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Microplasmas can be used for a wide range of technological applications and to improve our understanding of fundamental physics.
Scanning electron microscopy, on the other hand, provides insights into the sample morphology and chemistry of materials from the
mm- down to the nm-scale. Combining both would provide direct insight into plasma-sample interactions in real-time and at high
spatial resolution. Up till now, very few attempts in this direction have been made, and significant challenges remain. This work
presents a stable direct current glow discharge microplasma setup built inside a scanning electron microscope. The experimental
setup is capable of real-time in-situ imaging of the sample evolution during plasma operation and it demonstrates localized sputter-
ing and sample oxidation. Further, the experimental parameters such as varying gas mixtures, electrode polarity, and field strength
are explored and experimental V-I curves under various conditions are provided. These results demonstrate the capabilities of this
setup in potential investigations of plasma physics, plasma-surface interactions, and materials science and its practical applications.
The presented setup shows the potential to have several technological applications, e.g., to locally modify the sample surface (e.g.,
local oxidation and ion implantation for nanotechnology applications) on the pm-scale.

1 Introduction

A plasma is a complex and versatile state of matter with many established applications, e.g., in the semi-
conductor industry,!! as well as promising emerging technologies. The potential of plasma technology
spans a broad range, including biomedical applications,? materials science,?! and gas conversion for en-
vironmental applications.* Many different types of plasma exist,”! but the simplest geometry consists
of two electrodes separated by a gas (at low, atmospheric, or elevated pressure), with a voltage being
applied between the electrodes.® More recently, so-called “microplasmas” have received a rising interest
in the scientific community. ™ Microplasmas have at least one dimension in the sub-mm range. ¥l Be-
sides the (i) practical aspect of reduced operation cost of microplasma setups compared to large plasma
reactors for laboratory-scale experiments and (ii) a general trend toward miniaturization of devices in
plasma-application areas, microplasmas also have interesting properties. For example, the large surface-
to-volume ratio and short gap distances between the electrodes (typically a few 100 pm) lead to a non-
equilibrium state where the ion/gas temperature is lower than the electron temperature.®l This results
in a “cold” plasma with gas temperatures close to room temperature, ™ which shows great promise,
e.g., in nanomaterial and nanoparticle fabrication.® In addition, microplasmas are not confined to vac-
uum operation. Paschen’s law relates the breakdown voltage of a gas with the product pd of the pressure
p and the gap distance d between two parallel electrode plates. For many gases, the smallest breakdown
voltages lie in the range of about 10 Pacm to 1000 Pacm. ) Reducing d to 100 pm or less allows plasma
operation at or near atmospheric pressure (p = 101kPa).

The plasma setup presented in this work is a direct current (DC) microplasma where one of the elec-
trodes is a nozzle with a small orifice through which gas is supplied (see Figure 9a in the Experimental
section). Whereas the geometry closely resembles that of a jet, the setup isn’t technically defined as a
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plasma jet since the plasma is generated in the gap between the nozzle and the grounded electrode/sam-
ple.["?l The interaction of plasmas with flat surfaces or nanoparticles is of interest for technical applica-
tions and a better understanding of plasma physics and chemistry. Often, ez-situ structural and chemi-
cal investigations on the milli- to nanometer scale are performed after plasma treatment of a material.
For these length scales, scanning electron microscopy is a valuable technique for microstructural and
chemical investigations (typically using energy-dispersive x-ray spectroscopy, EDS). Recently, the first
microplasmas were generated inside scanning electron microscopes (SEMs). [13-15] A plasma-in-SEM setup
not only reduces the time between plasma treatment and subsequent SEM analyses compared to a sep-
arate plasma setup, but also prevents exposure of the sample surface to ambient air. The latter aspect
enables studies of plasma-treated surfaces where subsequent contact with oxygen, humidity, or contami-
nation must be avoided.

Different approaches to generate plasmas in SEMs were demonstrated in earlier studies. For example, lo-
cal sputter etching was achieved by Mulders and Trompenaars['¥ by introducing a small gas nozzle into
an SEM and using the electron beam for ionization. In the setup by these authors, the electron beam is
scanned in a small slit in the nozzle near the orifice to generate ions in the gas stream. The generated
ions flow out of the orifice with the gas flow and are then accelerated toward the sample using an ap-
plied voltage between the nozzle and the stage. Modern SEMs often have a built-in option to apply the
required negative voltage to the sample stage, typically used for beam-deceleration SEM imaging. 16:17]
This approach does not require reaching the breakdown voltage of the gas, hence leading to a low-energy
ion bombardment of the sample. With this setup, low-energy Ar™ ions with energies ranging from 20eV
to 500 eV were used to remove amorphous surface layers. [18:19)

Another plasma setup consists of a micro hollow cathode (or anode) DC plasma configuration in an envi-
ronmental SEM (ESEM).[! In the latter, the chamber pressure and gas type (in this case Ar) is directly
controlled with the ESEM. A supplied high voltage (in this case £1kV) generates the plasma, and the
plasma-surface interaction subsequently can be analyzed within the ESEM. Depending on the electrode
polarity, either (i) redeposition of sputtered material from the counter electrode onto the sample surface
or (ii) direct sputtering of the sample surface with positive ions was observed. The sputtered area had
a relatively large width of about 2mm. ™! A benefit of this experimental setup is that the gas-flow con-
trols of the ESEM are used, which reduces the requirements for the hardware modifications to an SEM.
However, a drawback is that using the low-vacuum mode reduces the image quality due to electron-beam
scattering in the gas, resulting in a so-called electron-beam skirt.?%2!] This aspect impedes in-situ SEM
imaging of the plasma-sample interactions, limiting high-quality imaging to the normal high-vacuum
mode of the ESEM. To optimize image quality in gaseous environments, the distance between the end
of the microscope’s pole piece and the sample, i.e., the gas-path length, is typically minimized to reduce
the beam skirt. However, the gas-path length cannot be reduced too much for plasma experiments due
to the risk of unwanted arcing to the microscope hardware. Indeed, arcing from the micro hollow cath-
ode to the microscope hardware over a relatively large distance of about 25 mm was reported for this
setup using the low-vacuum mode. *°!

Matra et al.!'32%23] demonstrated a working jet-like microplasma setup inside an SEM. This approach
combines the properties of a jet (enabling a comparably high pressure in the gas jet compared to its en-
vironment) with the small dimensions of a microplasma for local plasma application (typically within

a few ten pm). The gas flows from a gas nozzle with a small orifice (nominal diameter of a few ten pm)
toward a (flat) sample surface, whereas the chamber is continuously pumped to maintain a low overall
pressure. A plasma is generated by applying a voltage, here denoted as source voltage Vs, between the
nozzle and the sample, somewhat similar to a plasma reactor with two electrode plates. !’ However, the
non-uniform pressure profile between the nozzle and the sample makes this plasma configuration unique,
complicating the characterization of the plasma discharge. The gap distance can be adjusted by using
SEM imaging for alignment. The pressure profile between the nozzle and the sample can be modified
by changing the gas flow, though it will also be heavily affected by the distance between the orifice and
the sample. A plasma is generated by applying at least the breakdown voltage between the nozzle and
the sample (although the electron beam can be used to aid plasma ignition). Depending on the gas, ma-
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Figure 1: Investigation of the gas density profile in the plasma gap. a SE-SEM image of the gas flow into vacuum acquired with

a primary electron energy of 2keV. b A spot with a slightly increased SE signal is visible on the sample surface (marked with a
dashed arrow) when a sample is brought into proximity, probably due to an increased gas density when the gas jet hits the sample
surface. ¢ After plasma treatment, the bright spot coincides with the plasma-treated region, indicating that the gas spot in b can be
used for aiming the microplasma at the desired region of interest.

terial removal by Ar" sputtering!*® and growth of an C-rich thin film?¥ on a Si surface were observed.
This proof-of-principle study[® showed that a microplasma jet can be generated in the evacuated SEM
chamber.

