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ABSTRACT: We demonstrate that ambient pressure X-ray
photoelectron spectroscopy (APXPS) can be used for in situ
studies of dynamic changes in surface chemistry in a plasma
environment. This opens a new and vast application space for XPS
and greatly complements modern spectroscopy techniques to
probe plasma−solid/liquid interactions relevant to process
monitoring in the semiconductor industry, biomedical plasma
applications, and plasma remediation technologies. Hexagonal
boron nitride (h-BN) grown on Cu was used in this study as a well-
defined model system for plasma process monitoring because of its
unique chemical, optical, and electrical properties that make it a
prospective material for advanced electronics. To better under-
stand the stability and surface chemistry of h-BN during plasma-
assisted processing, we track in real time the plasma-induced chemical state changes of B, N, and the underlying Cu substrate using
APXPS equipped with an AC discharge plasma source operating at 13 Pa. Residual gas analysis mass-spectra were concurrently
collected during plasma-XPS to track reaction products formed during plasma exposure. A clear reduction of CuxO is seen, while an
h-BN layer remains intact, suggesting that hydrogen radical (H•) species can attack the exposed and h-BN-covered Cu oxide patches
and partially reduce the underlying substrate without significantly damaging the overlaying h-BN, which is of practical importance for
development of h-BN-encapsulated devices and interfaces. In addition to demonstration of plasma-XPS capabilities, we discuss the
observed challenges (e.g., parasitic plasma-chamber wall reactions and charging e/ects) and propose potential solutions.

1. INTRODUCTION

Modern ambient pressure X-ray photoelectron spectroscopy
(APXPS) measurements are conducted at pressures spanning
approximately 10−8 to 103 Pa range, allowing for a robust
metrology technique of choice for in situ studies of realistic
surfaces and interfaces, specifically for gas−solid or gas−liquid
interfacial reactions (see recent reviews1−3 and references
therein). There is a clear recent trend in the application of
APXPS to operando studies relevant to semiconductor
microfabrication technologies.4 In this regard, most cold
plasma semiconductor processing occurs at 10−1 to 103 Pa,
which overlaps with the operational pressure range for APXPS.
Therefore, application of APXPS to interrogate the surfaces
and interfaces in a plasma environment is, in principle,
possible. This would be greatly beneficial for fundamental
studies of plasma−solid/liquid interactions (see recent
perspectives5,6 and references therein) and plasma-assisted
process monitoring in semiconductor fabrication technology,
where the real-time analysis of interfacial chemical composition
with submonolayer precision is a common requirement. The
original solution for quasi-real-time monitoring of plasma−
surface interaction using electron spectroscopy employed the

so-called “spinning wall” method.7 This involves a fast-rotating
cylindrical sample positioned between two di/erentially
pumped skimmers; thus, the sample can be exposed to a
plasma environment at one side and can be probed with Auger
electron spectroscopy and mass spectrometer from the other
high-vacuum side up to ca. millisecond after plasma exposure.
However, to our best knowledge, no systematic e/orts have
been undertaken yet, except for a recent application note,8 to
collect true real-time XPS spectra under plasma operating
conditions. Instead, a traditional ex situ or in situ (without
vacuum breaking) “before-and-after” plasma exposure ap-
proach is usually employed.9,10 Both methods are suitable for
understanding many plasma-induced surface phenomena but
lack the ability to track short-living or fast-di/using chemical
intermediates that may control reaction mechanisms at the

Received: January 12, 2024
Revised: April 10, 2024
Accepted: April 12, 2024
Published: April 29, 2024

Articlepubs.acs.org/JPCC

© 2024 American Chemical Society
7591

https://doi.org/10.1021/acs.jpcc.4c00253
J. Phys. Chem. C 2024, 128, 7591−7600

D
o
w

n
lo

ad
ed

 v
ia

 V
A

N
D

E
R

B
IL

T
 U

N
IV

 o
n
 J

u
n
e 

2
0
, 
2
0
2
4
 a

t 
2
0
:1

7
:4

5
 (

U
T

C
).

