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Carbon Foll
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Electron emission cross sections of gold nanoparticles (AuNPs) are impor-
tant for assessing their radiosensitizing effects from ionizing radiation using
Monte Carlo simulations. Measurements of these data require samples of
sufficiently large area density, homogeneous nanoparticle distribution, and

a mechanically stable sample holder to ensure a low background signal.
While several methods exist for the deposition of nanoparticles, there is little
information regarding the deposition of AuNPs in an aqueous solution onto a
self-supporting film. The aim of this is to find suitable preparation techniques
for AuNP samples which fulfill the above requirements. AuNP samples are
produced using different deposition techniques and a 50 nm-thick carbon foil
as the substrate. These samples are characterized with respect to the size
and spatial distribution of AuNPs using a scanning electron microscope. The
drop-casting technique yields the best results, while those obtained with the
spin-coater technique are less reproducible regarding sample stability. The

Frens, Enustun, and Turkevich.'? After-
ward, the AuNP surface can be function-
alized in many different ways for drug
delivery, as imaging agents or to bind to
specific cells.>* Wet-chemical synthesis of
AuNPs is the most common preparation
technique.

In recent years, the interest and use
of AuNPs in medicine has significantly
increased due to their excellent biocom-
patibility.>>®! A broad range of possible
applications in cancer diagnostics and
treatment have been reported with spe-
cial focus on their use in radiotherapy.”
Radiotherapy is one of the standard
methods for cancer treatment and is based
on the damaging effect of ionizing radia-

microdrop method is deemed unsuitable due to its tendency to form AuNP
clusters. Measurements conducted with a synchrotron radiation source, as
well as with protons and electrons, confirm the suitability of these samples
for studying electron emission spectra of AuNPs for different radiation types.

1. Introduction

Gold nanoparticles (AuNPs) are gaining interest as radiosensi-
tizing materials due to their advantageous chemical and phys-
ical properties. Nowadays, the techniques of AuNP synthesis
are well developed. Size, shape, and surface of AuNPs can be
controlled during synthesis, for example. by the methods of
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tion to cells.®] Various studies have shown
that the presence of AuNPs in cells during
irradiation with X-rays or ions can lead to a
considerable increase of cell killing, due to
radiosensitizing effects of the AuNPs.B-11
A localized presence of AuNPs in the
tumor region may amplify tumor cell
killing while reducing radiation damage to surrounding healthy
tissue.l®!

One hypothesis for the enhanced cell killing is a local
enhancement of the radiation dose within the target volume
due to an increased emission of low-energy secondary elec-
trons from the AuNPs.'%1 The local dose enhancement near
the AuNPs is generally assessed by Monte Carlo (MC) simula-
tion, which is currently the most accurate method for radiation
transport calculations.'>8] While significant advances have
been made with respect to the MC algorithms used to model
radiation effects, particle transport simulations are still based
on crude approximations. For example, most MC codes use
physical models based on the first-order Born approximation
to calculate electron emission cross sections. This approxima-
tion is, however, only valid for electron energies greater than
a few keV. Considering that secondary electrons with ener-
gies below a few keV are responsible for most of the radiation
damage, there is a need to improve MC physical models by
providing experimental electron emission cross section data at
these low energies. Previous experiments on X-ray-induced low-
energy electron emission from AuNPs have revealed large dis-
crepancies with results obtained by MC simulation.’®! Hence,
the motivation to acquire more reliable electron emission data
from AuNPs, especially for the Auger cascades following inner-
shell ionizations that lead to the production of a high number
of low-energy secondary electrons.!13]
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For the precise measurement of electron emission spectra of
AuNPs irradiated with X-ray, proton, and electron beams as a
function of the AuNP parameters (i.e., size, shape, and distribu-
tion), the AuNP samples must fulfill several requirements.

First, the number of background electrons released from the
substrate on which AuNPs are deposited should be as low as
possible. Second, the sample must be stable enough to with-
stand the mechanical stress during the pumping procedure
as an electron energy analyzer is operated in a high vacuum.
Third, the sample substrate should be as thin as possible for
the measurements with charged particles such as ions or elec-
trons. This property is also important for a characterization of
the AuNP distribution on the substrate using scanning electron
microscopy (SEM) and scanning transmission electron micros-
copy (STEM). For this reason, a thin self-supporting film of a
low-Z material is preferable. In this work, a carbon foil with a
thickness of 50 nm was used as the substrate as it provided suf-
ficient mechanical stability to be self-supported over the 5 mm
aperture of the target holder.