However, the (desired) DC glow discharge was reported not to be fully stable, resulting in arcing to the
sample[® and a self-pulsing plasma mode for discharge currents in the range of about 3 pA to 30 pA
(depending on voltage, gas flow rate, and gap distance).?? This arcing led to strong local heating and
pronounced damaged spots on the sample. [ Furthermore, these previous studies did not investigate
the possibility of “true” in-situ SEM imaging, i.e., live SEM imaging during plasma operation. Instead,
SEM images were taken before and after the plasma-treatment steps (also in ref.['™)) which will be de-
noted as “quasi” in-situ operation in this work. Still, these studies prove that a microplasma can be
generated in an SEM and used for surface treatment. This provides the opportunity to observe in-situ
changes of a sample’s morphology and chemistry on the mm to nm scale during plasma treatment using
an SEM, ultimately leading to a better understanding of plasma-surface interactions and fundamental
plasma properties.

However, the availability of more studies is hampered by (i) the required non-trivial modifications of an
SEM and (2) the lack of commercial solutions. In this work, a microplasma setup built inside a modern
ESEM based on the work of Matra et al.['3 is presented. A stable operation of a DC discharge without
arcing is realized. Further, we present real-time in-situ SEM imaging during plasma operation and show
exemplary applications of our plasma-in-SEM setup for sputtering and local surface oxidation. Finally,
experimental challenges and potential upgrades of the setup are discussed.

2 Results and discussion

The first part of this section shows results related to the microplasma and in-situ SEM imaging. The
second part discusses some exemplary results when applying the microplasma to materials. Finally, the
third part reviews the limitations of this setup and proposes potential solutions to overcome these limita-
tions.

2.1 Microplasma Characterization

2.1.1 Gas-Pressure Profile

The used plasma setup has a non-uniform gas pressure along the plasma gap. The gas density profile
can be visualized by SEM imaging (Figure 1a) by using a low primary electron energy (here 2keV)
to increase the electron-scattering probability and secondary electron (SE) generation within the gas
cloud.!®! As a result, the SE-SEM image presumably shows higher intensity in regions with higher gas
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Figure 2: Voltage-current characteristics of a N, microplasma for different gas flow rates and gap distances. All axis limits are equal
for easier comparison. The data is shown for decreasing gap distance from left to right. Two measurements were performed for each
gas flow rate and gap distance. No discharge was observed for 125 pym/2.5scem. Slight deviations between these measurements are
mainly caused by uncertainties in gap distance. The apparent drop in current for higher voltages (marked with arrows in b and ¢) is
a measurement artifact caused by sample-surface sputtering. In general, larger discharge currents are observed for higher gas flow
rates and smaller gap distances. A positive slope for all curves indicates a so-called abnormal glow discharge behavior.

densities (Figure 1a). Here, the gas cloud in Figure la flows into the microscope vacuum without ob-
struction. The contrast variations in the background result from out-of-focus imaging of the sample
stage a few mm below the nozzle along the electron-beam direction. The gas density is highest close to
the orifice and gradually decreases away from it. This monotonic decrease is in accordance with calcu-
lated gas density profiles of restricted gas flows, e.g., in references?6-28!. More explicitly, Salehi et al.[?%
report an exponential decay of the gas density away from an orifice from a simulation of gas jets for dif-
ferent pressure differences between the inside of the nozzle and the chamber. Experimental measure-
ments of the pressure gradient away from the nozzle by Patel et al.’®” reveal a continuous pressure
decrease away from the nozzle for a distance of about 20 orifice diameters (in their experiment about
20mm for a 0.8 mm orifice diameter), which would correspond to a continuous pressure decrease away
from the orifice of about 400 pm for a nominal 20 pm orifice diameter. From comparison with these re-
sults, we suspect a monotonic decrease in gas density and pressure across the microplasma gap in our
experimental setup.

However, if the gap distance is reduced by bringing the sample close to the orifice (here about 120 um),
an increase in SE signal is visible on the sample surface as well (Figure 1b, dashed arrow). The increased
SE signal at the sample indicates an increased gas density at the sample surface. From these observa-
tions, it becomes clear that the gas density profile in the gap depends, among other parameters, also on
the gap distance. This non-uniform gas pressure impedes predictions and comparison with conventional
plasma reactors with a constant pressure between the electrodes. As a beneficial side aspect, the visible
gas spot on the sample surface can be used to predict the plasma-spot region. This can be seen by com-
paring the images before and after plasma operation in Figure 1b and c, respectively, where the pit due
to plasma sputtering forms in the region predicted in Figure 1b.

2.1.2 Voltage-Current Characteristics of the Plasma

Next, the voltage-current characteristics (i.e., the dependence of discharge voltage Vp and discharge cur-
rent Ip) of a N, microplasma were investigated for three gap distances (75 pum, 100 pm, and 125 pm) and
three gas flow rates (2.5sccm, 5.0 scem, and 7.5scem). Nitrogen was chosen over Ar because it resulted
in lower chamber pressures for the same gas flow rate, allowing for higher gas flow rates (up to 8 sccm)
into the high-vacuum microscope chamber. The pumping speed of different gases is discussed in more
detail in the supplementary information. For each gas-flow/gap-distance pair, two measurements were
taken for repeatability (here denoted in the brackets in the figure legends). Figure 2a—c show the values
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sorted with decreasing gap distance from left to right. The same axis limits were used for easier compari-
son.

In general, a positive slope is visible for all curves, indicative of a so-called abnormal glow discharge
plasma.[® This was also observed by Matra et al.??, but not in all of their measurements. After this
initial positive increase of discharge current with discharge voltage, nearly all curves show a maximum
current followed by a current decrease (cf. arrows in Figure 2b and c¢). The last aspect is a measurement
artifact, probably caused by rapid sputtering of the electrode, and should not be interpreted as an ac-
tual voltage-current characteristic of the microplasma. This artifact is discussed in more detail in the
supplementary information (Figure S1).

Next, the ordinate intercepts of the curves in Figure 2 are discussed. These points correspond to the
lowest discharge voltage at which a plasma discharge can be sustained. Note that this isn’t equal to the
breakdown voltage, as the voltage required to initiate a breakdown is often (significantly) higher than
the voltage required to sustain one.[’) The actual breakdown voltages were not measured since our setup
does not produce the necessary uniform gas pressure for a given gap distance for a controlled measure-
ment. ! Figure 2a-c show a decreasing minimum discharge voltage for increasing gas flow rates for the
same gap distance. Since an increase in gas flow rate for a constant gap distance is assumed to result in
an increasing gas density, this decreasing minimum discharge voltage offers an interesting insight into
the plasma discharge. As described by the Paschen curve for simple parallel-plate and uniform-pressure
DC plasma systems, an increased pressure heavily affects the discharge properties (see also supplemen-
tary Figure S2).

On the one hand, if the gas density is higher than the optimum (i.e., the point with the lowest minimum
discharge voltage, similar to the minimum in the Paschen curve), the electrons undergo many collisions,
which limit their possibility to gain enough energy to ionize a molecule. This ionization is required to
create an avalanche effect, which is needed to sustain a discharge. In this case, a higher voltage is re-
quired to sustain the discharge to ensure the electrons can gain sufficient energy to cause subsequent
ionization.