S
ee

 h
tt

p
s:

//
p
u
b
s.

ac
s.

o
rg

/s
h
ar

in
g
g
u
id

el
in

es
 f

o
r 

o
p
ti

o
n
s 

o
n
 h

o
w

 t
o
 l

eg
it

im
at

el
y
 s

h
ar

e 
p
u

b
li

sh
ed

 a
rt

ic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="J.+Trey+Diulus"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+E.+Naclerio"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jorge+Anibal+Boscoboinik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ashley+R.+Head"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Evgheni+Strelcov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piran+R.+Kidambi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Piran+R.+Kidambi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrei+Kolmakov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.jpcc.4c00253&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00253?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00253?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00253?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00253?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00253?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jpccck/128/18?ref=pdf
https://pubs.acs.org/toc/jpccck/128/18?ref=pdf
https://pubs.acs.org/toc/jpccck/128/18?ref=pdf
https://pubs.acs.org/toc/jpccck/128/18?ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c00253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JPCC?ref=pdf
https://pubs.acs.org/JPCC?ref=pdf


plasma−solid, plasma−liquid, or bio-interfaces. Moreover,
many processes, such as plasma-assisted atomic layer
deposition and pulsed plasma etching, employed in semi-
conductor manufacturing are inherently time-dependent, thus
requiring operando surface status diagnostics. Here, we
demonstrate laboratory-based APXPS capabilities for studying
plasma-induced surface chemistry and confined reactions in
operando, using a hexagonal boron nitride (h-BN) monolayer
grown via chemical vapor deposition (CVD) on polycrystalline
Cu foils as a model system.
h-BN has garnered significant interest in the advanced

electronics community due to a wide array of unique chemical,
thermal, and electrical properties that are useful in numerous
optical and electronic applications (see reviews in refs 11−13
and references therein). h-BN-capped heterostructures and
interfaces have been of interest for solid-state lighting, high-
power/temperature electronics, etc. Due to a wide bandgap of
about ≈6 eV, chemical inertness, and breakdown strength, h-
BN has also been suggested as a prospective trap-free gate
dielectric material, showing particularly impressive perform-
ance in 2D electronics and high-mobility diamond transis-
tors.14 Multiple studies have shown that h-BN can further act
as a passivation layer, to resist complete oxidation of an
underlying substrate15 or impede interlayer di/usion through
stacked materials in electronic devices.16 Cu is a convenient
model substrate material for testing boron nitride as an
encapsulant because h-BN can be epitaxially grown via CVD
on any Cu orientation, with a near-perfect lattice match
achievable on the Cu(111) surface.11 Furthermore, the

synthesis/transfer of h-BN/Cu to arbitrary substrates can
routinely be done using a variety of wet or dry methods.17,18

An ideal CVD-grown, defect-free single-crystal h-BN layer
would completely prevent the oxidation of the Cu substrate.
However, intercalation of O2 through the point/linear defects
in an h-BN monolayer can still occur in realistic samples,
yielding an underneath Cu surface predominantly oxidized to
copper(I) oxide (Cu2O) instead of complete oxidation to
copper(II) oxide (CuO).15 This intercalative oxidation can
occur thermodynamically, even at room temperature (RT), if
the partial pressure of oxidizing species is high enough. This
can limit the lifetime of pristine unoxidized h-BN/Cu
heterostructures to a few weeks in an ambient environ-
ment.19−21 In addition to intercalative oxidation, deintercala-
tion has also been demonstrated,19 although the ability to
subsequently intercalate a reducing molecule and recover the
initial interface without completely destroying the h-BN layer
has been more challenging to achieve.
Transport through 2D membranes is well known and has

been suggested as a method for improvement across several
electronic applications.22 Prior H2 exposure experiments to
intercalate molecular hydrogen under h-BN showed that the
process can occur either through the defects or via edge
intercalation at the h-BN/Cu interface due to the low energy
barrier for molecular dissociation and di/usion at the
interface.23 On the other hand, plasma-generated hydrogen
radicals (H•) have an atomic diameter smaller than the h-BN
lattice constant and can potentially penetrate directly through
the hexagonal ring, thus increasing the probability of reacting
with the underneath substrate. A previous report24 shows that