The use of a thin self-supporting carbon foil imposes chal-
lenges in depositing the AuNPs uniformly over the substrate
with a high reproducibility. Although different methods for
the deposition of nanoparticles can be found in the literature,
there is no mention regarding the deposition of AuNPs in an
aqueous solution onto a thin self-supporting film.

This present work investigates the different deposition tech-
niques reported in the literature for bulk substrates to deter-
mine whether they are suitable for use with a thin 50 nm-thick
self-supporting carbon foil. To establish the most appropriate
technique, AuNP samples were prepared using different
methods and then analyzed with respect to the area density and
homogeneity of the AuNP distribution. The spatial distribu-
tion of AuNPs on the carbon foil was characterized by means
of SEM.

2. Results and Discussion

2.1. Sample Preparation Techniques

Several techniques for the deposition of AuNPs have been
reported in the literature.20#0 Selecting the best-suited depo-
sition technique depends on the size, shape, and surface cov-
erage of the medium in which the nanoparticles are present as
well as the carrier material. One of the major difficulties is to
achieve a macroscopically large homogeneous deposition area
of nanoparticles with minimal clustering.2%-21]

The AuNPs used in this work were prepared wet-chemically.
They were present in an aqueous solution and deposited on a
self-supporting carbon foil of 50 nm thickness.

2.1.1. Vapor Deposition Techniques

Uniform AuNP distribution can be obtained by means of
chemical and physical vapor deposition techniques, such as
vacuum evaporation, thermal vaporization, electron beam evap-
oration, or sputtering.?3! In evaporation processes, the sample
to be deposited is initially in a solid state. The sublimation of
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the sample from the solid phase to a vapor phase, which is
applied to a substrate, leads to the formation of a thin film. In
sputtering, the sample atoms are transferred from the target to
the substrate by bombarding the target with energetic ions.[242’]
Since the AuNPs used in this study are present in an aqueous
solution, these techniques are unsuitable.

2.1.2. Langmuir—Blodgett and Wet-Chemical Techniques

The widely used Langmuir-Blodgett (LB) technique, which
is known to produce highly ordered, well-defined, ultra-thin
mono- and multilayers, would be a suitable method for AuNPs
in solution. In the first step, a floating monolayer, the so-
called Langmuir film, is produced at the air—water interface.
In the second step, this monolayer formed on the surface of
the aqueous solution is deposited on a solid substrate by
immersing the substrate into the solution and shearing off the
film, similar to the dip-coating method.[2126-30 Tests performed
in this work, however, revealed that this deposition technique
was unsuitable for the deposition of AuNPs on a thin carbon
foil attached to a metallic sample holder. When immersed in
an aqueous solution, the carbon foil was found to detach from
the sample holder and float to the surface. This problem also
excludes the use of wet-chemical deposition techniques such as
electrochemical, galvanic, electrophoretic, or chemical bath dep-
osition that are based on a chemical reaction in which reactants
combine to form a product and thereby coat a surface.[?331321 As
these take place in a solution, they are unsuitable for the same
reason as the LB-technique described above.

2.1.3. Drop-Casting

Drop-casting is a simple method to deposit AuNPs on small
substrates (=1 cm?).2% In this method, the AuNP solution is
dropped onto a substrate, where the solution spreads out and
the liquid droplet evaporates. The meniscus of the droplet is
pinned to the contact line.?!! Since the thin water layer at the
boundary of the drop evaporates more quickly than in the
droplet center, which leads to a capillary flow of the AuNP solu-
tion from the center to the boundary, a so-called coffee-ring
consisting of multilayers usually forms. In addition, numerous
islands of AuNPs form in the middle of the droplet.[?%26:33 A
disadvantage of this method is that despite controlled condi-
tions, evaporation rates may vary across the substrate. Varia-
tions in the concentration of the solution also lead to different
film thicknesses and internal structures. Furthermore, the
drop-casting technique has the disadvantage that large areas of
monolayers with high reproducibility are not possible.?!33!