On the other hand, if the gas density is lower than the optimum, the electrons can easily gain sufficient
energy, but they may not collide frequently enough to cause the further ionization required to sustain
the discharge. Then, again, a higher voltage is required to ensure that the collisions will cause ioniza-
tion. As the minimum voltage required to sustain a discharge decreases with increasing gas density, it
is implied that the gas density is lower than the optimal case overall. This is analogous to being on the
left side of the minimum in the Paschen curve. It should be noted, though, that given the strong pres-
sure gradient in this setup, the discharge mechanisms are not as straightforward as they are assumed by
the Paschen curve, so a direct comparison is difficult. This behavior of the minimum discharge voltage
implies that the plasma could be categorized as a so-called obstructed abnormal glow discharge. 5]
When comparing the curves for the same gas flow rate and different gap distances in Figure 2a-c, both
the gas density and the gap distance are varied since the former is affected by the latter. Assuming that
the gas density at a constant gas flow rate increases for a decreasing gap distance, the changes in mini-
mum discharge voltage in Figure 2a-c indicate that the gas density is increasing non-linearly (in contrast
to linearly decreasing distance) and more substantial than the gap distance.

An additional complication affecting the interpretation of the data is the setup geometry. The shown
setup with a rounded nozzle with an orifice as one electrode and a possibly textured sample surface as
another electrode is different from earlier publications studying various electrode geometries. 334 Mi-
croplasmas are especially sensitive to surface effects due to the small spatial scale in the sub-mm range,
as the electric field can be strongly altered by small morphological changes in the electrode surfaces. >4
In addition, due to the high-pressure gradient, it is impossible to accurately control the pressure in the
discharge gap using this setup.

2.1.3 Plasma Generation and Stability in an SEM

The plasma-in-SEM setup enables studying the interplay between the electron beam of the SEM and the
plasma. Different aspects of this interaction are discussed in the following.
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Firstly, an electron beam can be used to ignite the plasma at lower voltages than required for the self-
ignition when reaching the breakdown voltage!'¥ (Figure 3a). For example, in one case a plasma dis-
charge could not be achieved, even when applying a maximum source voltage Vg = 2kV to the nozzle
without an electron beam. However, scanning with the electron beam caused a plasma discharge already
at Vs = 920V for the same gap distance and gas flow rate. This can be explained by the generation

of SEs, backscattered electrons (BSEs), and x-rays upon the interaction of the electron beam with the
sample, which then triggers the plasma ignition. Notably, the electron beam ignites the plasma even if
not directly scanning in the gap region. No changes in plasma discharge current or plasma behavior were
observed between the electron beam scanning inside or outside the central plasma-spot region, i.e., the
plasma was unaffected by the exact electron-beam position during discharge. This shows that the gen-
erated signals (SEs, BSEs, x-rays) serve as the ionization source for the plasma. However, small effects
may still be present and could be below the detection limit of our setup. For example, sample sputtering
during plasma operation led to continuous changes in discharge current which might overshadow small
changes in plasma behavior when the electron beam is scanning the plasma cloud.

A webcam video comparing plasma ignition by (i) reaching breakdown voltage (the conventional way) or
(ii) using the electron beam is found in the supplementary information (Breakdown-vs-SEM-Plasma.mp4).
In this video, the SEM-triggered plasma shows a less intense plasma cloud than the self-ignited plasma.
Therefore, the electron beam can be advantageously employed to ignite a less intense plasma at lower
voltages (cf. middle and right images in Figure 3a). In addition, for conditions where a plasma is not
self-sustainable, i.e., with a large gap distance and/or low gas flow rate, a plasma discharge was observed
that was only active during active electron-beam scanning (see supplementary information Figure S3).
Secondly, applying an electric potential to the nozzle will create an electric field that deflects the incom-
ing electron beam, e.g., toward the positive potential on the nozzle (Figure 3b). The deflection depends
on the electron energy (less deflection for higher keV) and probably also on the extent of the exposed
metal part of the steel nozzle. In our setup, insulating tape was used to cover most of the steel nozzle,
excluding the tip (see black tape in Figure 9). The deflection may be minimized by (i) shielding the
open metallic surface of the nozzle tip and (ii) using a higher primary electron energy. However, the de-
flection can also be used advantageously. For example, the deflection can be strong enough so that the
SE-SEM image is formed from the nozzle-tip surface, e.g., at V5 = 920V for a primary beam energy
of 10keV (Figure 3b, right). In this way, the tip region of the nozzle can be imaged with the SEM even
though it is aligned parallel to the electron beam, i.e., without a direct line of sight. This effect is more
pronounced at lower electron energies. A supplementary movie (SEM_Plasma_Ignition.mp4 ) shows cor-
relative imaging of the webcam and SEM images during a gradual increase in the source voltage Vs and
subsequent SEM-induced plasma ignition. The SEM image is increasingly “tilted” toward the nozzle
with increasing Vs.

Thirdly, it was observed that in-situ SEM imaging during plasma operation is indeed possible, open-
ing up the opportunity for time-resolved studies. In SE-SEM imaging, a working plasma leads to an
increase in signal (brightness) using the Everhart-Thornley detector (ETD). For imaging, this effect can
be compensated by reducing the ETD bias setting. For a CO, plasma, this method proved effective for
discharge currents up to about 7pA, after which the ETD was saturated (i.e., no further reduction in
bias possible), and no SE-SEM imaging was possible. It is remarkable that in-situ SE-SEM imaging
during plasma operation is feasible, despite several challenges: (i) the total electron-beam current used
(few nA) is about a thousand times lower than the measured discharge current (few pA), (ii) many spuri-
ous SEs are likely generated in the plasma region, % and (iii) the positive suction voltage on the ETD
of 250V to attract SEs is comparatively low compared to the nozzle voltage (typically >1kV). Even
though the total electron-beam current is lower than the discharge current, the higher current density
of the electron beam j, compared to the plasma-current density may locally generate enough SEs to
give sufficient signal for SE-SEM imaging. For example, a 1 nA electron probe with a diameter of 5nm
results in j, ~ 5000 A cm~2, which is significantly larger than than the plasma-current densities used
in this work, which are in the order of 1 A cm™2. Three SE-SEM images taken during continuous mi-
croplasma operation are shown in Figure 3c. The plasma duration increases from left to right, leading to
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Figure 3: Aspects of microplasma operation in a scanning electron microscope. a Webcam images of plasma operation. The electron
beam can be used to ignite the plasma at a lower applied source voltage to generate a less intense plasma (right) compared to
self-ignition by reaching the breakdown voltage (middle). The shown plasma images correspond to the plasma conditions right after
plasma ignition. b Top-view SE-SEM images (10keV) of the nozzle and sample (left) without and (right) with applied voltage on
the nozzle (Vs = 920V). In this example, the electrons are attracted to the positive potential on the nozzle, which enables imaging of
the orifice area. ¢ True in-situ SE-SEM imaging during plasma operation is possible and shows the formation of a pit in the sample
due to sputtering.

increasing pit diameter and depth due to surface sputtering. The most notable distortion in the SE-SEM
image is caused by the applied nozzle voltage, resulting in an electron-beam deflection (Figure 3b).
Similarly, BSE-SEM imaging was tested by negatively biasing the ETD with —150 V to suppress (mainly)
SEs from the image signal. In contrast to SE-SEM imaging, the BSE-SEM image brightness is not af-
fected by the discharge current during plasma operation, meaning that BSE-SEM imaging is still pos-
sible even when the SE signal becomes saturated at high discharge currents (e.g., >7pA for CO,). A
video comparing BSE- and SE-SEM imaging is found in the supplementary information (In-Situ-SEM_SE-
vs-BSE.mp4 ). Since the ETD covers only a relatively small solid angle, it is inefficient for BSE detection.
This results in a lower signal yield than for SE-SEM imaging. However, the low BSE signal may be in-
creased by using a more efficient and low-vacuum compatible BSE detector, 3536 but this was not tested
in this work. Since both SE- and BSE-SEM imaging is possible and similar to conventional SEM imag-
ing, the signals can be chosen depending on the experiment, or both signals can be collected with two
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different detectors. This enables more surface-sensitive imaging with SEs and Z-dependent imaging with
BSEs. ! Overall, these results demonstrate that in-situ SEM imaging during plasma treatment is pos-
sible, which opens the possibility for time-resolved in-situv studies. The quality of SEM imaging during
plasma treatment is hampered by beam deflection and additional SE signal from the plasma, but these
aspects may be improved. For cases where highest spatial resolution of the SEM is required, intermit-
tent switching between SEM imaging and plasma treatment can alternatively be applied so that SEM
imaging is not deteriorated by the plasma cloud and the applied voltage on the electrodes.