Figure 1. Schematic of BNL APXPS system with the reaction chamber, plasma source (PS), and residual gas analyzer (RGA) (a); photograph of
the ignited plasma at 13 Pa (b) with the sample retracted away from XPS focus; diagram of plasma surface interaction for h-BN/Cu (c); remote H2

plasma emission spectrum (wide slits) collected near the sample also at 13 Pa (d).
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not only can remote plasma H• radicals intercalate through h-
BN but can also form hydrogen “bubbles” after intercalation
due to recombination of radicals underneath the h-BN.
Interestingly, exposure to an Ar and O2 plasma does not
show such behavior, supporting the radical/ion size selectivity
of the intercalation process. The reaction and modification of
the h-BN itself due to reaction with hydrogen radicals has been
reported as well.25−28

Overall, the understanding of plasma-induced surface and
interfacial (e.g., intercalation) reactions is still elusive and
would greatly benefit from operando plasma-XPS capabilities
that are demonstrated and discussed in this report. Using
polycrystalline Cu foils with CVD-grown h-BN that have been
slightly oxidized in ambient conditions as a model system, we
comparatively assessed the reduction at RT of the surface via
two hydrogenation methods: (i) simple exposure to H2 at 13
Pa and (ii) exposure to a low-power (15 W) H2 remote plasma
also at 13 Pa with APXPS. Complementary scanning electron
microscopy (SEM) provides morphological maps of foil
surfaces before and after hydrogen radical exposure. Using
plasma-XPS, and a sample with a 2D overlayer, we
demonstrate the ability to track dynamic changes related to
plasma-induced chemistry. Ultimately, we show that H• can
interact with the confined oxide and reduce the Cu surface,
suggesting that a route to reduce the Cu substrate and recover
the original h-BN/Cu interface is possible within a certain
parameter space.

2. METHODS

Single monolayer h-BN was grown on polycrystalline Cu foil
via CVD using a low-pressure chemical vapor deposition
(LPCVD) setup.11 Briefly, polycrystalline Cu foil (99.9%
purity, 18 μm thick) is pre-etched in 20% nitric acid to remove
surface contaminants, followed by successive water rinses.
After drying, the sample is loaded into a custom LPCVD
system consisting of a hot-walled tube furnace with a separate
side chamber up-stream of the reactor in which the solid
precursor (ammonia-borane, 98% purity) is sublimed. The foil
is annealed for 30 minutes at 1025 °C under 500 sccm of
hydrogen prior to growth. h-BN is grown at 1025 °C under 50
sccm of hydrogen by subliming 3.5 mg of ammonia-borane
precursor at 85 °C for 90 min. The precursor supply is then cut
o/ and the reactor is rapidly quenched to room temperature.
The h-BN/Cu samples were briefly exposed to the atmosphere
following deposition and then stored in vacuum (ca. ≈10 Pa)
inside a desiccator box for a few months, where they have
gotten slightly oxidized, predominantly at the defect sites. We
used these h-BN/Cu samples as a model system for studying
the H•-induced recovery of the original metallic Cu at the h-
BN interface.
Plasma-XPS experiments were performed at the Center for

Functional Materials at Brookhaven National Laboratory
equipped with a lab-based APXPS system (Figure 1a).29 The
APXPS instrument utilizes a reaction chamber with a base
pressure of <5 × 10−7 Pa and the ability to backfill the entire
chamber with hydrogen gas during data collection. The
reaction chamber is separated from the multistage di/erentially
pumped electrostatic focusing lens system and electron
spectrometer by a 300 μm diameter cone aperture to enable
XPS data collection at pressures up to ca. 200 Pa (Figure 1a,b).
The sample position was adjusted to the focal point of the X-
rays (600 μm below the aperture) by optimizing the intensity
of a photoemission peak. A monochromatized Al Kα X-ray