2.1.4. Microdrop

The microdrop technique is based on the same principle as
drop-casting. However, it allows a well-defined number of drops
with volumes in the picoliter range to be deposited at a spe-
cific position. As small droplets evaporate quickly, the spatial
distribution of AuNPs can be well controlled by subsequently
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dispensing the drops at the required positions. It is even pos-
sible to deposit several drops at one position. Macis et al.
showed in their work that a more homogeneous deposition can
be achieved by using the microdrop technique.34

2.1.5. Spin-Coating

Spin-coating is an effective method for distributing particles on
a substrate.?>3¢) Compared to drop-casting, spin-coating allows
larger areas of uniform deposition over the entire substrate (at
room temperature) in a significantly shorter time.**38 In this
technique, a drop of the nanoparticle solution is placed in the
center of the substrate, which is then centrifuged. Centrifugal
forces lead to an even distribution of the drop over the substrate
followed by evaporation of the remaining volatile solvent.36:3]
The area and thickness of the particle layer depends on the con-
centration of the nanoparticles in the solution, the volume of
the droplet, and the rotational speed.(3>36]

In this work, the drop-casting, spin-coating, and microdrop
technique were used to prepare AuNP samples on a 50 nm-
thick carbon foil. The produced samples were then investigated
with respect to the requirements specified above.

2.2. Samples Prepared by the Microdrop Technique

The microdrop technique involves applying several drops of the
AuNP solution at selected positions so that the nanoparticles
can agglomerate drop by drop and build up a large monolayer.
However, first attempts showed that the concentration of the
AuNP solution was too high and led to clogging of the tip of the
microdrop pipette. In order to avoid this clogging, the AuNP
solution had to be diluted. SEM measurement of the samples
prepared using the microdrop technique with a diluted AuNP
solution, which can be seen in Figures S1 and S2, Supporting
Information, reveal the formation of AuNP clusters and net-like
structures. Diluting the solution did not yield thinner layers,
but rather smaller clusters. When the AuNP concentration was
further diluted to avoid clusters while keeping the volume of
the drops constant and ensuring that the drops can be posi-
tioned exactly, almost no nanoparticles were detected in SEM
measurements. Hence, the microdrop technique was deemed
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unsuitable for the production of large areas of high-density
monolayers of AuNPs.

2.3. Samples Prepared by Drop-Casting

Figure 1a shows an SEM image of a dried AuNP drop fol-
lowing drop-casting in secondary electron (SE2) mode. Looking
at the contour of the drop, it is evident that it is not perfectly
circular. This may be attributed to sagging of the carbon foil
due to the weight of the drop. Consequently, the drop congre-
gates in the center of the foil and dries. At the boundary of the
drop, the so-called coffee-ring effect occurs (refer to Figure 1b).
As described above, this effect appears due to the fast evapora-
tion of the volatile solvent of the droplet at its outer boundary.
When the volatile solvent evaporates, a contact line forms at the
air-water interface of the drop's perimeter since it is there that
the thin liquid layer evaporates the fastest.2126331 This leads to
an additional capillary flow of the AuNP containing solvent to
the perimeter, thus enhancing the area density of the AuNPs./!
Consequently, clusters of AuNPs and multilayers form at the
perimeter such that a saturated boundary area is created in
which individual nanoparticles can no longer be distinguished.
This leads to ring-like structures known as coffee-rings. In
addition, it is also possible for sparse islands of AuNPs to form
in the center of the droplet.214142]

At the center of the drop, another artifact can be seen which
can be traced back to characteristic stress cracking of the carbon
foil (refer to Figure la and Figure 2a). This stress cracking
occurs when the drop starts to evaporate and the foil dries.
During this process, the foil can contract and form wrinkles or
cracks. The spontaneous formation of a universal self-similar
wrinkle hierarchy under boundary confinement is a character-
istic of any thin foil. Thin foils are unstable under boundary
or substrate-induced pressure loads. Compression arising from
the drying of the AuNP drop leads to a regular formation of
wrinkles.'>*1 This results in the self-supporting area of the
carbon foil on the target aperture no longer being smooth
and homogeneous, thus making it difficult to obtain a macro-
scopically large deposition area of nanoparticles with as little
clustering as possible.?®2! From the enlarged STEM image
in Figure 2b, almost no AuNPs can be seen in the middle of
a crack, as expected. Starting from the boundary of the crack,

Figure 1. a) SE2 image of a sample prepared by casting a 0.5 uL droplet of 12 nmol L' AuNP solution containing 12 nm AuNPs onto a 50 nm carbon
foil and b) STEM image of the boundary region of the evaporated drop with a visible coffee-ring.
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Figure 2. a) SE2 image of the characteristic stress cracking of the carbon foil in the middle of the drop. The locations are marked with the red letters b,
¢, and g. b) Enlarged STEM image of a crack. c—f) Distribution of AuNPs within the vicinity and on top of a wrinkle taken with increasing magnification
(subsequent images are the magnifications of the yellow boxes in the prior image). On top of the wrinkle, AuNPs show net-like structures. Within the
vicinity of a wrinkle, AuNPs form monolayers while clusters and multilayers are produced further away from the wrinkle. g) STEM image of a region
between wrinkles and cracks, where AuNPs form large-scale monolayers. h) Magnified image of (g) showing a close-packed monolayer of AuNPs.