An application-relevant observation from the demonstrated setup is the absence of undesired high-current
and high-frequency arc discharges, which were reported by Matra et al.[?? as a self-pulsating plasma
mode. Instead, we observed stable DC glow discharges with discharge currents ranging from about

0.1 pA to 175 1A, which can be controlled by adjusting V. This corresponds to current densities ranging
from 5mA cm™2 to 9 A cm ™2 for an assumed plasma-spot diameter of 50 pm. The latter can vary depend-
ing on the gap distance. We did not investigate higher currents than 175 pA since the 30 pm thick Cu
target is sputtered away in a few (ten) seconds at the plasma spot. Conversely, the plasma could not be
sustained below the lower limit of about 0.1 pA.

The absence of arcing may be explained by the lower chamber pressure in our used SEM (about 2 x
1072 Pa) compared to the reported values “below 1Pa”.[?2l Notably, a self-pulsing plasma was observed
for the shown setup when powering it in ambient air during prototyping. The high-frequency arcing in
this self-pulsing mode (a few ten kHz) causes significant electromagnetic interference to surrounding
electronic devices, including the SEM. In addition, powering the setup in the low-vacuum mode of the
SEM at a chamber pressure of 40 Pa leads to undesired discharges in the SEM chamber, similarly as
observed by Pardinas.["” This restricts the plasma operation to the high-vacuum mode (below 3.3 x
1072 Pa for the used SEM). Here, only occasional arcs during plasma operation were observed when non-
flat samples with surface protrusions were used. It may be possible to fully mitigate the self-pulsing
plasma mode by an optimal choice of electronic components in the circuit. Still, in our case, the reduced
chamber pressure (about 2 x 1072 Pa) is the most likely reason for a stable DC plasma operation compared
to Matra et al..[? The reduction of arcing in our setup is an important step toward better control and
optimization of the plasma conditions for plasma-in-SEM studies.

2.2 Microplasma Applications

2.2.1 Sputtering and Cone Formation

Sputtering is the process of removing atoms of the target material by impinging ions. Sample material
was removed by this process in all experiments, where the sample was used as the cathode. The posi-
tively charged ions are accelerated toward the cathode and cause sputtering, as is common in glow dis-
charges. This results in changes in surface morphology in the plasma-spot regions, with diameters rang-
ing from about 50 pm to 150 pm (depending on the gap distance, pressure, discharge voltage/current,
and plasma duration). In the following, results for sputtering on (i) a polished or (ii) a Ni nanoparticle-
covered Cu surface are shown.

The formation of a pit under CO, and Ar-containing plasma was observed for a polished Cu surface. An
example is shown in Figure 4a, which was created with Ar plasma. Experimentally, this pit formed
after 1.2keV Ar" exposure with a discharge current of about 15pA (current density of 1.2 A cm=2 for

a plasma-spot pit diameter of 40 pm) for about 10s. The rapid pit formation is indicative of the high
sputter rates of the setup. The pit surfaces are rougher than the original polished surface. A comparably
small conical structure is visible at the edge of the pit, which is magnified in Figure 4b. This may have
been an impurity or other contamination present in or on the Cu surface, which deformed to the shown
conical structure during sputtering. Its bright appearance in the SE-SEM images may be explained by
the penetration depth of primary electrons, here at an energy of 15keV. For relatively thin structures
such as the shown impurity in Figure 4b, SEs are emitted not only on the entrance surface of the beam
but also on the exit surface of the cone (and also the sample material behind the cone). The additional
SE emission from the exit surface (relative to the incoming electron-beam direction) leads to higher SE-
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Figure 4: Cone formation after Ar*-ion sputtering for different concentrations of surface particles. The lower row shows higher mag-
nification SEM images of the upper row. a Cone formation is not visible in the shown region of a polished Cu surface. A small cone
is visible on the edge (b), probably due to a small contaminating particle on the sample surface. ¢ and d Debris on the Cu surface
forms cones under plasma treatment. e Ni particles deposited on a Cu substrate show clear cone formation in the plasma-treated
region. In the early stages of sputtering, the Ni particles locally agglomerate to form a cone (see the example in f marked with a
dashed arrow).

SEM image intensity for thinner sample regions.

Cone formation is observed for random debris (Figure 4c and d) or full coverage with Ni nanoparticles
(Figure 4e and f). For the latter, the nanoparticles seem first to cluster together (see region marked with
an arrow in Figure 4f) and then tend toward a conical shape during prolonged sputtering. The latter
aspect was studied in more detail by monitoring the same area after a certain plasma duration with
SEM imaging (Figure 5). Between each plasma treatment, the sample area was moved onto the optical
axis of the SEM to allow for high-magnification imaging. A few exemplary areas are annotated with
arrowheads, which are discussed in the following.

Region (1) shows the shape evolution of Ni particles under Ar plasma. Between 0s to 30s, the shape
gradually changes from round nanoparticles (Figure 5a) toward a conical shape (Figure 5d). After reach-
ing the final conical shape, the cone is milled away during further sputtering (cf. region (1) for Figure 5d
and e). Similarly, region (3) shows the removal of smaller cones between 30s to 60s of sputtering (cf.
region (3) for Figure 5d and e). For region (2), a few Ni nanoparticles agglomerate between 10s to 20s.
It is unclear from the images if these particular particles result from the present particles in the shown
region or were redeposited from remote sample areas. Further plasma exposure leads to a merging of
the individual nanoparticles and the formation of a larger cone with smooth surfaces (cf. region (2) for
Figure 5d and e). Overall, after 60s, the underlying Cu surface is partly exposed (Figure 5e).

The observed formation of cones is a commonly observed modification of metal surfaces under ion bom-
bardment. 339 The cone shape is commonly thought of as a combined result of varying sputter yield
depending on the (i) ion-incidence angle and (ii) material. The sputter yield typically increases with in-
creasing ion-incidence angle up until a maximum value O, and then decreases rapidly toward grazing
incidence (i.e., the ion direction being parallel to the sample surface). ¥ This results in a cone shape of
impurities and surface particles before complete removal by sputtering. The seeds for the cones can be
intrinsic elemental impurities in an otherwise flat surface or particles on the surface with lower sputter
yield. The latter correlates with the melting temperature of a material. Wehner[®? has tested numerous
surface/seed combinations of metals with different melting temperatures and found that cone formation
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Exposed Cu support grid

Figure 5: Quasi in-situ observation of Ni nanoparticle agglomeration and subsequent cone formation during Ar*-ion sputtering
(5pA, 1.32keV) for the given duration shown above the SE-SEM images. The latter were taken with a large-field detector (LFD)
in the low-vacuum mode (40 Pa) after each plasma operation in high-vacuum mode. A few interesting regions are marked with
arrows. Region (1) shows gradual change from (a) a round particle morphology to an increasing distortion toward a conical shape.
After reaching the latter in d, the cone is then starting to be removed by sputtering, as visible in e. Region (2) shows the sudden
agglomeration of a few nanoparticles in c. A larger cone is forming from this agglomeration (d and e). Region (3) exemplifies that,
after initial formation, the cones are sputtered away under further Ar*-ion bombardment (d and e).

requires seed materials with higher melting temperatures than the surface material. This is the case for
Ni particles (Terr = 1728 K) on a Cu substrate (Thar = 1358 K) observed in Figure 5. Note that the
used nanoparticles are large enough (around 100 nm) so that a reduction in melting points is assumed to
be negligible. 40541

A mean apex angle of © = (61.4 £ 11.1)° (the error being the standard deviation) was measured for
40 cones. According to Stewart and Thompson,*? © is related to the ion-incidence angle for maximum
sputter yield O, as O, = (180° — ©) /2 = (59.3 £+ 5.6)°. The experimental value O,, is in good agreement
with the maximum Oy, sim ~ 65° of a simulation of the angle dependence of the sputter yield of Ar on Ni
using SRIM (supplementary information Figure S4). The differences between measured and simulated
values can be explained by (i) limited statistics based on only 40 measured cones, (ii) systematic errors
in the angle measurement from SEM images, and (iii) uncertainties in the simulation. [*’!

