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Abstract

During deposition, modification, and etching of thin films and nanomaterials in reactive
plasmas, many active species can interact with the sample simultaneously. This includes
reactive neutrals formed by fragmentation of the feed gas, positive ions and electrons
generated by electron-impact ionization of the feed gas and fragments, excited states (in
particular, long-lived metastable species), and photons produced by spontaneous de-
excitation of excited atoms and molecules. Notably, some of these species can be
transiently present during the different phases of plasma processing such as etching of thin
layer deposition. To monitor plasma-surface interactions during materials processing, a
new system combining beams of neutral atoms, positive ions, UV photons, and a
magnetron plasma source has been developed. This system is equipped with a unique
ensemble of in-plasma surface characterization tools including 1) a Rutherford
Backscattering Spectrometer (RBS), 2) an Elastic Recoil Detector (ERD), and 3) a Raman
spectroscopy system. RBS and ERD analyses are carried out using a differentially pumped
1.7 MV ion beam line Tandetron accelerator generating a beam at grazing incidence. The
ERD system is equipped with an absorber and is specifically used to detect H initially
bonded to the surface; higher resolution of surface H is also available through nuclear
reaction analysis. In parallel, an optical port facing the substrate is used to perform Raman

spectroscopy analysis of the samples during plasma processing. This system enables fast
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monitoring of a few Raman peaks over nine points scattered on a 1.6x1.6 mm? surface
without interference from the inherent light emitted by the plasma. Coupled to the various
plasma and beam sources, the unique set of in-plasma surface characterization tools
detailed in this study can provide unique time-resolved information on the modification
induced by plasma. By using the ion beam analysis capability, the atomic concentrations
of various elements in the near-surface (e.g. stoichiometry and impurity content) can be
monitored in real-time during plasma deposition or etching. On the other hand, the
evolution of Raman peaks as a function of plasma processing time can contribute to a better
understanding of the role of low-energy ions in defect generation in irradiation-sensitive

materials such as monolayer graphene.
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1. Introduction

Upon contact with a plasma, the local equilibrium at the surface of a material is disrupted
due to transient transfers of relatively large amounts of energy (up to several tens of eV)
from neutral, ion, metastable, and photons. In addition to inducing surface defects, such
energy transfer processes can initiate surface reactions that are beneficial for many
applications[1,2]. Consequently, controlling plasma-surface interactions at the substrate
surface and the reactor walls is of prime importance for many plasma processes,
particularly during nanoscale device fabrication for which restrictions become stringent
[3]. Low-pressure plasmas typically used for plasma deposition and etching of thin films
and nanomaterials contain various energetic species such as ions, electrons, metastable
species, photons, and reactive atomic and molecular neutrals. Even though some of these
species are desirable for either deposition or etching, others can negatively impact the
desired process. For example, ions accelerated by the plasma sheath acquire a significant
amount of kinetic energy (up to 10-20 eV depending on experimental conditions) and
thereafter induce bombardment on surfaces. Such very low-energy ions are also named
hyperthermal. They can generate significant defects in materials and have a considerable
impact on device performance [4,5]. Plasma-generated photons in the UV or VUV range
can also significantly alter materials: while this is a useful function for medical sterilization
applications [6], it can also provoke undesirable damage to the substrate [7-10]. As for
metastable species, they can play an important role in the generation of defects on the
surfaces of low-dimensional materials such as semiconductor quantum dots [11] and
monolayer graphene films [5,12]. Furthermore, the complexity of plasma-surface
interactions significantly increases with the introduction of molecules in the plasma. Upon
fragmentation by electrons, resulting reactive species may lead to the deposition of a thin
layer or to substrate etching, depending on the outcome of the chemical reactions occurring
at the substrate surface [13,14]. Since all plasma-generated species interact simultaneously
with plasma-exposed surfaces, synergetic effects can arise, resulting in process outputs that

are often greater than the sum of the species’ individual contributions [12,14].

In this work, we present the details of an innovative setup dedicated to the fundamental

study of plasma-surface interactions involved in plasma deposition and etching of thin



films and nanomaterials. The proposed setup is equipped with several plasma sources that
are designed to generate tightly controlled populations of neutral atoms and/or ions. This
allows the deconvolution of the usually combined effects of plasma-generated species on
material surfaces. To effectively estimate those individual contributions, the system is
equipped with two material characterization methods: Raman spectroscopy and Ion Beam
Analysis (IBA). The former provides insight into the vibrational environment of materials,
while the latter enables the determination of atomic depth profiles and hydrogen
concentrations near the surface are determined by Rutherford Backscattering Spectroscopy
(RBS) and Elastic Recoil Detection (ERD). We demonstrate how these two methods can
be deployed during plasma treatment with very little interference from the plasma. Such
in-plasma characterization schemes allow for time-resolved measurements which are
promising for the exploration of plasma-surface interactions’ rich physic. By combining
in-plasma material characterization methods with beams composed of plasma-generated
species, a better understanding of the physical and chemical phenomena driving plasma-

surface interactions at the atomic scale may be obtained.