source (hν = 1486.6 eV), focused to a ca. 300 μm diameter
spot size and fixed at 55° from the sample normal, was used for
acquiring XPS spectra. Survey spectra were collected using a
pass energy of 50 eV with a dwell time of 100 ms and a step
size of 1 eV, as presented in the Supporting Information. High-
resolution spectra were collected with a 20 eV pass energy, 250
ms dwell time, 50 meV step size, and suLcient sweeps for
decent signal-to-noise, with doubled number of sweeps for data
collected at elevated pressure. No e/ect of plasma ignition on
signal noise was noticed. The spectrometer transmission
function was estimated by measuring an Ag reference sample
and plotting the intensity of each peak vs KE after normalizing
the peaks with respect to their respective cross sections. The
plotted data were then interpolated to obtain the transmission
function, where the values of each measured electron kinetic
energy from this study were entered to obtain a transmission-
based sensitivity factor. A standard set of scans would consist
of a survey, Cu 2p, O 1s, N 1s, C 1s, B 1s, and valence band,
which would total roughly 3600 s of scan time. Sample heating
was performed by controlling the power of an infrared laser
aimed at the backside of the sample holder. The temperature
was monitored in situ with a K-type thermocouple spot-welded
to the sample plate.
The first APXPS di/erential pumping stage is equipped with

a quadrupole mass spectrometer for RGA of the reaction
chamber environment during hydrogen/plasma exposure
(Figure 1a). The secondary electron multiplier was used to
improve signal-to-noise RGA scans when the pressure in the
first stage was below 10−4 Pa. A survey analog scan was first
collected for a mass-to-charge ratio (m/z) of 1 to 100 Da/e of
the background ultrahigh vacuum (UHV), and then during
chamber backfilling of 13 Pa H2, and during the ignited plasma
at 13 Pa H2, all collected with a sweep time of ca. 33.5 s.
During each APXPS spectrum scan, with and without ignited
plasma, RGA data were collected only for specific masses (m/z
= [2, 16, 18, 28, 32, 40, and 44] Da/e) for increased time
resolution, using 100 ms dwell time for each m/z. To
di/erentiate the on-sample reactions from the side (on-wall)
reactions, RGA data were collected where no sample was
present in front of the cone orifice during plasma.
Plasma was generated in the APXPS by backfilling the

analysis chamber to 13 Pa of H2 and applying 1 keV peak-to-
peak AC voltage (22 kHz) to the in-chamber copper electrode
through a high-voltage feedthrough. The power supply was set
to a power output of 15 W. The driving copper electrode was
located 10 cm from the sample during XPS spectral acquisition
well beyond the main visible discharge area (Figure 1b).
Therefore, the sample is under remote plasma conditions
where the concentration of ions and electrons is low and
surface redox reactions are controlled mainly by hydrogen
radical species (Figure 1c). This is confirmed by a hydrogen
plasma afterglow spectra that exhibit a violet hue, seen in
Figure 1b, due to the mixing of H-alpha (Hα) and H-beta (Hβ)
Balmer series visible spectral lines of the hydrogen atom at 656
and 486 nm, respectively. An optical emission spectrum of the
hydrogen plasma is shown in Figure 1d, where the major
atomic recombination peaks Hα and Hβ are seen, in addition to
the much lower intensity broad molecular (H2 Fulcher) band.
Complementary SEM measurements were conducted ex situ

in a separate UHV scanning Auger microscopy system (SAM),
at a base pressure of <1 × 10−7 Pa. The typical electron beam
parameters were as follows: probe current within 100 pA to 2
nA range depending on the field of view (FOV); beam energy
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3 kV; and FOV of ca. 100 nm2 to 100 μm2. The sample was
angled at 15° toward the analyzer to further enhance the
collection eLciency of Auger electrons. SEM images were
collected using an in-lens detector, which is sensitive
predominately to low-energy secondary electrons. The SAM
system also has an XPS chamber for traditional UHV data
collection, using a monochromatized Al Kα X-ray source (hν =
1486.6 eV) focused to ca. 1.5 mm × 2 mm oval spot size and
angled 30° from the sample normal. The electron energy
analyzer is positioned for 30° electron emission (thus, 90°

angle from source to analyzer) and set to a 6.3 mm lens
aperture with a 3.3 mm × 11 mm exit slit opening. All survey
spectra were collected using 100 eV pass energy, 200 ms dwell

time, 0.5 eV step size, and 2 sweeps. For high-resolution
spectra, the pass energy was lowered to 20 eV, with a step size
of 50 meV, a dwell time of 300 ms, and suLcient sweeps to
achieve a decent signal-to-noise. All XPS spectra were peak fit
using a Shirley background and normalized to the lower
binding energy baseline to account for occasional changes in
X-ray source intensity.