2.2.2 Local Oxidation

Plasma finds applications in both the oxidation and reduction of materials.*44° Here, we investigate
the possibilities of local plasma-induced sample oxidation in the SEM. As a first example, a polished
Cu surface was exposed to a CO, plasma (Figure 6). The gap distance was approximately 130 pm (Fig-
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Figure 6: Sputtering and oxidation of a polished Cu surface under CO, plasma. a SE-SEM image showing the sample surface op-
posite to the nozzle with a 130 pm gap. The hole in the top-right corner is from an earlier experiment. b and ¢ Images and O/Cu
elemental maps after 10s and 50s plasma treatment. A pit forms due to sputtering. A higher Cu signal in the pit indicates the
removal of the native oxide in the plasma spot. ¢ Enhanced O signal is visible at the pit’s edge (marked with a solid arrow). The de-
pletion of Cu signal is due to the shadowing of the x-ray signal toward the detector. d Top-view BSE-SEM image of various pits and
holes in the Cu foil after plasma treatment. e Side-view SE-SEM image of a hole showing vertical side walls. f and g The elemental
maps reveal enhanced oxidation around the plasma spots and higher Cu signal in the pits similar to b and c¢. h Light-microscopy
image showing interference effects in the oxidized regions around the plasma spots.

ure 6a). In Figure 6a, a sputtered hole from a previous experiment is visible in the top right corner, and
the nozzle is visible in the bottom right corner. The applied source voltage was Vg = 2kV and discharge
currents between 70 pA to 120 pA were measured. After 10s of plasma operation, Figure 6b, a pit starts
forming with a diameter of about 70 pm. Chemical analysis by EDS shows increased Cu and decreased
O signals in the pit region, indicating a removal of the native Cu oxide by sputtering. This exposes the
underlying Cu metal, leading to a higher Cu L« signal. After 50s, the pit is widened to about 100 pm
diameter (Figure 6¢). The sputtered pit area still shows a higher Cu signal than the unaffected Cu sur-
face around it, similar to Figure 6b. The reduction in Cu La signal in the top part of the Cu elemental
map in Figure 6¢ results from shadowing of the generated Cu La signal x-rays from the inside of the pit
toward the EDS detector. An increase in O Ka signal is visible at the pit’s edge (Figure 6¢). This obser-
vation indicates the oxidation of Cu in this region. The O signal increases under prolonged CO,-plasma
exposure (not shown here), which we attribute to the continuous growth of this Cu-oxide layer.

The sample was investigated again in the SEM and using light microscopy after the in-situ experiments
(Figure 6d-h). The top-view BSE-SEM image acquired at 20 keV shows different experimental sites of
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local CO, plasma treatment (Figure 6d). The black areas show regions where the total thickness (about
30um) of the Cu support was sputtered away, leaving holes behind. One of the holes is also displayed
in the SE-SEM image in Figure 6e. The tilted view reveals the high aspect ratio of the sputtering pro-
cess, resulting in vertical sidewalls. The elemental map of O shows an increased O signal around the
plasma spots, similar to Figure 6¢, which is decreasing in radial direction away from the spots. For the
pits, the removal of the native oxide layer of Cu leads to an increased Cu Lo signal. The increased O
concentration around the holes reduces the effective atomic number relative to metallic Cu. This results
in a reduced BSE intensity in Figure 6d in the oxidized regions due to the BSE signal’s atomic number
Z dependence.?!! Interestingly, the oxidation of the Cu surface reaches a few hundred pm away from the
initial plasma spots. This phenomenon is more clearly visible in the light-microscopy image (Figure 6h),
which shows interference effects related to the gradually changing thickness of the grown Cu-oxide film
(Newton rings). In the top left corner of the image, there is an unaffected (i.e., without plasma-induced
oxidation) area of the sample (marked with an arrow in Figure 6h). Overall, the polished Cu surface

is sputtered away under CO, plasma. A local CO, plasma causes oxidation around the plasma spot,
probably forming a Cu-oxide film with decreasing thickness away from the plasma spot. This oxidation
is most likely caused by oxygen species (such as atomic or ionized O) generated in the plasma. These
species can be transported out of the plasma (so-called afterglow) by the gas flow, explaining why the
oxidation of the Cu is observed away from the plasma spot as well. However, it is noteworthy that the
sample temperature was not measured in our experiments. Local sample heating with CO, flow may
also contribute to Cu oxidation.

Next, similar experiments with CO, plasma on Ni nanoparticles were performed (Figure 7a, left col-
umn). The Ni particles were deposited on a Cu support film and formed a layer with a (varying) thick-
ness of a few pm (Figure 4e). The gap distance was 250 pm, and the discharge current was 5pA. Local
oxidation was observed inside the plasma spot, as marked by the arrow in the elemental map acquired
after 10s plasma exposure. The O signal increases with increasing plasma duration from 0s to 60s. This
aspect is not as evident in the noisy elemental maps but more clearly visible in the summed-up and nor-
malized EDS spectra (see Figure S5 for details) from the plasma-spot region as an increasing O Ko
peak (Figure 7b, left). This observation is different from the oxidation outside the plasma spots observed
for a flat Cu sample (Figure 6). This may be caused by a more pronounced sputtering of Cu compared
to Ni, where any oxidized Cu in the central plasma spot is directly removed by ion bombardment. In
addition, the ion dose applied to the Ni nanoparticles (Figure 7, 5 pA) was lower than for bare Cu (Fig-
ure 6, about 70 pA to 120 pA), resulting in more sputtering for the latter. In addition to the reduced
sputtering effects, many other aspects can affect the oxidation rate and it is not fully clear from our
experiments what exactly causes the observed differences between flat Cu and Ni nanoparticles. One as-
pect is the differences in surface morphology (flat Cu surface vs. rounded Ni nanoparticles) affecting the
oxidation rates.*® In addition, considering a possible heating of the sample during plasma, Cu typically
oxidizes at lower temperatures than Ni,[*% even though nanoparticles oxidize at lower temperatures than
a bulk material.[*"*®! For the lower plasma current of 5 pA and the Ni nanoparticles, the local sample
heating for oxidation might be only high enough in the central plasma-spot area. In contrast, for Cu
and 50 pA to 70 pA discharge current, the stronger heating (and maybe a better heat transfer for flat Cu
bulk compared to Ni nanoparticles) may result in sufficient sample temperature for oxidation outside
of the central plasma spot. Furthermore, the amount of reactive species (e.g., atomic O) formed inside
the plasma will also be higher in the higher-current experiments, which may also contribute to the more
extensive oxidation. Plasma-induced oxidation is another aspect, which is likely different for a flat Cu
surface*% and Ni nanoparticles. In plasma-based oxidation, many parameters affect the oxidation rate
(pressure, ion energy, incident angle, plasma temperature, ionization degree, exposed facets, ...), further
complicating a detailed comparison between the observed differences in Cu and Ni oxidation. Overall, a
clear explanation is not possible based on our experimental results.

Besides oxidation, the sputtering during CO, plasma changed the morphology of the Ni particles inside
the plasma spot from round shapes toward conical shapes, as discussed earlier (Figure 4). Overall, the
EDS signals for Ni and Cu (from the underlying substrate) are nearly unchanged for CO, plasma for
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this ion dose (Figure 7b, right).