2. Experimental details

2.1. Plasma sources

The setup consists of a hemispherical chamber equipped with up to four plasma sources
(#1, #2, #3, and #4 in Fig.1a), all of which are oriented at a 45° angle relative to the target
sample normal (Fig.1b). In this study, we make use of three 13.56 MHz Inductively
Coupled Plasma (ICP) sources (#1, #2, and #3) and one magnetron sputtering source (#4).
Source #1 produces a plasma that freely diffuses into the chamber, while source #2 is
equipped with a polarized grid that generates a beam with a relatively broad Ion Energy
Distribution Function (IEDF) when a positive voltage is applied. Source #3 has two grids
at its exit, the first of which is in contact with the plasma and can be positively polarized,
while the second is connected to ground potential. The resulting ion beam is less intense
than the one produced by source #2, but its IEDF is narrower. Depending on the working

pressure, sources #2 and #3 can generate ion or neutralized beams due to the ion-neutral



collisions occurring before the ions reach the substrate. Finally, source #4 is a magnetron

sputtering source that enables thin film deposition.

Figure 1: a) Picture of the setup in line with the sample position showing the exits of 1) source #1 (plasma), 2) source
#2 (ion/neutral beam), and 3) source #3 (ion/neutral beam), as well as 4) magnetron plasma, 5) cannula introducing the
high energy ion beam for IBA analysis, 6) entrance of the RBS detector (without the cone for reduced conductance; see
text), and 7) entrance of the ERD detector (shown here without the absorber foil). b) Scheme of the chamber in the same
view as a) but including a “backside view” of the sample (the square in the middle). This scheme shows that all

instruments are pointed to the center where the substrate is located. The inner diameter of the chamber is 50 cm.

The sample holder is directly mounted on the door of the chamber. Once the latter is closed
and the chamber is at low pressure, the sample is placed right in the middle of the
hemisphere. The distance between each plasma source and the sample is typically 10-20
cm, and it can be tuned manually by moving each plasma source along its axis. The sample
holder can be easily changed, depending on the requirements of the experiment. A heated
sample holder (up to 800°C) is used herein; however, another substrate holder is designed
to carry out precise hydrogen detection through the p(*°N, ay)!?C Nuclear Resonant
Reaction Analysis (NRRA) using an Ortec 905-4 scintillation detector with a 3x3” Nal(TI)
placed a few mm behind the sample. The heating sample holder is electrically isolated from
the rest of the setup enabling the measurement of the ion current during IBA and the
determination of the ion dose for each experiment. Even though IBA is considered not

destructive, care must be taken to avoid using too high an ion dose which could generate



undesirable material defects. The effect can be monitored by acquiring spectra every

minute.

The base pressure of the system is in the mid-10~7 Torr. Such base pressure is typical for
plasma treatments or deposition where the working pressure, of several mTorr, is 10* times
larger, so the ambient impurities represent a fraction of the gas impurities. Before the gas
is introduced, the surface is exposed to impurities at rates reaching a few monolayers per
minute. But it is worth noting that samples are introduced in the chamber from the ambient
room, and the bombardment of these impurities occurs at thermal speeds, at energies and
fluxes significantly lower than plasma bombardment, with much fewer reactive species.
However, such impurities weakly bonded to the surface are not detected by IBA and Raman
analyses. The former depth-resolves surface and subsurface features, surface
contamination being commonly monitored, while the latter is mostly affected by the
vibrational properties of the material. If any influence from surface impurities may be
observed, namely when studying 2D materials, this system can significantly contribute to

the understanding of such effects.

2.2. lon beam analysis

The system is also equipped with lon Beam Analysis (IBA) tools, such as a Rutherford
Backscattering Spectrometer (RBS) and an Elastic Recoil Detector (ERD), that enable the
precise detection of material composition [15,16] and light element concentrations at the
surface [17]. The 1.7 MV Tandetron accelerator can generate ion beams of numerous
elements in the periodic table, at up to 5.1 MeV for He and higher for elements allowing a
higher charge state. To prevent a significant increase in beamline pressure due to the gas
pressure in the plasma chamber (~10 mTorr), a differential pumping section is used to
connect the beamline to the materials processing system. This pumping section maintains
the beamline pressure at <1077 Torr. The generated ions transit through a long cannula (#5
in Figs. 1 and 2), which limits gas conductance, and they cross the plasma over 10 cm
before hitting the substrate at an angle of 15°. Scattered ions are detected using a Passivated
Implanted Planar Silicon (PIPS, #6) detector with a 14 keV resolution placed in a plane
perpendicular to the beam/surface normal plane and oriented at a 45° angle with respect to

the surface, enabling RBS. Meanwhile, recoiled hydrogen atoms are detected with a similar



detector but placed in the same plane as the beam and surface normal and oriented at a 15°
angle with respect to the surface (#7), enabling ERD. A thin aluminum membrane placed
in front of the ERD detector is used to absorb scattered primary ions, thereby ensuring that
only hydrogen atoms reach the detector [18]. As the ion beam is oriented at a 15° angle
with respect to the surface, the beam forms an oval spot on the sample 1.0 mm in height

and 3.8 mm in width.

Figure 2: Side view scheme of the chamber showing 1) source #1, 5) the canula through which high energy ion beams
enter the chamber and 6) the position of the RBS detector and cone used to reduce gas conductance. The laser for Raman
spectroscopy is going into the chamber via a quartz window (right) and is focused on the sample holder. The distance

between the sample center and the circular chamber walls is 25 cm.