3. RESULTS AND DISCUSSION

The data acquisition flow was the following: after collecting
baseline spectra and SEM images of the as-received sample
(bottom spectra in Figure 2a−e and Figure 2f, respectively),
we backfilled the chamber with 13 Pa partial pressure of H2

Figure 2. XPS collected for Cu 2p (a), O 1s (b), N 1s (c), and B 1s (d) of “as-received” h-BN/Cu foils (bottom spectra), followed by APXPS in 13
Pa partial pressure of H2 (middle spectra), and finally during plasma exposure also in 13 Pa partial pressure of H2 (top spectra), all collected at RT.
Representative SEM images of the h-BN/Cu stack collected before (e) and after plasma exposure (f) using nearly the same beam current (2 and 1.5
nA, respectively), beam energy (3 kV), and detector settings.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c00253
J. Phys. Chem. C 2024, 128, 7591−7600

7594

https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00253?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00253?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00253?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c00253?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c00253?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


and collected spectra continuously during exposure to
molecular hydrogen (middle bottom spectra), leading to an
exposure time of roughly 3600 s. At RT, no significant redox
chemistry is expected to take place outside of the potential
intercalation of H2. Cu 2p spectra in Figure 2a collected before
and after exposure to 13 Pa H2 show Cu(I) satellite features at
a binding energy of ca. 944 eV, in addition to three peak fits of
the 2p3/2 peak, corresponding to metallic Cu0 (932.6 eV, red),
Cu+ copper(I) oxide (933.7 eV, green), and Cu+ copper(I)
hydroxide (935.4 eV, blue).30 This agrees well with before-
and-after O 1s spectra shown in Figure 2b, where two oxidized
Cu peaks are seen at 530.5 eV (red) and 531.6 eV (blue). The
lower energy (red) peak corresponds to Cu+ copper(I) oxide,
while the higher energy (blue) peak is most likely copper(I)
hydroxide,31 although it could also be Cu-bound carbonate
species.32 Two additional peaks are also seen corresponding to
adventitious carbon species (532.5 eV, green) and adsorbed
water 533.7 eV (orange). These two higher energy peak
intensities are likely a/ected by d-band-to-Fermi level
excitations that lower the O 1s energy of the CuxO-based
electrons, providing a broadened peak at ca. 533 eV that will
overestimate the intensity of the adventitious species.33 In our
case, the main focus is the change in relative peak ratios of the
two cuprous oxide peaks to the adventitious contamination
peaks and the change in overall total oxide content. Ultimately,
RT exposure to molecular H2 at 13 Pa shows no clear evidence
of reduction of the Cu substrate, with the primary di/erence
being a slight increase in adventitious carbon and a decrease in
adsorbed water, which can be explained by a change in vapor
equilibrium with the introduction of H2 gas. Similarly,
adsorption of other volatile adventitious species from chamber
outgassing by introducing H2 explains the increase in carbon
also seen in C 1s.
Virtually no change is seen in the N 1s (Figure 2c) before

and after exposure to molecular H2, where two peaks can be fit,
corresponding to N−B (398.1 eV, red) and N* (399.1 eV,
green). The shoulder peak (N*) arises from defects in the BN
layer that can be attributed to domain boundaries, multilayers,
and/or di/erences in h-BN/Cu interaction where a stronger
interaction leads to charge transfer and creates a shift to higher
binding energy.19,34 Intercalation of molecules like CO can
cause the XPS binding energy to shift even further as the h-
BN/substrate interaction changes due to intercalation.34 This
phenomenon is also present for the B 1s and can explain the
change seen in Figure 2d, where initially a single peak fit
corresponding to B−N (190.5 eV) then develops a shoulder
peak seen at 191.4 eV (B*) after H2 exposure. In this case,
exposure to, and intercalation of, H2 can weaken the
interaction of B−Cu, or additionally H2 intercalation between
multilayer islands (triangles seen in Figure 2e,f) can create a
similar peak shift. In our case, we use only one additional peak
fit to account for these peak shifts in N 1s and B 1s, although
there are likely multiple peaks with similar energies that create
this shoulder feature.
Following molecular exposures, we ignited a cold plasma