AuNPs seem to first form monolayers and then clusters, which
merge into multilayers. The same behavior can be observed
for wrinkles (Figure 2c,d). As opposed to cracks, however,
the nanoparticles in wrinkles are present as monolayers and

form net-like structures (Figure 2e,f). Kunstmann-Olsen et al.
showed similar net-like distribution patterns and clustering
of AuNPs after drop casting on carbon-coated transmission
electron microscopy (TEM) sample grids.*] On the wrinkles,
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Figure 3. a) STEM image of a TEM copper grid mesh supporting the 50-nm-thick carbon foil. The AuNP droplet was deposited on the carbon foil
using the drop-casting technique. The AuNPs can be seen to accumulate at the edges of the mesh, while no AuNPs appear in the center of a mesh.
b) Magnified image of a corner of the copper grid which shows clustered AuNPs along the grid mesh.

the AuNPs start to cluster and form multilayers (Figure 2c—e),
while between the wrinkles and cracks larger areas of mon-
olayers are formed (Figure 2gh). A monolayer as shown in
Figure 2h would be the optimal structure for measurements of
cross sections for electron emission from AuNPs as their mean
number per area is well defined and can be determined with
low uncertainty. In this structure, individual AuNPs can be
resolved. However, disturbances such as wrinkles or cracks in
the foil may lead to the formation of multilayers in which the
nanoparticles can no longer be resolved from each other (com-
pare the structure at the top of Figure 2g).

In order to eliminate sagging and increase surface smooth-
ness of the carbon foil on the target holder, thereby reducing
wrinkles, cracks, and thus clusters, a copper grid was used to
support the carbon foil. Figure 3a shows the STEM image of a
section of the carbon foil coated with drop-cast AuNPs, where
the foil is supported by a single mesh of the copper grid under-
neath. A closer look at Figure 3b reveals clusters of AuNPs at
locations where the carbon foil rests on the copper grid mesh.
In contrast, no nanoparticles can be detected inside the grid
mesh. The use of a copper grid to support the carbon foil is
therefore not suitable for creating large areas of monolayers.

Deposition using the drop-casting technique provides suffi-
ciently large AuNP layers. In this case, the surface coverage is
defined as the occupancy of the carbon foil surface containing
AuNPs for the examined section (e.g., the STEM image sec-
tion). In the region of monolayers with net-like distribution pat-
tern or islands, between 15% and 40% of the carbon surface is
covered by AuNPs. In the area of large-scale monolayers (refer
to Figure 2g,h) and multilayers, the mean relative surface cov-
erage of nanoparticles on the carbon foil is between 60% and
80%. Further data regarding the surface coverage can be found
in the Supporting Information.

Several samples were prepared by drop-casting using the
same AuNP solution, carbon foil, and target holder. They
were examined both with SEM and STEM. Depending on the
degree of sagging of the self-supporting carbon foil, the drop
was observed to spread and dry out differently each time. As
described above, the wrinkles and resulting cracks form dif-
ferent deposition structures, which inhibit a reproducible
deposition pattern. However, it is possible to make state-
ments about the macroscopic proportions of surface areas
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covered with AuNPs monolayers, clusters, and multilayers.
Thus, it is not the detailed microscopic deposition pattern,
but rather the mean area density of AuNPs on the carbon foil
in macroscopic dimensions (i.e., on the millimeter scale) that
is reproducible.

2.4. Samples Prepared by Spin-Coating

Placing the sample holder covered with the carbon foil directly
on the spin-coater led to rupture of the foil as it was sucked
in by the vacuum of the spin-coater. Alternatively, the sample
holder was fixed to a wafer using TEM glue which was then
placed on the spin-coater. This method was also found to be
unsuitable since the sample holder must be heated to remove
the TEM glue when detaching it from the wafer. This applica-
tion of heat led to cracking in the foil due to temperature stress.
Fixing the sample holder onto a wafer with double-sided adhe-
sive tape also resulted in cracking of the foil. Detaching the
sample holder from the double-sided adhesive tape leads to the
presence air beneath the foil, where the simultaneous pressure
of air from above results in cracking of the carbon foil. The
best method that allowed the removal of the holder after spin
coating whilst minimizing foil cracking was the use of adhesive
tape to fix the upper side of the sample holder to the wafer.