RBS and ERD measurements are usually carried out at very low pressure (~10~7 Torr) to
obtain high-resolution spectra. However, our chamber typically operates at a much higher
pressure (10 mTorr), resulting in the generation of plasma discharges by the RBS and ERD
PIPS detectors (biased at 50 V). To avoid such an issue, the detectors are separated from
the chamber by a pumping section whose pressure is maintained by a turbomolecular
pump. The aluminum membrane used to stop scattered primary ions from reaching the
ERD detector also ensures that no gas from the chamber enters that section of the system.
In the case of the RBS detector, it is not possible to use such a membrane, as it would

significantly degrade the depth resolution. To circumvent this issue, a cone containing
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baffles with small apertures is placed in front of the RBS (#6 in Fig. 2). This element
effectively reduces the conductance and allows for RBS measurement without a
membrane. However, it imposes a smaller solid angle, resulting in reduced statistics. As
explained later in this article, the pressure in the pumped detector section is more than one
order of magnitude lower than that inside the plasma chamber, sufficiently low to avoid

discharges near the detectors.

2.3. Raman spectroscopy

The Raman setup is based on conventional confocal Raman microscopy but adapted for in
plasma measurements. As shown in Fig. 3a, a 532 nm laser beam is first telescoped and
diffracted by a Diffractive Optic Element (DOE) into nine main beams. These beams are
reflected by a dichroic mirror and focused through a matrix of 50 um nine-point pin holes
distributed in a 1.6x1.6 mm? square that is slightly rotated by 18.3 degrees. Once it passes
through the pinhole, each laser beam is focused on the sample using a series of lenses, the
last of which is placed 24.6 cm away from the sample. The Raman light reemitted by the
sample follows the exact same optical path as the incident light beam but is not reflected
by the dichroic mirror. Instead, it passes through a series of lenses and a high-pass filter to
produce a parallel beam. The latter is introduced into an Isoplane SCT 320 spectrometer
whose slit is wide open. The nine parallel beams are diffracted by a grating before being
focalized on a CCD camera. Here, the slight rotation of the square is of importance. Each
beam produces a line after diffraction, and the chosen spatial beam distribution avoids any
superposition of the diffracted line. As a result, all nine lines are detected by the camera,
each corresponding to a sample spot probed by one of the nine laser beams. Currently, the
system is equipped with an 1800 gr/mm grating that enables high spectral resolution
measurements over a relatively narrow range (1.5 cm™! over a 571 ¢cm™! range), as well as
a 600 gr/mm grating used for low-resolution detection (5.9 cm™!) over a wide wavenumber
range (60 nm—1500 cm™!). The difference in resolution between the two gratings can be
observed in Fig. 3b, which shows the 546 nm emission lines issued from a low-pressure

Hg lamp. A Gaussian function is used to determine the full width at half maximum



(FWHM) of the peak. Measurements taken with 600 and 1800 gr/mm gratings provide
FWHM of 0.23 (8 cm™") and 0.072 nm (2.4 cm™!) respectively.
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Figure 3: a) Scheme of the Raman setup geometry showing the excitation (red) and collection (green) beams. b)

Normalized peak of a Mercury lamp obtained with a 600 gr/mm grating (black) and an 1800 gr/mm grating (red).

Finally, the diffracted light is imaged using a CMOS Hamamatsu OrcaFLash4.0 V3
camera. Although the maximum available laser intensity is 2.5 W, some loss inevitably
occurs due to the DOE and the pin-hole matrix. Consequently, 60% of the initial laser
power effectively reaches the sample. The laser focus on the sample is adjusted by
changing the position of the last lens, whose relatively large diameter (8 cm for a focal
length of 25 cm) allows for a small numerical aperture (i.e., detection of an 8 um wide
point on the substrate). This lens is placed on a long moving arm that controls its position
on the (Oy) axis. The focus is considered satisfactory when the Raman intensity of one of
the studied peaks (e.g., the 520 cm™! peak of crystal Si) is maximized. The maximum
integration time of the camera is 10 s; however, weak Raman signals can be observed by

averaging several measurements.

The nine laser beams divided by the DOE can be used for simultaneous Raman detection
at different locations on the sample. One must note that it can be difficult to align the
sample with all nine beams, especially when 2D materials are involved. This difficulty is
also present when attempting to probe the same region with both Raman spectroscopy and

IBA. At most, only two to three Raman points could probe the region analyses by IBA.



Figure 4a shows the CCD image corresponding to the Raman measurement of a graphene
monolayer grown on SiO> by chemical vapor deposition [19], using a 2.1 W laser power.
Considering that 40% of the power is lost in the system and that the remaining power is
divided into nine beams, a maximal power density of Pmax = 2.7x10° W/m?is estimated for
each point. In this case, the use of the 600 gr/mm grating is pertinent, since its wide
detection range allows for the simultaneous detection of all main graphene emission lines.
In Fig. 4a, nine lines can be observed in the (Ox) direction, each corresponding to one of
the nine diffracted beams. The intense spots distributed on these horizontal lines
correspond to the emission bands that originate from Raman scattering (graphene), as well

as from other sources. Fig. 4b depicts an image acquired with a closed stainless-steel
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Figure 4: CCD images recorded a) when a Raman spectrum of a defected graphene monolayer is obtained and b) when
the shutter is placed in front of the sample, named as dark. c) Spectra extracted from the region of interest delimited by
the blue square (Fig.4a) and red square (Fig.4b). d) Spectra obtained by subtracting the two curves shown in Fig.4c. e)
Voigt and Lorentzian function fits of the main Raman peaks (D, G, D’, and 2D) in the subtracted spectrum.
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shutter placed in front of the graphene sample. Even though no Raman scattering can be
produced in this case, some peaks are still observed. These peaks correspond to artifacts

originating from the optical system.