described in the experimental section where the discharge
source was positioned 10 cm away from the sample to expose
the sample predominantly to hydrogen radicals (remote
plasma conditions). Additional experiments (not shown
here) indicated that direct plasma exposure can cause the h-
BN single layer to be etched away by hydrogen ions within a
few hundred seconds. Instead, under a gentle remote plasma,
partially thermalized H radical species become the primary

species interacting with the sample, opposite energetic ions,
and electrons under direct plasma exposure that can etch h-
BN.
In Figure 2a, a clear loss in Cu 2p satellites takes place

during operando spectra acquisition under plasma exposure
(top spectra), in addition to the removal of the CuxO shoulder,
signifying a clear reduction of the Cu although some Cu+

component remains. The O 1s in Figure 2b shows a decrease
in the relative ratios between the adventitious species and the
oxidized Cu from the substrate, confirming that the plasma can
also interact with and “clean” the surface, although these
adventitious species can be redeposited to the surface rather
quickly at this pressure upon the quenching of the plasma, seen
by the increase in peak intensities for the spectra collected at
RT and UHV after plasma exposure. The N 1s remains mostly
the same, although it shows an increase in the ratio of N−B to
N*, while the B 1s shows a significant increase in the
secondary higher energy peak, again suggesting that
intercalative species may be a/ecting the interaction between
B and the Cu substrate. Additionally, the presence of a higher
energy peak (B**) becomes clear, which could be related to
oxidized boron. However, there is no clear indication of
oxidized boron species in the O 1s spectra, which would be
expected at ca. 534 eV, and while the adsorbed water peak is
near this energy, the peak intensity goes down upon plasma
exposure; thus, oxidation of B is most likely not taking place
during exposure to a reducing plasma. It is possible that this
increase in B* and B** can be from newly formed defects in
the BN lattice as a similar increase in the N* component of the
N 1s spectra is seen. Most likely, these defects are from islands
of exposed 2L h-BN (seen in SEM of Figure 2), where B−H or
N−H bonds are formed from reactions with plasma radicals.
Overall, there is an adequate remainder of N−B and B−N
clearly seen in the N 1s and B 1s, which suggests that an
overlayer is still mostly present and potentially repairable by
annealing.
After exposure to plasma, we purged the chamber to UHV

and cooled it to RT for collection of spectra again. Upon
cooling, we see the readsorption of some O and C species that
were removed during plasma exposure. Also, Cu 2p shows
even more reduction, as the sample was still being exposed to
plasma for the collection of the remainder of components (Cu
2p was collected first). Not much change is seen to the B or N
1s after quenching the plasma, other than a slight decrease in B
and N*, which could be related to desorption of H after
returning to UHV.
To gain a better understanding of the XPS results, we

utilized the Fadley method for calculating XPS atomic ratios
with the overlayer model,35 where we can determine how the B
1s, N 1s, O 1s, and C 1s change with respect to the Cu 2p
substrate peak. Using the spectrometer geometry mentioned in
the Methods section, calculating the transmission function
with an Ag reference (also mentioned in the Methods section),
assuming negligible di/erences in spectrometer detection
eLciency, and data tables for inelastic mean free paths36