Besides using CO,, oxidation and sputtering of Ni nanoparticles was also studied for a 25 % O,-75 % Ar
gas mixture (denoted as Ar/O, in the following). The plasma parameters were kept the same as for CO,
(gap distance of 250 pm and an approximate discharge current of 5nA). The oxidation of the Ni particles
by Ar/O, plasma is similar to CO, plasma; the oxidation is localized to the plasma region (Figure 7a,
right column), and the oxidation gradually increases with plasma duration (see O Ka signal in Figure 7c,
left). It is noteworthy, that the oxygen-rich spot at 0s in Figure 7a for Ar/O, (marked with a dashed
arrow) results from a previous experiment. Overall, the sputter rate of Ni particles for Ar/O, plasma
is higher than for CO,. The enhanced sputter yield for Ar/O, plasma is evident from the change in Ni
and Cu Ka signals in the right plot in Figure 7c, where the Ni/Cu signal decreases/increases due to the
continuous removal of Ni particles and subsequent exposure of the underlying Cu support. This aspect is
also slightly visible as a reduction of O signal in the central part of the plasma spot in the O elemental
map after 60s (Figure 7a). After the removal of the oxidized Ni particles in this area, the underlying
Cu support is not oxidized inside the plasma-spot region, leading to the observed O depletion (cf. with
O maps in Figure 6f). This observation qualitatively agrees with simulated sputter yields using SRIM
(Table S1 in the supplementary information), where Ar has higher sputter yields Y than O. However,
CO is another typical molecule in CO, plasmas!® that could not be simulated and compared with Ar
using SRIM.

Since the sputtering is primarily caused by the bombardment of the grounded sample surface (relative
to a positively biased nozzle) with positively charged ions, switching the polarity between the nozzle and
the sample can mitigate sputtering. This aspect was verified experimentally by switching the polarity
upon using another DC-DC converter (XP Power, CA12N) than the previously used one (XP Power,
CA20P). The experiment was then repeated using again CO, gas and a Cu target. The experimental
setup is shown in Figure 8a with the EDS acquisition area marked with a dashed line. The polarity
between the nozzle and the sample is reversed compared to all other conducted measurements in this
work. Comparison of the O elemental maps before and after plasma treatment (Figure 8b) reveals a
pronounced oxidation of the surface in a comparatively wide area (about 400 pm diameter), i.e., larger
than the actual plasma spot. The latter is not clearly visible in the highly tilted view onto the Cu tar-
get’s surface in Figure 8b, but it is visible in the top-view BSE-SEM image in Figure 8c. This BSE-SEM
image was captured during the investigation of the same sample after the plasma experiments using
standard SEM imaging parameters. The top-view BSE-SEM image in Figure 8c reveals the plasma spot
with a higher image intensity relative to the surrounding dark area related to the oxidized Cu surface.
Note that a low primary electron energy of 5keV was used for BSE imaging to increase surface sensi-
tivity. Based on the increasing BSE-SEM image intensity away from the plasma-spot region toward the
unaffected Cu surface, Figure 8c, the O signal seems to gradually decrease away from the central plasma
spot. This gradient in O signal is not clearly visible in the O elemental map in Figure 8b due to the
highly tilted sample setup, but can be seen in top-view EDS analysis (Figure S7). The increased BSE-
image intensity of the bright plasma spot (Figure 8c) can be explained by mild sputtering in this region
by negatively charged ions bombarding the positively charged Cu surface. This removes the oxide layer
and reveals metallic Cu, ultimately leading to higher BSE image intensity due to a higher average Z
than the surrounding oxidized Cu surface. Even though mild sputtering is present, no large pit or hole
is visible in the plasma-spot region (Figure 8d and e) compared to the initially used negative sample
polarity (Figure 6d). The plasma spot area has a diameter of about 25 pm (qualitatively marked with a
dashed circle in Figure 8d) and shows the formation of small pits with 200 nm to 300 nm (surface) diame-
ter (Figure 8e). The pit shape was confirmed by additional SEM imaging of the tilted sample for better
visibility of the topography (not shown here). Note that the dashed circle only qualitatively shows the
plasma-spot region as a guide for the eye. Small pits can also be observed outside of the marked region
in Figure 8d but with a lower number density. These pits are likely caused by the sputtering process
and may show its initial stage. Overall, the sputtering of the sample surface is highly reduced when the
sample surface is positively biased relative to the nozzle.

In the configuration shown in Figure 8a, the mainly positively charged ions are accelerated toward the
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Figure 7: Local oxidation of Ni particles under COy and Oy /Ar plasma treatment. a Elemental maps showing the O Ka intensity for
increasing plasma duration between Os to 60s (top to bottom) for CO, plasma (left column) and O,/Ar plasma (right column) for
similar discharge current (about 5pA) and gap distance (about 250 um). A spot of local oxidation is visible after 10s (marked with
horizontal arrows). The O-rich spot at 0s for O,/Ar is from a previous experiment (dashed vertical arrow). (b and ¢) Comparison
of extracted EDS signals in selected energy region for the O (left), and Ni and Cu energy regions (right). The increase in O signal
for increasing plasma duration is visible. ¢ For O,/Ar plasma, sputtering of Ni particles and subsequent exposition of the underlying
Cu support reduces the Ni Ko signal and increases the Cu Ka signal. This effect is absent in b, indicating a significantly reduced
sputter yield for CO, plasma. For comparison, the EDS spectra in b and ¢ were normalized to the integrated signals in the energy
intervals [2keV,5keV] and [10keV, 14 keV] containing only bremsstrahlung background signal.

negatively biased nozzle, resulting in sputtering of the nozzle surface. Indeed, the orifice diameter in-
creased after these experiments and sputtered material was re-deposited inside the orifice (Figure S6).
The sputtered nozzle material is likely also re-deposited onto the opposing sample surface. Since the
same nozzle was used throughout all experiments here, previously deposited sample material (mostly
Cu) onto the nozzle from earlier experiments is now sputtered and re-deposited from the nozzle onto the
sample (see the schematic in Figure S6j). In our case, the orifice area is mostly covered with (oxidized)
Cu (Figure S6b) before the experiments shown in Figure 8, meaning that part of the oxidized region is
likely caused by redeposited Cu oxide from the nozzle.

To test this hypothesis, the gas was switched from CO, to N,, and the plasma-treated area showed a N
and O signal (see Figure S7 in the supplementary information). For a N, plasma on a Cu surface, an

O signal is unexpected and should not be present without considering the aforementioned re-deposition
effects. Our results suggest that part of the O signal in Figure 8b is caused by re-deposited oxidized Cu
from the nozzle from previous experiments. Even though this effect is undesired for pure oxidation with
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Figure 8: Local oxidation of a polished Cu surface under CO, plasma treatment with reversed electrode polarity. a Overview SEM
image of the plasma gap with the EDS region for (b) marked with a dashed rectangle. Note the reversed nozzle/sample polarities.
b Quasi in-situ EDS measurements before (upper row) and after (lower row) CO, plasma treatment. The increased O signal is
caused by oxidation and re-deposition of oxidized Cu from the nozzle. ¢ BSE-SEM image (5keV) of the plasma treated after plasma
experiments. d Higher magnification SE-SEM image of the central plasma spot (qualitatively marked by the dashed circle). e Pits
formed in the central plasma spot, probably caused by ion™ sputtering.

plasma-generated radicals, it may be interesting to study film growth during sputtering. In this explana-
tion, mainly two simultaneous effects lead to oxidation of the Cu surface. Firstly, reactive O-containing
species such as atomic O or O, molecules oxidize Cu even far away from the central plasma-spot region
since some of these reactive species are long-lived and can thus be transported in the gas flow outside of
the plasma volume. The same effect also oxidized the Cu surface for the initial electrode setup (negative
sample polarity), where no sputtering (or only mild sputtering) of the nozzle is present (Figure 6). Sec-
ondly, there is the redeposition of previously oxidized material (here mostly Cu oxide) from the nozzle,
thus adding O-containing Cu to the sample. Finally, it is also possible that O-containing gas molecules
(e.g., water) are present in the SEM chamber during plasma treatment. Such impurity species may also
contribute to the observed oxidation during plasma treatment with O-free gases such as N,.