The peaks observed in Fig. 4a, but not in Fig. 4b, are attributed to graphene Raman
scattering, as discussed below. Furthermore, Figs. 4a and 4b exhibit two wide bands along
the (Oy) axis. These bands are ascribed to the parasitic light entering the spectrometer
through the wide, open slit used to transfer all nine beams to the grating. Notably, the
parasitic light reaches the spectrometer despite the stainless-steel sarcophagus covering the
system. Figure 4c presents the spectra obtained by averaging the pixels in the sections
delimited by blue and red rectangles in Fig. 4a, along the (Oy) direction. Graphene’s
Raman and artifact peaks (identified by * and **, respectively) can be easily distinguished.
Moreover, a global shift in intensity is observed when Raman measurements are recorded.
Since the artifact peak intensities are remarkably stable over time, the background spectrum
— dark presented in Fig. 4c — can be subtracted from the Raman spectrum. In the case of
time-resolved measurements, the setup alignment changes over time, resulting in similar
backgrounds but with slight variations in absolute intensity. To circumvent this issue, the
background spectrum must be corrected by a factor equivalent to the intensity ratio of the
** artifact peak in the Raman spectrum to that in the background spectrum. The resulting
spectrum presented in Fig. 4d shows that even after removing the artifacts, a slight slope is
observed in the background. This slope may be eliminated by fitting the curve to a 2"-
order polynomial function. Fig. 4e depicts the final corrected spectrum along with the fits
of the four main graphene emission bands: D (1330 cm™!), G (1575 cm™), D’ (1610 cm™!),
and 2D (2670 cm™!) [20]. By fitting these bands with the appropriate functions, their
intensity, FWHM, and position values may be obtained. Herein, the D and 2D bands are
fitted with a Voigt function, while the G and D’ bands are correctly reproduced by a

Lorentzian function.

As mentioned previously, the upper line delimited by the blue square in Fig. 4a is the result
of the diffraction of one of the nine beam points. The spectral calibration of this point is
straightforward and can be performed by using a well-known calibration lamp. The eight

other points' wavelength calibrations are done relatively to the first point. Since the
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geometric position of each beam across the 1.6x1.6 mm? square is well known, it is
possible to determine the distance separating the nine beams arriving at the camera.
Consequently, spectral calibration of the eight other points is done relatively to the first

point before proceeding to data treatment.

3. Plasma’s influence on material characterization

To assess the effect of the plasma on the ion beam and Raman measurements, two
experiments were conducted. First, the sample was analyzed by RBS in the presence or
absence of gas in the reactor chamber. Then, Raman spectra were recorded with the plasma

turned on or off.

3.1. Rutherford backscattering spectroscopy with and without gas

The system employed in this study is designed to perform material characterization during
plasma exposure. RBS combined with ions beam etching [21,22] as well as for the
development of atmospheric RBS systems [23] have already been demonstrated. /n-plasma
IBA has also been reported, focusing on material modifications under extreme conditions
as observed in nuclear fusion [24,25]. To assess the influence of the plasma on the recorded
RBS spectra, a sample composed of a VO layer (130 nm) deposited on a SiO; layer (260
nm) on Si substrate was analyzed in the presence or absence of the plasma. The latter
should have a very limited influence on the sample composition, inducing only limited
sputtering since ions energy is so low. It allows the observation of plasma influence on the
RBS method only. At first, RBS analysis was conducted under a high vacuum in the
chamber (6.6 x 1077 Torr) and in the detector section (4.0 x 1077 Torr). A 2 MeV Helium
beam was introduced into the chamber via the differential pumping section, which was
kept at 4.5 x 1077 Torr. Once the first RBS measurement was completed, an argon ICP
plasma was generated in the main chamber at 10 mTorr working pressure and 200 W
power, thereby increasing the pressure in the detector section and differential pumping
section to 9 x 107* and 1.4 x 1073 Torr, respectively. Notably, the pressure inside the
beamline did not change after plasma ignition (1 x 1077 Torr), which confirms that the
differential section acts as an effective buffer against the relatively high pressure in the

plasma chamber. Upon generating the plasma, a second RBS measurement is acquired (one

12



should note that such plasma should not significantly affect the structure or composition of
the sample). Fig. 5a presents the normalized RBS measurements of the same VO»/SiO:
sample recorded at low pressure (blue line) and in the presence of a plasma (red line). For

clarity, a zoomed image of the vanadium peak is shown in Fig. 5b.