In our previous tests, spin-coating of a droplet of the AuNP
solution was applied on a solid substrate coated with a 50 nm-
thick carbon foil. The best results regarding distribution and
drying of the droplet without any cracking of the foil were
obtained with a rotational speed of 1000 rpm applied for a dura-
tion of 60 s. These parameters were also used in this work for
the spin-coating of AuNPs on a self-supporting carbon foil. As
described above, the spin-coating process consists of applying
the AuNP solution on the carbon foil, accelerating and spinning
of the sample by centrifugal forces, followed by evaporation of
the remaining solvent. During the rotation of the sample, a
spherical shaped droplet formed at the center of the sagging
foil. This spherical droplet remained throughout the entire
spin-coating process, eventually drying after several repetitions
of the rotation program. The number of cycles, however, varied
for each sample depending on the degree of foil sagging, and
thus it was difficult to obtain reproducible deposition of AuNPs.
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Samples produced using a spin-coater were analyzed with  coating) were also investigated. When comparing the shape of
SEM and STEM, where any differences in the AuNP distribu-  the drop following spin coating in the SE2 images of Figure 4b,
tion from the two deposition techniques (drop-casting and spin-  a more circular drop can be seen than that obtained using the

Drop-Casting Spin-Coating
; o @ \

Figure 4. a) SE2 image of a 0.5 uL droplet of 12 nmol L™ AuNP solution containing 12 nm diameter AuNPs deposited on a 50 nm-thick carbon foil
using the drop-casting technique, b) SE2 image of a 0.5 UL droplet of 12 nm diameter AuNPs spin-coated on a 50 nm-thick carbon foil. STEM images
of the distribution of the AuNPs on the carbon foil showing c) a monolayer after drop-casting, d) a monolayer after spin-coating, e) clusters and mul-
tilayers after drop-casting, f) clusters and multilayers after spin-coating, g) a surface area with large-scale mono- and multilayers after drop-casting,
and h) multilayers after spin-coating.
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Spin-Coating

Figure 5. STEM image of the AuNP distribution in the transition region from a monolayer to a multilayer when using the a) drop-casting and b) spin-
coating techniques. STEM image of the AuNP distribution within a crack or on a wrinkle when using the c) drop-casting and d) spin-coating techniques.

Almost no AuNPs can be observed in the cracks.

drop-casting technique (Figure 4a). In the case of deposition
by drop-casting technique, on the other hand, the so-called
coffee-ring effect was also visible after spin-coating (refer
to Figure 4b). A saturated boundary area, where individual
AuNPs cannot be resolved, was also observed. Figure 4c-h
exhibits no significant differences in the macroscopic pattern
of AuNP distributions with both techniques. Figure 4d,f shows
AuNPs in monolayers. AuNPs in clusters and multilayers are
shown in Figure 4f)h. In the case of drop-casting, the mean
surface coverage of AuNPs was between 15% and 40% for
spin-coating and monolayers and between 60% and 80% in
regions of multilayers. For the sample in Figure 4d, a surface
coverage of 25% was determined, which is within the range of
the mean surface coverage for drop-casting (between 15% and
40%). In comparison, the surface coverage of the sample pro-
duced by means of drop-casting technique in Figure 4c was
17%. In the area of multilayers, a surface coverage of 60% was
achieved for the spin-coated sample shown in Figure 4f. In
the case of the drop-casting technique, this surface coverage
amounted to 71% (see Figure 4e). In the area of the densely
packed multilayers, the surface coverage was also comparable:
96% for spin-coating (Figure 4h) and 87% for drop-casting
(Figure 4g).

The distribution in the transition zone from a monolayer to a
multilayer is also comparable for both techniques (Figure 5a,b).
Similar distributions can be seen at the site of a wrinkle or a
crack. Almost no AuNPs can be detected in the crack or wrinkle
(Figure 5¢,d).
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Differences in the distribution of AuNPs when using the
spin-coating instead of the drop-casting technique can be seen
at the center of the samples. STEM images of the sample's
center produced with the spin-coating technique (Figure 6a,b)
reveal different packing densities compared to the samples
obtained using the drop-casting technique. The nanoparticles,
which were observed to form net-like structures, were often
present as monolayers with a lower packing density. This is
expected as in the case of spin-coating technique, the centrif-
ugal force enhances the dispersion of the AuNPs in addition to
the capillary flow.