In summary, oxidation of Ni nanoparticles was observed for CO, and Ar/O,. Oxidation is limited to
the central plasma-spot region. For the same ion dose, Ar/O, sputtering of Ni nanoparticles is more
pronounced than for CO,. In contrast, oxidation of a flat Cu surface occurs around the central plasma-
spot region, which is mostly sputtered rather than oxidized. Sputtering with positively charged ions
causes rapid removal of sample material when the nozzle is used as an anode (positive polarity). This
results in pits and holes in the central plasma region.

Sputtering of the sample can be strongly reduced by reversing the polarity between the sample and the
nozzle, leading to less damage during oxidation. However, sputtering of the nozzle material in this con-
figuration causes damage to the tip of the nozzle and redeposition of this material onto the sample sur-
face. Pure sample oxidation without sputtering or redeposition of material requires other plasma configu-
rations.
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2.3 Limitations and outlook

The current setup presented here demonstrates significant advances compared to the state-of-the-art,
including a stable DC discharge, no undesired arcing, and true in-situ SEM imaging while the plasma is
active. This enables further research regarding plasma-surface interactions, plasma physics, sputtering,
and even provides the future potential to study the plasma constituents with both spatial and time res-
olution. For example, the investigated processes regarding sputtering, material deposition, and surface
oxidation are highly relevant for materials science, nanotechnology and the semiconductor industry. De-
spite these advances and the unique possibilities they offer, certain limitations remain, particularly in
terms of expanding the scope of potential research areas. For example, fields such as plasma catalysis or
biomedical applications of plasma are growing rapidly, increasing the need for more advanced experimen-
tal techniques to study, e.g., plasma-catalyst or plasma-cell interactions.®%%] For such research topics,
this setup is currently unsuited since sputtering of the sample (or redeposition of material from the noz-
zle) is undesirable and prevents studying the samples under relevant conditions. In order to study such
samples, the sputtering behavior of the plasma should be eliminated. In principle, the current setup
could be optimized further to reduce the discharge voltage to decrease the ion energy, lowering the sput-
tering rates. One potential approach would be to increase the ballast resistor in the system, to limit the
current and lower the discharge voltage. Another approach would be to further increase the pressure,
as it is expected that the current setup operates below the optimum value. However, increasing the gas
flow rate would require an upgrade to the pumping system of the SEM since the current experiments
were performed at the limit of the microscope when operating in high-vacuum mode. The pressure could
also be increased by decreasing the gap distance, but this would then also increase the probability of
unwanted arcing behavior, as was also observed in our experiments.

Depending on the precise desired application or experiment, a fundamentally different plasma type may
be required. A number of plasma types could be of interest, each with their potential applications and
limitations, as well as practical drawbacks. We hereby present a non-exhaustive list of plasma types with
their advantages, disadvantages, and potential for in-situ SEM applications.

A common plasma discharge is the dielectric barrier discharge (DBD)."! This alternating current (AC,
or pulsed) discharge is characterized by a dielectric layer covering one or both electrodes, limiting the
current and thus preventing arc formation. This is a non-thermal plasma which is often used in plasma
catalysis and biomedical research. However, DBD plasmas are generally filamentary, where the filaments
consist of microdischarges (short duration, high current discharges). These filaments make the plasma
treatment of the sample heterogeneous, complicating the analysis, and cause issues with electromagnetic
interference. In principle, DBDs can be operated in a uniform mode, ¥ but this requires precise tun-
ing of all relevant parameters (including the dielectric material, voltage, frequency, discharge gas, and
pressure) further impeding rapid development of such an experimental setup.

An alternative discharge based on the DBD is the so-called surface discharge. This plasma is similar to
the DBD, but one of the electrodes is embedded or below the dielectric, whereas the other electrode is
placed on the surface of the dielectric. With this, the discharge will be generated at the surface of the
dielectric. This plasma still requires AC or pulsed power, but is generally more convenient to operate in
a uniform mode. !

Another approach could be using a plasma jet. Many geometries exist, either powered by DC, pulsed,
or AC power, but they all have in common that the plasma is generated within a device, after which it
flows outwards, e.g., to a sample.!'? The main difference with the setup presented here is that in the
current setup, the plasma is generated in the gap between the nozzle and the sample rather than in the
nozzle and sent to the sample. A main advantage of such a plasma jet could be the elimination of the
sputtering behavior, as charged plasma species are not predominant (or even absent) in the so-called
afterglow. Based on this geometry, an electron beam plasma can be generated, ! of which a variation
was previously introduced in an SEM.™ In such plasmas, a high-energy electron beam is sent through a
neutral gas, where the electrons ionize gas molecules. The plasma can then be sent to a sample through
a gas flow, or the ions/electrons could be selectively attracted by biasing the sample. An external AC or
DC circuit can also be added to further sustain and alter the plasma discharge, depending on the desired
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properties. Having access to a high-energy electron beam makes an SEM promising to further explore
such plasmas.

Note that all AC or pulsed-powered plasmas are very likely to interfere with the true in-situ imaging of
the SEM since the electron beam will be deflected periodically during scanning, drastically decreasing
the image resolution. However, often these limitations can be overcome by employing stroboscopic imag-
ing, where the plasma is momentarily switched off during SEM imaging. Such quasi in-situ experiments
can offer a combination of excellent spatial and temporal resolution.

Despite the remaining challenges, this developing technology is exciting, since introducing a microplasma
may enable very different experiments and applications. On the one hand, the in-situ plasma may lead
to new analytical techniques in an SEM, such as glow discharge optical emission spectroscopy (GDOES), [55:%6]
where the emission from sputtered material in a plasma is studied while ablating the sample material for
depth profiling (similar to secondary ion mass spectroscopy in focused ion beam instruments).®” On
the other hand, established (e.g., EDS or wavelength dispersive x-ray spectroscopy, WDS)"®l or more
recently available (e.g., electron energy loss spectroscopy, EELS) " analytical methods in SEMs may
have the potential to probe the ionic species in the plasma cloud. This would provide essential and di-
rect in-situ feedback for plasma simulation codes and holds promise for improved control over plasma
setups.

3 Conclusions

A custom-built microplasma setup was realized inside an SEM based on the design by Matra et al..[’!
A nozzle with a small orifice feeds a gas into the evacuated SEM chamber, from which a plasma can be
generated by applying a certain electrical potential. Stable DC glow discharge plasmas with Ar, Ar/O,,
CO,, and N, gases were successfully generated in the SEM’s vacuum chamber. In general, larger dis-
charge currents were measured for higher gas flow rates and smaller gap distances. A non-uniform gas-
pressure profile was observed in the plasma gap, which — in combination with a non-uniform electric
field of the electrode geometry — complicates a direct comparison of the shown setup with conventional
plasma systems. Simultaneous SEM imaging with SEs and BSEs during plasma operation was demon-
strated, enabling in-situ studies of sample-plasma interactions in the SEM.

A few exemplary plasma-sample interactions were studied. Sputtering of Cu surfaces and Ni nanoparti-
cles under different gases was observed. The lower sputter yield of the Ni particles compared to the Cu
support, as well as the incidence-angle dependence of the sputter yield, results in the local formation of
cones in the plasma-treated area. The same phenomenon was studied with conventional plasma reactors,
which shows that our setup can replicate such experimental conditions on the local scale of several tens
of ym. Local oxidation of Cu and Ni was observed for CO, gas and an Ar/O, gas mixture. At the same
time, however, the sample was either simultaneously sputtered away by ion bombardment on the sample,
or nozzle material was redeposited on the sample by sputtering of the nozzle. These limitations might be
overcome by further optimizations of the setup, though for applications where sputtering is detrimental,
other types of plasma are to be considered.