The presented spectra show that the composition of the sample is not altered upon
exposure to plasma and that the sample is composed of vanadium, silicon, and oxygen
(backscattering energies of 1661, 1299, and 1050 keV, respectively). Since the vanadium
peak is well isolated, it can be used to observe the effects of the plasma. In Fig. 5a, the
vanadium peaks recorded in the presence (blue spectrum) or absence of plasma (red
spectrum) seem to be identical. However, the zoomed illustration in Fig. 5b reveals that
plasma exposure slightly shifts the peak towards lower energy (by 5.5 keV). This shift is
mainly attributed to the electronic energy losses of He incident and scattered ions upon
traveling through a 40 cm of Ar. Based on SRIM calculation, 2 MeV He ions are expected
to lose around 0.9 keV which is significantly below the shift observed here. Other losses
may originate from collisions in the differential pumping section as well. Considering that
no other change is observed and that the peak shape and resolution are preserved during
exposure to the plasma, it may be concluded that plasmas generated at the working pressure
of 10 mTorr have very little influence on RBS measurement. Consequently, subsequent in-

plasma RBS measurements may be carried out without concern.
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Figure 5: a) Full RBS spectrum and b) zoomed vanadium peak obtained under high vacuum (blue curve) and with an
argon plasma at 10 mTorr (red curve).
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Considering that the scattering laser light reflected on the substrate at a certain angle may
blind the RBS detector, it might not be possible to record Raman and RBS spectra
simultaneously, over the exact same location. This issue can be mitigated by displacing the
laser spots a few mm away from the ion beam spot, or by slightly tilting the sample. Still,
to avoid any interference, it is best to alternate the Raman and RBS measurements. Since
the ERD detector is placed behind an aluminum membrane, ERD measurements are not
affected by the light from the laser. Furthermore, these measurements are not influenced
by plasma, just like the RBS measurements. This confirms that in-plasma RBS and ERD
measurements can be performed simultaneously. If the incoming ion beam is sufficiently

intense, it is possible to achieve time-resolved measurements, as discussed below.

3.2. In-plasma Raman spectroscopy

The excited species generated in a plasma emit light of a specific wavelength as they
deexcite to a lower energy state. Such light, if sufficiently intense, can hinder Raman
measurements. Consequently, while in-situ Raman spectrometry is relatively common
[26,27], the implementation of in-plasma Raman system to obtain time-resolved
measurements is still lagging [28,29]. Source #1 generates a plasma that can freely diffuse
into the chamber and reach the sample. Hence, some light will be emitted near the sample
and may be detected by the Raman spectrometer. The intensity detected depends on the
experimental conditions such as gas nature, pressure, and power. In contrast, the electrons
generated by plasma source #2 are attracted to the positive grid, leading to a decreased
density of excited species in the vicinity of the substrate. As for the plasma generated by
source #3, it is confined by the two grids positioned at its exit. Consequently, only the
plasma generated by source #1 can produce light that may alter the Raman measurements.
This is especially true if the studied material has poor Raman scattering efficiency and does
not tolerate high laser power. In this case, a long integration time is necessary to obtain a
satisfactory signal. Herein, the effect of the light emitted by plasma source #1 was
eliminated by subtracting the optical emission spectrum measured without the laser from
the one measured with the laser focused on a SiC sample. As presented in Fig. 6a, both
spectra were recorded in the presence of an Ar plasma generated by

source #1(300W — 5 mTorr and an Ar flow of 20 sccm), and a shutter was used to control
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the entry of laser light into the Raman system (Fig. 3a). The resulting spectrum from the
subtraction of both spectra from Fig. 6a is presented in Fig. 6b. An integration time of 4 s

was found to be adequate for Raman measurement in the presence or absence of laser.
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Figure 6: a) Optical measurements acquired in the presence of an Argon plasma with the laser focalized on SiC substrate

(red) and without laser (black). b) Spectrum obtained by subtracting the two curves presented in a).

As shown in Fig. 6a, the Raman spectrum recorded with an open shutter (“Plasma+Raman”
spectrum displayed in red) exhibits numerous peaks that cannot be easily attributed to the
substrate or the plasma. However, when the shutter is closed and the laser light is cut off
(“Plasma” spectrum displayed in black), the peaks at 555.1, 555.6, and 570.8 nm (783, 799,
and 964 cm™!, respectively) disappear. This indicates that these peaks correspond to Raman
scattering of the substrate. Indeed, they are characteristic emission peaks of 6H-polytype
SiC [30,31]. The remaining emission lines in the “Plasma+Raman” spectrum are not
affected by the absence of the laser, which suggests that they are attributed to the excited
species generated by the plasma. Furthermore, a global negative shift in the background
can be observed when the laser is cut off. The subtracted spectrum shown in Fig. 6b
features three peaks characteristic of SiC, as mentioned above. The background of this
spectrum is slightly above zero; however, a higher background is observed where important
plasma emission lines are present, because of subtraction in increasing the statistical noise.
Still, Fig. 6b presents a typical SiC Raman spectrum that can be easily fitted to extract the
peak intensity, FWHM, and position values.
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Although the subtraction method employed herein yields satisfactory results, it has some
drawbacks. For instance, it decreases the temporal resolution of time-resolved
measurements, since two optical measurements are needed (with and without laser).
Furthermore, as mentioned previously, this method is efficient only if the plasma reaches
a steady state, resulting in minimal timescale variations between two measurements.
Finally, if the Raman scattering is very weak compared to the plasma emission, the
subtraction method will be less reliable. Nevertheless, since we tested this method with the
most luminous plasma available, in-plasma Raman measurements performed using the
method developed herein may be considered plausible. In fact, the subtraction method is
not even necessary when using source #3, and it is only needed under certain conditions
when plasma source #2 is applied. Finally, this method becomes unreliable if molecules
are introduced in the plasma, generating numerous vibrational and rotational bands. In this
case, it would be best to go toward other methods found in the literature which focus for

example on synchronized pulsed Raman measurements [28,29].