In summary, the drying process of the AuNP drop has simi-
larities to the drop-casting technique. However, the additional
centrifugal dispersion force in the case of the spin-coating
technique does not hinder the formation of clusters and mul-
tilayers. It is difficult to achieve a macroscopically large mon-
olayer deposition of nanoparticles.

2.5. Electron Emission Measurements of Drop-Cast AuNPs on
Self-Supporting Carbon Foils

Samples produced by drop-casting were characterized with
respect to the spatial distribution of the AuNPs by irradiating
them with X-rays and recording the number of electrons
emitted. X-rays were generated by the synchrotron radiation
source PETRA III on the P22 beamline at DESY in Hamburg,
Germany. The AuNP distribution was measured by varying the
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Figure 6. a) STEM image taken from the center of the droplet, showing a net-like distribution of 12 nm diameter AuNPs spin-coated on 50 nm-thick
carbon foil and b) magnification of the same area of the image showing a net-like monolayer of AuNPs.

beam impinging point on the sample. Figure 7 shows the vari-
ation of the signal of gold L;M ;M5 Auger electrons (at 7447 eV
energy) when a 14.4 keV photon beam is scanned over a 3 mm
distance along the diameter of the area covered with AuNPs
(i-e., from about 1 mm before the droplet until =1 mm beyond
it) in order to establish the droplet's boundary. The incidence
angle of the photon beam to the sample was 15° and the beam
was scanned perpendicular to the plane of incidence.

In the range between the scanning positions d = 1.6 mm
and d = 2.08 mm, the photon beam strikes uncoated regions
of the carbon foil (see Figure 7a). When the beam hits the outer
boundary of the AuNP distribution, the electron count rate rap-
idly increases. The first maximum at d = 2.21 mm is attributed
to scanning across the coffee-ring (see Figure 7b), which coin-
cides with the saturated edge area of the drop. After passing
this saturated edge, the count rate decreases toward the center
of the sample where it fluctuates around a mean value until
reaching the location of the coffee-ring on the perimeter of
the droplet at d = 3.55 mm. Between these two peaks (coin-
ciding with the coffee ring), the signal is constant with a rela-
tive standard deviation of 16% of the mean. This indicates that
the AuNPs in the interior region of the sample comprise of
monolayers, clusters, and multilayers. In this region, however,
there are no dense clusters such as those observed in the satu-
rated edge area. The average area density of gold atoms within

0.00 Y
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0.16 1
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the area of the photon beam (0.1 mm x 0.4 mm FWHM) has a
relative uncertainty of 16%. Beyond the peak regions, the low
electron intensity stems from the carbon foil having a photon
absorption cross section that is significantly lower than that of
gold, which leads to the emission of fewer electrons.

The separation between the two peaks is about 1.34 mm,
which corresponds to the 1.41 mm diameter of the droplet esti-
mated from Figure 7b. The width of both peaks at the signal
level indicated by the green line in Figure 7a, which corre-
sponds to about 40% of the peak height and the mean of the
normalized signal at the sample's center, is about 0.10 mm. The
mean width of the coffee-ring determined at 100 different posi-
tions using the software Image] (compare Figure 7b) amounts
to 0.051 mm with a standard deviation s = 0.019 mm.[#
This large standard deviation is due to the fact that the coffee-
ring rapidly varies with width, as can be seen in Figure 7b. For
example, it was determined to be as low as 0.038 mm at one
evaluated position and as high as 0.091 mm at another. The
peak width can therefore vary depending on where the scan
crosses the coffee-ring.

The signal shape in Figure 7a exhibits broadening due to the
finite extension of the photon beam. The photon beam profile
was therefore unfolded iteratively by means of the gradient
search method from the measured signal profile. It was assumed
that the photon beam profile along the scan direction can be

100 pm

Figure 7. a) Dependence of the signal of 7447 eV electrons emitted along the scanned position of the photon beam on the sample, normalized to the
area under the curve. The black symbols are the experimental data and blue curve represents the refolded profile. b) SE2 image of a sample prepared
by casting a 0.5 uL droplet of solution containing 12 nm diameter AuNPs on a 50 nm-thick carbon foil, where the mean diameter of the droplet coin-

cides with that of the coffee-ring.
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represented by a Gaussian function with FWHM = 0.1 mm,
which corresponds to the photon beam diameter. It was also
assumed that the beam extension in the direction perpendic-
ular to the scan direction (i.e., about 0.4 mm on the sample sur-
face) does not have a significant influence. The result of this
unfolding (red curve) was an estimate of the area density dis-
tribution of AuNPs. In the coffee-ring regions, this area den-
sity was about a factor of four higher than that in the plateau
region. Refolding the estimated area density of AuNPs with the
Gaussian beam profile resulted in the blue curve in Figure 7a,
which coincides with the measured signal.

