the last image taken. The right column
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Figure 46: SEM (a—c) and HIM (d,e) images of bowtie nanoantennas fabricated by
Ga - ion (a-c) and He - ion (d—f) beam milling. (a,b):Antenna before- and
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Figure 47: Milling of Bow-Ties by Helium-lon lithography (HIL). (a): Typical
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imaging scans induced a slight swelling of the substrate. ....................... 108

Figure 48: Overview of the devices used. (a): The middle bar is connected to
ground. If no electric connection is present between the metallic contacts to
the top and bottom, the material charges up during imaging and appears
darker than other contacts. ... 111
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CNT device after dielectrophoretic deposition. (c) Fast alignment scan of
the same device with the helium ion microscope. (d) Slow scan of a device
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with higher resolution showing only the CNT with the gap produced by
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Figure 50: (a) Secondary-electron intensity profiles from three different nanogaps.
(b) Histogram of 14 nanogap sizes. Reprinted with permission.'?3 .......... 112

Figure 51: Atomic force microscopy (AFM) applied on a HIM-cutted CNT device.
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Figure 52: Helium ion milling of carbon nanomembranes. (a): milling mask used in
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