In-plasma Raman spectroscopy is typically used to analyze material evolution during
plasma modification. However, one must be aware that the laser itself might influence the
process initiated by the plasma. This could lead to the misinterpretation of Raman spectra.
To ensure that the laser has no influence, the measurements must be repeated with different

laser frequencies or power densities.

4. Time-resolved in-plasma surface monitoring

4.1. Monitoring of thin film egrowth by IBA

As mentioned in section 3.1, in-plasma RBS and ERD analyses can be achieved with very
little loss in resolution, which allows for the monitoring of thin film growth. As indicated
in section 1.1, the system is equipped with a magnetron plasma source that is commonly
used to deposit thin films of amorphous silicon (a-Si)[32] or silicon dioxide (a-Si0O2)
[33,34]. RBS is an ideal characterization tool that can be used to determine the nature of
the element deposited and the stoichiometry of the plasma-deposited layer. Meanwhile,
ERD provides insight into the concentration of hydrogen, an element whose depth profile

cannot be easily determined using other analytical techniques. Herein, SiO2 was deposited
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on a Glass Like Carbon (GLC) substrate by exposing the silicon target to an O2/Ar (2/20
sccm) plasma and then to a pure Ar plasma. The working pressure was set at 10 mTorr and
the incident power at 80 W. After 33 min of plasma deposition, the oxygen flow was cut
off, thereby causing an increase of the bias from 314 to 400 V. The sample was exposed to
a 2 MeV He ion beam during the entire experiment to obtain the RBS and ERD spectra,
which were saved every minute. Figs. 7a and 7b present the RBS and ERD spectra

(averaged over 5 min) recorded at different times during the plasma deposition process,

respectively.
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Figure 7: 5-min-averaged in-plasma a) RBS and b) ERD spectra recorded at different times during Magnetron
sputtering deposition of Si in an Ar:O2 atmosphere, with decreasing amount of O2 (see text).
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As shown in Fig. 7a, the RBS spectrum acquired after 3 min of deposition exhibits four
signals. The signal at 880 keV corresponds to the most abundant element on the GLC
surface, C. The background signal appearing at energies up to 1575 keV is attributed to the
Ar atoms entrapped in the porous GLC substrate during its synthesis by plasma deposition
(specified by the manufacturer). The two remaining peaks detected at 1450 and 1105 keV
are ascribed to Si and O elements, respectively. At 30 min deposition time, the Si and O
peaks become wider and more intense, indicating that the SiOx layer has grown. The energy
shifting of the C and Ar signal edges by 33 and 24 keV, respectively, further confirms the
growth of the SiOx layer on the substrate. As the oxygen supply (2 sccm) is cut off, the
chamber is progressively filled with a pure argon plasma as the oxygen is pumped out.
However, the intensity of the O peak keeps on increasing until it reaches a maximum after
50 min of deposition. Beyond this time, the peak remains stable. Moreover, at long

deposition times, the O peak maximum shifts to lower energy, and an asymmetry appears.
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This indicates that a new layer with a different stoichiometry is being deposited on top of
the initial layer. The Si peak also becomes asymmetric at long times; however, unlike the
O peak, its intensity keeps on increasing until the end of the experiment. Notably, the
asymmetry of the Si peak mirrors that of the oxygen peak, as the peak maximum remains
centered at the energy corresponding to the surface. As expected, the fraction of Si in the
deposited film increases after shutting off the Oa supply, leading to a peak that is more
intense near the surface (higher energy edge) than at the substate interface (lower energy
edge). The inverse is observed for the O peak. By the end of the experiment, the C and Ar
signals have shifted by 88 and 133 keV, respectively, due to the presence of the plasma-
deposited film.

The ERD spectrum acquired after 3 min of deposition (Fig. 7b) exhibits a broad peak below
426 keV, which indicates that the GLC substrate initially contains a significant amount of
hydrogen. At longer deposition time, the upper limit of the peak slightly shifts towards
lower energy, and it reaches 420 keV by the end of the experiment. This means that H is
incorporated into the film during the deposition process. Indeed, a SIMNRA analysis [35]
of the last ERD spectrum shows the hydrogen signal from the substrate is around 350 keV
as indicated in Fig. 7b. Considering that the intensity of the peak decreases in the region
corresponding to the deposited film (near 400 keV), less H is incorporated during
deposition than during the synthesis of GLC. Although no H was intentionally introduced
into the chamber, this element is known to be a pervasive impurity that cannot be easily

eliminated by pumping.

A SIMNRA analysis of the 80 min RBS spectrum shows that a total of 3.3x10'° ions.cm™
has probed the sample during the whole experiment. While this value is not too very large,
it may still alter the deposited sample. Consequently, in similar future experiments, RBS
measurements should be done on a neighboring spot at the end of plasma deposition to

check if IBA does alter the studied process.

The stoichiometry of elements in the plasma-deposited thin film was determined based on
the ratios of the corresponding RBS peaks to the peak summed over a certain range. To
assess the composition of the surface layer, the peaks were summed over 55 keV (20

channels), an energy that is just below the surface energy. Meanwhile, the composition of
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the whole layer was analyzed by summing over 137.5 keV (50 channels). To convert the
counts into Si:O ratio, the Z> dependence of the Rutherford cross-section must be
considered. Specifically, since peak intensity rises strongly with the element’s atomic
number, it must be divided by Z? to properly evaluate the elements’ concentration[16,36].
Fig. 8a presents the evolution of the Si/((Si+O) and O/(Si+O) ratios (in percentage)
corresponding to the surface region as a function of plasma deposition time. The evolution

of the Z*-normalized total signal intensities of Si and O is presented in Fig. 8b.
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Figure 8: a) Temporal evolution of Si/(Si+0O) (blue) and O/(Si+O) (ved) in the surface region (summed over 55 keV). b)
Temporal evolution of the Si (blue) and O (red) total peak area.