It can therefore be concluded that the width of the coffee-
ring as determined from the distribution of AuNPs in the peaks
is of a similar order of magnitude to that determined from the
STEM images using the software Image]. Uncertainties in the
peak widths arise from smearing of the peaks by smooth transi-
tion of the coffee-ring to multilayers as well as variations in the
width of the coffee-ring (as evident in STEM measurements).
The coffee-ring can thus be used as a “guide” for adjusting the
position of the sample with respect to the beam. Measurements
should therefore be conducted in the area between the peaks to
avoid significant variations in the area density of AuNPs.

3. Conclusions

The deposition of AuNPs on a self-supporting carbon foil was
carried out using different techniques, where deposition by
drop-casting produced the best results. AuNPs were observed to
form a sufficiently large area of monolayers suitable for meas-
urement of electron emission spectra, however, the formation
of clusters and multilayers could not be avoided. While the
spatial distribution of AuNPs on a microscopic level is irrepro-
ducible, there does exist some macroscopic characteristics that
are reproducible if the initial preparation conditions (i.e., AuNP
solution, foil and temperature) remain the same.

In each sample, the AuNPs formed coffee-rings and mon-
olayers as well as clusters that merged into multilayers. Mon-
olayers of nanoparticles were found to be more easily produced
when a solid and not self-supporting substrate was used. In the
case of a thick solid substrate, however, measurements of elec-
trons emitted in the forward direction following the impact of
charged particles were not possible since the incident particles
could not pass through the substrate. Similarly, the measure-
ment of electron emission in the backward direction is also
difficult due to the high background arising from electrons
released from the substrate surface. The production and char-
acterization of AuNP samples over the course of 1 year showed
comparable distributions in terms of average area density of
AuNPs over an area of about 6 mm?. Despite the irreproduc-
ibility of the exact distribution on a microscopic scale, the con-
sistency in the average area density for different samples allows
one to study the dependence of electron emission cross section
on AuNP parameters (i.e., size and coating material) upon ion
or electron impact. The use of a copper grid mesh for the self-
supporting carbon foil to eliminate foil sagging resulted in the
tendency for AuNPs to cluster on the grid mesh, and hence,
this approach was abandoned. Deposition by spin-coating on
carbon foils provided similar results to those obtained using
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deposition by drop-casting. The microdrop technique, on the
other hand, was found to be unsuitable for the deposition of
AuNP solutions due to clogging of the pipette tip when dis-
pensing the required concentrations to obtain a monolayer.

Initial measurements of electron emission spectra from
AuNPs irradiated with X-rays, electrons, or protons have been
carried out using the samples prepared in this work. These
results indicate that the area density of AuNPs was sufficiently
high to produce a good signal to background ratio. In addi-
tion, no damage or degradation of the samples was observed
during their insertion into a vacuum environment nor during
the measurements. In summary, this work shows that the
deposition of AuNPs on thin self-supporting carbon foils using
the drop-casting and spin-coating technique provides suitable
AuNP targets for measurement of electron emission cross sec-
tions for photons and charged particles.

More detailed quantitative analysis of the AuNP distribution
using small-angle X-ray scattering (SAXS), X-ray photoelectron
spectroscopy (XPS), or attenuated total reflection (ATR) spec-
troscopy is envisaged as a continuation of this work. These
results, together with electron emission spectra from AuNPs
following irradiation with X-rays, electrons, and protons, will be
reported in an additional paper.

4. Experimental Section

Materials: AuNPs in an aqueous solution (¢ = 12 nmol L7
with a mean diameter of 12 nm and a polyethylene glycol (PEG)-
11-mercaptoundecanoic acid (MUA) coating were provided by the
University Medical Center Hamburg-Eppendorf (Hamburg, Germany).
The 50 nm-thick carbon foils, each with an area density of 10 ug cm=
and purity of 99.997% on temporary glass supports, were purchased
from GoodFellow Ltd. (Huntingdon, UK). Carbon coated TEM copper
grids (3.05 mm diameter and 200 mesh) were obtained from Plano Ltd.
(Bolton, UK), Ethanol (C,HsOH) with a purity of 99%, which was needed
for cleaning supporting materials during the deposition procedure,
was purchased from SAV LP Ltd. (Flintsbach am Inn, Germany), and
ultrapure water (H,0), required for the detachment of the carbon foil
from the supporting glass, was obtained by means of a Millipore water
purification system. Aluminum sample holders 20 mm in diameter
with a 5 mm-diameter aperture in the center were manufactured at the
Physikalisch-Technische Bundesanstalt (Braunschweig, Germany). The
thickness of these sample holders was T mm.