along with photoabsorption cross sections,37 we can calculate
each ratio shown in Table 1. The total B/N is expected to be
less than 1 as the incorporation of O combined with the low
photoabsorption cross section of B 1s with Al kα X-rays leads
to an underestimation of the B 1s. As the spectra suggest, the
overall O content remains mostly the same after 3600 s
exposure to 13 Pa H2. The change in equilibrium pressure in
the chamber and desorption of adsorbed water explains the
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slight decrease from 5.2 to 4.8 in O 1s and the increase in the
very surface-sensitive B 1s signal from 0.9 to 1.2, while the total
N 1s remains mostly the same. The C 1s value slightly
increases, likely due to chamber outgassing with introduction
of the H2 overpressure. During plasma exposure, the total O 1s
and C 1s decrease by roughly two-thirds of the signal during
molecular H2 exposure, while the total N 1s and B 1s decrease
by only 1/3. The decrease in N 1s and B 1s is also anticipated
as the reduced Cu and removal of adventitious species enhance
the substrate signal that all values are referenced to. Still, the
N/B ratio remains at ≈0.7 from molecular H2 to plasma
exposure, but once the sample is returned to UHV and RT
after plasma, the ratio becomes ≈0.9, much closer to the
expected 1:1 ratio. The 0.7 ratio seen during H2 APXPS and
plasma-XPS is likely underestimated due to attenuation in the
gas phase in both measurements, along with an additional
biasing e/ect from the plasma potential, which is energy-
dependent and diLcult to account for in these atomic ratio
calculations.
Interestingly, we observed a noticeable shift of ca. 0.5 eV to a

higher binding energy for all peaks during operando XPS under
plasma conditions. Correlative change in binding energies
could not be explained by intercalation phenomena34 since it
would lead to weakening interaction with the substrate and
lowering the BE. In addition, a similar shift occurs also in the

Cu 2p and valence band spectra of the substrate foil, which
should still be well grounded, while additionally not shifting
back to the initial energy upon quenching of the plasma. Since
the peaks do not shift back after plasma exposure, this shift
cannot be related to an interplay between surface charging and
plasma potential. Instead, the shift presumably is an electronic
e/ect as the removal of oxygen at the h-BN/Cu interface
changes the band o/set and thus lowers the referenced Fermi
level. A related reverse e/ect was seen during oxidation of
pristine h-BN/Cu(111) where a peak shift to lower BE is seen
upon oxidation.21 This same behavior has also been seen for
the Co/h-BN interface exhibiting p-type band bending.38 We
have to note, however, that we do observe strong plasma-
induced binding energy shifts on dielectric and semiconductor
surfaces due to surface charging in a plasma sheath. These
e/ects are fully reversible and are the subject of current studies.
Typical areas of SEM images were also collected ex situ

before and after exposure to plasma presented in Figure 2f,g,
respectively. Prior to exposure, as received, the slightly oxidized
h-BN/Cu sample surface is covered with oxidized Cu clusters
(bright spots) appearing on an otherwise smooth h-BN/Cu
gray background. Oxidized spots densely decorate Cu staircase
valley edges. Some 2L multilayer h-BN can also be observed as
characteristic triangles. After plasma exposure, the fraction of
the pristine (gray) h-BN/Cu area noticeably increases with a
concomitant reduction in the density of the oxidized (bright)
clusters and an overall decrease of O 1s peak intensity. Simple
particle analysis of the before-and-after SEM images of the
oxidized Cu fraction corroborates with XPS observations,
confirming that the plasma is reacting with the C/O species
and “cleaning”/reducing the h-BN/Cu surface, while the BN
seems to remain intact under our remote plasma conditions. It
is not surprising that the surface contamination above the h-
BN layer decreases with exposure to plasma, but the clear
change in the Cu peak from XPS and evidence still of h-BN
wrinkles and multilayer triangles from SEM after exposure
demonstrate that the plasma is also interacting with the
confined interface underneath h-BN. Unfortunately, we cannot
state for certain if the h-BN layer remains unchanged at the
nanoscale level without a more rigorous structural analysis.