As shown in Fig. 8a, the relative concentrations of O and Si to the sum of the two fluctuate
significantly during the first few minutes of deposition due to the proximity between the
RBS peaks of these elements and the Ar background level. After 10 min, the peaks become
stable, and after 20 min, the concentration of Si reaches ~33%, which indicates that SiO»
is being deposited. When the oxygen supply is cut off at 33 min, the concentration of O
declines, whereas that of Si increases. Since the deposition rate is rather low, the linear
variation suggests that the surface layer is progressively shifting from SiO> to pure Si. This
shift is relatively smooth, which suggests that oxygen remains in the plasma chamber for

quite some time.

The results illustrated in Fig. 8b shows that the Z>-normalized total signals of Si and O
increase linearly with time. Note that the absolute signal values are not reliable since the

background was not subtracted before summing the peaks. After cutting off the oxygen
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supply at 33 min, the Si deposition rate immediately increases, but the O deposition rate
remains the same until 53 min. Beyond this time, the O signal becomes saturated.
Considering that the oxygen residence time at the working pressure of the plasma
deposition experiment is estimated to be 6 ms, 20 min are needed to remove most of the
oxygen from the chamber, which agrees well with the time-resolved RBS measurements.
Since the total O peak remain constant for 20 min at the end of the experiment, it is
expected that O surface concentration would eventually reach 0%. Even though Figure 8a
shows a final O concentration of ~10-20% due to the weak Si deposition rate, it should
eventually reach close to 0% had the experiment lasted longer. Overall, the RBS and ERD
data show that real-time in-plasma measurements provide useful information regarding the

evolution of thin layer deposition.

4.2. Graphene modification monitoring by Raman spectroscopy

The setup proposed herein can also be used to study ion- of plasma-induced defect
generation in low-dimensional materials such as graphene. For instance, Raman
spectroscopy is widely used to characterize graphene monolayers. As shown in Fig. 4, the
main Raman bands of graphene are D, G, D’, and 2D. Using a 532 nm laser (Ejaser = 2.33
eV), these bands are detected at 1350, 1580, 1610, and 2690 cm™!, respectively. The
intensity line ratio of D to G (Ip/Ig) is commonly used to determine defect density [37,38].
By plotting the ratio of the D peak area to the G peak area (Ap/Ag; values corrected by the
laser wavelength) as a function of the FWHM of the G peak (I;), Cancado et al. [39]
determined both, the defect nature and density. The same method was used in other studies
to understand the defect generation kinetics by argon and nitrogen plasmas [5,12,40,41].
In these studies, monolayer graphene was exposed to numerous excited species such as low

energy ions (2—15 eV), metastable species, VUV photons, and nitrogen atoms.

In our proposed setup, source #3 can be used to produce a beam of Ar ions whose energy
is similar to that of the ions obtained following their acceleration in the sheath of low-
pressure plasmas [5]. Metastable species and VUV photons can be neglected in this case,
and only the effect of low-energy ions on the graphene state is observed (no synergetic
effect with other plasma-generated species) using the in-plasma Raman spectroscopy

system. Herein, the measurements were performed every 10 s with an integration time and
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laser power of 4 s and 2.1 W, respectively. The statistics of the spectra obtained under these
conditions are good enough to use the procedure presented in section 2.3. The subtraction
method discussed in section 3.2 is not needed, since source #3 does not produce significant
amounts of light close to the substrate. Consequently, the evolution of graphene can be
followed during ion beam exposure. The ion beam was produced by a plasma generated at
the working pressure of 5 mTorr and the excitation power of 50 W. To reproduce the ion
bombardment process typical of the plasma condition, the first grid bias was set at 13 eV.
Figs. 9a and 9b present the evolution profiles of Ip/l¢ and I; as a function of time,
respectively, for eight Raman points recorded simultaneously (the ninth point is dismissed
as it is probing an area outside the graphene sample). The Cancado-like plots described

previously are shown in Fig. 9c.
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Figure 9: Temporal evolution of a) Ip/I and b) ' for eight Raman points recorded simultaneously. c) Variation of Ap/Ac

(corrected by the laser energy) as a function of I'c. Green curves: see text.

As shown in Fig. 9a, Ip/lg increases linearly with time for all points. The profiles of six
Raman points are almost superposed, with Ip/Ig ratios increasing from 0.1 to a maximum
of 3.5 within 175 s of ion beam treatment. The two remaining Raman spots present slightly
different behaviors, as one (in blue) reaches a maximum Ip/Ig value of 3 within 175 s, while
the other (in cyan) reaches 2.9 within 200 s. Beyond the maximum, all ratios decrease and
then stabilize at around 1.5. The overall behavior of Ip/Ig is typical of defect generation

and is commonly observed in defective monolayer graphene. For instance, the increasing
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ratio corresponds to “stage 17 graphene whose defect concentration is low, while the
decreasing ratio is indicative of “stage 2” graphene whose defect concentration is very high

[20].