Mounting of the Carbon Substrate: Aluminum sample holders and all
glassware were thoroughly cleaned with ethanol in an ultrasonic bath.
A slice of the carbon foil on temporary glass supports was cut with a
scalpel to the size of the aluminum sample holder. Afterward, the glass
containing the carbon foil slice was slowly immersed in ultrapure water
at a small inclination angle until the water surface reached the lower
edge of the carbon film. As the film started to detach from the glass, the
glass was immersed deeper until the carbon foil completely detached
and floated free on the water surface. The sample holder was then
submerged in water beneath the floating slice of carbon foil at an angle
of about 45° relative to the normal of the water surface. The floating slice
of carbon foil was then collected on the flat face of the sample holder
and dried for 24 h in ambient air at room temperature prior to use.
Following the same procedure, TEM grids were also covered with carbon
foils.

Deposition: Deposition of AuNPs on carbon foils attached to the
sample holder was carried out using three different techniques. First,
the drop-casting technique was applied. This involved stirring the AuNP
solution to obtain homogeneity, where an Eppendorf pipette (Hamburg,
Germany) was used to cast a 0.5 puL droplet of this AuNP solution onto
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the sample holder, which was covered with 50 nm-thick carbon foil. The
droplet was left for 24 h to dry in ambient air at room temperature. Five
different samples were prepared at different time intervals and then
examined over a period of 1 year.

The second of these techniques was the spin-coating procedure,
which was applied using a spin-coater SM-150 from Sawatec AG
(Sax, Swiss). To allow placement of the sample holder covered with
50 nm-thick carbon foil onto the spin-coater, the holder was attached
to a wafer using adhesive tape. After stirring the AuNP solution, an
Eppendorf pipette was used to cast a 0.5 puL droplet of AuNP solution
onto the carbon foil above the sample holder and then spun with a
rotation speed of 1000 rpm for 60 s.

The third technique involved the deposition of microdrops generated
by an autodrop pipette of a microdrop purchased from microdrop
Technologies Ltd. (Norderstedt, Germany). The pipette's piezo
driver voltage and the pulse interval between two subsequent drops
were calibrated using water as the test liquid. After stirring the AuNP
solution, between one and one hundred microdroplets (with a diameter
and volume of about 80 um and 300 pL, respectively) were placed at
a selected position on the sample holder using a piezo driver voltage
U = 57V and a pulse length At = 27 ps.

AuNP Characterization: AuNP samples produced using the three
techniques described above were characterized with respect to size,
shape, distribution, and area density using images produced with a
Supra 35VP Gemini scanning electron microscope from Carl Zeiss AG
(Jena, Germany) equipped with a STEM detector. The SEM was operated
at an acceleration voltage of 30 kV. The AuNPs samples that were
prepared at different times over the course of a year were repeatedly
analyzed with respect to size distribution, area density, and degree of
clustering using SEM and STEM during a 1 year period.

Analysis of AuNP Size Distribution: The size distribution of AuNPs was
determined from STEM images of regions with sub-monolayers, where
the diameter of 100 isolated AuNPs was measured using the line tool
function of the software Image| (Washington, DC, USA).[46:47]

Figure 8 shows the cumulative frequency of AuNPs as function of
their size for three different measurement times, where the measured
diameters of the AuNPs can be seen to range from 9.0 to 13.5 nm. The
highest frequency was observed for AuNPs with diameters between
10.5 and 11.5 nm, with a mean diameter of 11.1 £ 1.8 nm. The STEM
measurements of five different samples carried out over a 1 year period
show that the distributions of AuNP remain relatively constant with
time.
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Figure 8. Diameter distribution of AuNPs measured over a 1year period,

where the three curves represent the distribution of diameters measured
at different times.
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Analysis of AuNP Area Density: To measure the area density, STEM
images were converted into black and white images by adjusting the
background threshold and then determining the area covered by AuNPs
using the “Analyze Particles” function of the software Image]).l*64]
Preliminary quantification of the variation in area density across the
sample can be found in the supporting information, where the results
are listed in Table S1, Supporting Information, and depicted in Figure S3,
Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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