In conclusion, we have demonstrated that in-situ studies of plasma-sample interactions in a modern
SEM are possible. This approach provides direct insight into morphological and chemical changes (via
EDS) of the sample during and after plasma treatment. Overall, this may lead to a better understanding
of plasma physics and plasma-surface interactions.

4 Experimental

SEM Operation with the Plasma Setup: Plasma experiments were performed using an FEI Quanta 250
ESEM equipped with an Oxford Instruments X-Max EDS detector (80 mm? sensor area). Figure 9a

schematically shows the main parts of the plasma setup that was built in-house. A horizontally aligned
steel nozzle with a small orifice (SS-1/8-TUBE-CAL-20, 20 pm nominal orifice diameter, Lenox Laser) is
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Figure 9: Schematics and images of the plasma-in-SEM setup. a Schematic showing the experimental setup and the most important
components. Gas flows from a nozzle orifice over an adjustable gap distance toward a sample surface. A high voltage Vs is applied to
ignite the plasma. The sample surface is slightly tilted at an angle o toward the SEM incidence, allowing for in-situ SEM imaging.
b Image of the setup taken with the built-in infrared camera of the SEM showing the setup. A few additional components are shown
compared to a, such as a webcam and the electron detectors, ETD and LFD. ¢ Higher-magnification side-view of the plasma region
using the webcam without plasma (upper) and with ignited plasma (lower, the microplasma is marked with an arrow)

fixed opposite to a nearly vertically aligned sample surface. The sample surface is slightly tilted with an
angle a =~ 10° toward the electron beam for better SEM imaging conditions. The sample-nozzle distance
(“Gap” in Figure 9a-c) determines the plasma gap distance and can be adjusted by moving the sample
with SEM microscope stage controls. A gas flows from the nozzle into the gap toward the sample surface.
The nozzle can be biased with a DC voltage Vs in the range of —1.25kV to 2kV, i.e., with a positive or
negative polarity relative to the sample. A ballast resistance Rg = 4.3 M() is used to limit the discharge
current. The discharge current Ip = Vj/ Ry is measured by the voltage drop Vi across a Ry = 1k
resistor.

Figure 9b displays the experimental setup with an image taken with the microscope’s built-in infrared
(IR) camera. A few additional components compared to the schematic in Figure 9a are visible, which
are explained from top to bottom in the following. The ETD and the large-field detector (LFD) are used
for SEM imaging in high-vacuum and low-vacuum modes, respectively. The shown images in this work
are mainly SE-SEM images. Selected BSE-SEM images are mentioned explicitly in the text. A pressure-
limiting aperture (PLA) with a 500 pm diameter is mounted on the SEM pole piece to restrict gas flow
into the microscope column. An IR-USB webcam (Arducam B0205) is mounted in addition to the mi-
croscope’s built-in IR camera to improve imaging conditions of the plasma and control the gap distance.
The sample stage consists of a threaded metal rod that is rigidly fixed with two nuts to a Teflon piece.
The Teflon piece isolates the sample from the microscope stage to prevent current flow through the lat-
ter and possible damage to the microscope. Instead, the current flows via a cable to the measurement
resistor Ry;. The sample stage with the threaded metal rod and the Teflon block are fixed on an SEM
stub, which itself is fixed on the moveable SEM stage. Two micrometer stages (Thorlabs MS3/M) are
used to laterally position the nozzle close to the optical axis (below the SEM pole piece) before closing
the SEM chamber. The nozzle and the webcam are mounted on a Al platform that is fixed above the
moving microscope stage. The height of the Al platform can be adjusted to change the working distance
between the SEM column and the sample (typically 15mm). The gas line and electrical connections are
routed through a custom home-made feedthrough flange.

A detailed image of the plasma gap is shown in the webcam view (Figure 9¢). Commercially available
grids or apertures made for transmission electron microscopy (TEM) with 3mm diameter (Gilder Grids
GAS50 Cu apertures) were typically used as sample or sample support for nanoparticles. The sample is
mounted on an Al wedge with conductive Ag paste (EM-Tec AG15). The Al wedge was ground at an an-
gle v and fixed to the threaded metal rod’s end with conductive Ag paste. The lower image in Figure 9c
shows the working setup with a glowing DC microplasma. More details about the experimental setup
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can be found in the supplementary information (Figure S8).

Plasma Operation: Plasma experiments were performed in the high-vacuum mode of the microscope
since undesired discharges in the SEM chamber in low-vacuum mode were observed when applying high
voltage between the nozzle and the sample. The high-vacuum mode reached a stable chamber pressure
of around 2 x 1072 Pa while providing a gas flow of about 2scem to 8 scem through the nozzle (20 pm
nominal orifice diameter as per the manufacturer) into the microscope chamber. The gas flow was moni-
tored using an Alicat flow meter (M-200SCCM-D/5M). We used CO, (purity 99.995 %), Ar (99.9999 %),
and N, (99.9999 %) gases, and a 75 %Ar/25 %0, gas mixture (measured: 74.88 %/25.12 %) in this work
(bought from Air Products).

The plasma was operated by applying and controlling the voltage difference on the nozzle relative to the
sample. A DC-DC converter with a 1 M output resistor (CA20P or CA12N depending on polarity, XP
Power) was powered by an RS PRO IPS-3303 power supply. The 1M output resistor limits the output
current of the DC-DC converter in standalone usage for user safety. The output resistor is in series with
a 3.3 M(Q resistor, resulting in a total ballast resistance Rg = 4.3 M{Q2. The output high voltage Vs of
the DC-DC converter was adjusted with a control voltage between 0V to 5V using a Keysight E36106B
power supply. After plasma ignition, the discharge current was regulated by adjusting Vs with the con-
trol voltage. Voltage-current characteristics of the plasma were measured with a Keithley 2400 source
measurement unit. The highest source voltage of 2kV was applied, after which the source voltage was
gradually reduced while registering the current until no discharge current was measurable. The discharge
voltage of the DC plasma Vp, is calculated as Vp = Vs — Ip (R + Ryp). [6]

Sample Preparation: A Cu TEM aperture (50 pm, Gilder Grids GA50) with a diameter of 3mm and a
thickness of about 30 pm was used in most experiments to ensure a well-defined, flat electrode opposing
the nozzle. For experiments with nanoparticles, commercial Ni particles (nanopowder, <100 nm nominal
average particle size, >99 % purity, Sigma-Aldrich, CAS number 7440-02-0) were mixed with acetone
and then drop cast on the Cu disc. After solvent evaporation, a thin film of Ni particles is left on the
Cu surface. Drop casting was repeated multiple times until the TEM aperture was fully covered with Ni
particles.

Data Processing:  Fijil%) was used for general image processing. Images were stitched together using
the “Grid/collection stitching” plugin. [61] Tmage series were registered using the “Descriptor-based series
registration (2d/3d + t)” plugin.[%? The background-corrected x-ray peak intensities (net intensities) for
the EDS maps were extracted using the “TruMap” function in the Oxford Instruments AZtec software
(version 2.1). Additional analyses of extracted (summed-up) EDS spectra from specific regions were
processed with the HyperSpy Python package. ¢3!

Supporting Information

Supporting Information is available from the Wiley Online Library; Details of V-I measurements, exem-
plary Paschen curve for N,, sputter yield simulations, details about EDS spectrum comparison, SEM/EDS
characterization of the orifice and redepostion effects, and details about the experimental setup.
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Microplasmas are used for technology applications, electron microscopy for micro- to nanoscale analyses. Combining them gives
new insights into plasma-sample interactions. Our work presents a microplasma setup in a scanning electron microscope. We show
real-time imaging during plasma operation and its effect on the sample. This provides new capabilities for plasma and materials
science, e.g., modification on the micrometer scale.
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