1

Initially, the value of Ij; is 13 cm™', irrespective of the analyzed spot on the substrate

surface (Fig. 9b). For all investigated Raman spots, this value increases linearly to 35 cm™!
at 175 s, except in the case of the blue and cyan datasets. As shown in Fig. 9b, these profiles
exhibit a lower rate of increase in I; compared to the other profiles. Indeed, the blue and
cyan profiles present I; values of 32 and 29 cm™!, respectively, at 200 s. Beyond this time,
I;; rises even though at a lower rate for all cases. Of the six spots initially superimposed,
five reach a value of around 45 cm™! by the end of the experiment. The green (sixth spot),
blue, and cyan datasets reach 40, 44, and 37 cm™!, respectively. Notably, the inflection in
the I;; evolution does not strictly coincide with the maximum of Ip/Ig. The evolution of I

can be ascribed to defect concentration. However, [; is also dependent on doping level

[42], which makes its interpretations less straightforward than Ip/Ic.

The Cancado-like plots presented in Fig. 9c demonstrate that in the I7; range of 13-30 cm ™!,
Ap/Ag increases from 15 to around 100 for all analyzed spots. Between 30 and 36 cm ™!,
the area ratio decreases to 80, then it decreases further to 70 as I reaches 45 cm™!. Since
I; increases monotonically with time, the plots in Fig. 9c also reflect the variation of the
area ratio as a function of time. Similar evolution profiles are detected for all spots, even
though the blue and cyan dataset profiles are slightly different. The former profile exhibits
a maximum of ~100 at around 25 cm™!, while the latter attains a maximum of 90 at around
30 cm™ L. To better understand the Cancado-like plots in Fig. 9¢, they must be compared to
the theoretical plot (fluorescent green), which can be obtained using the method described
in Cancado et al. [39] depending on the nature of the generated defects. Typically,
vacancies are considered 0D defects (top green curve), while cracks and grain boundaries
are considered 1D defects (bottom green curve). As shown in Fig. 9¢, the maxima of all
experimental curves obtained herein (I;; = 30 cm™!) are lower than that of the 0D theoretical
curve (I = 25 cm™'). This suggests that defect generation during the experiment is not

purely OD. Indeed, the Raman system probes a circular spot that is 8 um wide and may
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contain a mix of 0D and 1D defects. Similar results were reported for monolayer graphene

exposed to a low-pressure argon plasma [5].

Since the sample is monolayer graphene grown by chemical vapor deposition, it inevitably
comprises grain boundaries that can influence Raman measurements [21]. In principle, the
13 V acceleration applied herein cannot generate vacancy-type defects, as it is well below
the estimated threshold barrier of 18-20 eV [43]. However, at such energy, the ion
neutralization probability is relatively high and can provide significant local energy (up to
15.96 eV for Ar ions) to the surface. The mechanism behind such a phenomenon remains
unclear, but this setup will enable more thorough studies that can shed light on defect
formation and annealing kinetics following ion beam and plasma exposure. Considering
that the nine studied points are distributed over a 1.6x1.6 mm? square, each point probes
an essentially different area. Therefore, the obtained results may be used to assess the
uniformity of the treatment. Herein, we show that five to six points probe graphene areas
that may be considered identical (similar profiles in Figs. 9a, 9b, and 9c¢), while two points
probe essentially different areas such as graphene edges. Still, it is not possible to
distinguish between the areas based on their initial state, since the Raman parameters are

relatively similar to those of the other points.

5. Conclusion

Although plasmas are universally used for material processing, the modification of
materials by plasmas is often not fully understood. This is mainly due to the extremely
complex interactions between the plasma-generated species and the sample. Considering
the importance of miniature devices and low-dimensionality materials in technological
applications, a fundamental understanding of plasma-surface interactions is crucial to
control defect generation and kinetics. The hybrid setup presented in this paper is equipped
with four plasma sources that generate ion and neutral beams, inductively coupled plasmas,
and magnetron plasmas. In-plasma IBA and Raman spectroscopy systems are also
incorporated into the setup, and they may be used to provide a detailed characterization of
materials in the absence of ambient air exposure. /n-plasma RBS and ERD measurements

can also be performed, as the design of the setup achieves reduced pressure close to the
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detectors. Herein, real-time in-plasma analysis of a-SiOx deposition by magnetron
sputtering is performed using IBA. Such analysis can be used to assess the fine changes in
material composition during deposition. Although the plasma does not affect the RBS and
ERD measurements, the laser from the Raman setup can bling the RBS detector. Therefore,
experiments must be planned carefully to avoid any interference. Furthermore, in-plasma
Raman spectra are obtained using a simple method that eliminates the emission lines of
plasma-excited species, even when their intensities are comparable to those of the Raman
peaks. To demonstrate the capabilities of the designed reactor, an experiment of defect
generation in monolayer CVD-graphene by very low-energy argon ions is carried out using
in-plasma Raman spectroscopy. The results of this experiment provide insight into defect
generation in real-time, and they are in good agreement with the numerous studies
published in the literature on graphene defects. The results also provide spatial information
regarding the sample, which can be extremely useful for non-uniform samples, including
low-dimensional materials with grain boundaries [40,41]. In general, the setup proposed
herein constitutes an extremely powerful tool that can be used to study plasma-surface
interactions and assess the fundamentals of material processing by plasma, thereby laying

the foundation for the development of new nanomaterials.
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