Table 1. Atomic Ratios Were Calculated for B 1s, N 1s, C
1s, and O 1s with Respect to (wrt) Cu 2p for Slightly
Oxidized h-BN/Cu As-Received, During APXPS at 13 Pa
H2, During Plasma-XPS at 13 Pa H2, and After Plasma
Exposurea

B 1s O 1s N 1s C 1s

as-rec 0.9 ± 0.5 5.2 ± 0.2 1.6 ± 0.2 3.8 ± 0.5

13 Pa H2 1.2 ± 0.3 4.8 ± 0.1 1.5 ± 0.2 4.1 ± 0.3

13 Pa H2 plasma 0.8 ± 0.2 1.8 ± 0.1 1.0 ± 0.1 1.6 ± 0.2

after plasma 1.0 ± 0.2 2.9 ± 0.1 1.1 ± 0.1 3.3 ± 0.3
aA Monte Carlo regression was executed by repeatedly adding noise
for 200 simulations where the artificial data were fit, providing a
standard deviation for area values that were propagated to the error of
the calculated ratios provided in the table.

Figure 3. RGA mass spectra collected during hydrogen remote plasma exposure for 300 s with the sample moved away from the “sniLng” cone (a)
and during plasma-XPS (b) for 3600 s. A zoomed-in slice on a similar time scale is shown in (b) and highlighted by red dotted lines with the full-
time range shown in (c). Gray dotted lines signify changes in the chamber ambient. H2 signal (m/z = 2 Da/e, golden curve) is reduced by a factor
of 10−3 for scaling.
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However, since we do not see any clear evidence of
characteristic etching pits or triangular island erosion following
plasma exposure, we can attribute the XPS changes to the N
and B 1s after plasma exposure to be primarily from reducing
the oxide at the h-BN/Cu interface. Hydrogenation of dangling
bonds at domain boundaries could take place but is not easily
identifiable with XPS due to the inability to measure hydrogen
XPS.
We now discuss the necessity of the operando plasma-XPS

studies and one of the challenges of in-chamber plasma-XPS.
To get a sense of potential reactions occurring on the sample,
we used the RGA connected to the first APXPS pumping stage,
similar to a prior APXPS experiment,39 which utilizes the cone
orifice as a “sniLng” probe of the plasma-induced reaction
products originating at the h-BN/Cu sample surface. Since the
sample-to-orifice distance was in the same order of magnitude
as the average molecular mean free path at 13 Pa of hydrogen
(our standard plasma conditions), the assumption was that a
significant fraction of the molecules entering the cone orifice
would experience at least a single collision with the sample
surface and would be related to the products of plasma-
induced surface reactions. To test the feasibility of this
approach and to discriminate between possible artifacts, we
collected RGA spectra during running plasma conditions when
a sample was (i) moved far away from the optimal “sniLng”
conditions and (ii) in front of the cone orifice.
Figure 3 shows temporal evolutions of ion currents for few

major molecular components during exposure to plasma for
300 s (a) and during the plasma APXPS collection (b) at RT
for 3600 s. Dotted lines in the figure separate between the
di/erent chamber environments, starting with an initial
baseline, after equalizing to 13 Pa partial pressure of H2,
when the plasma is switched on, and during pumping down as
the chamber is purged. Figure 3c shows red dotted lines, which
highlight the zoomed-in time scale shown in Figure 3b. During
the 300 s exposure in Figure 3a, the sample was moved away
from the cone and is primarily defined by the changes in gas
composition inside the analytical chamber upon plasma
application. Initially, as the H2 is backfilled into the chamber,
we see an uptake of all masses, which is common for APXPS as
the increase of the background pressure leads to outgassing
from the chamber walls.40 As the plasma is ignited, an
immediate increase in the O (m/z 16 Da/e, blue), CO (m/z

28 Da/e, aqua), and CO2 (m/z 44 Da/e, red) signals can be
observed directly corresponding with the plasma onset. A slight
increase in the H2O concentration (m/z 18 Da/e, gray) is also
seen. Note that no significant changes can be seen for H2 (m/z
= 2 Da/e, golden curve).
We interpret the observed results as plasma-induced

reactions with water and hydrocarbon molecules adsorbed at
the chamber walls, the e/ect of which is well known in the
plasma community as plasma reactor wall conditioning. Note
that qualitatively similar responses for all the same molecular
components can be observed during the APXPS measurements
under plasma conditions when the sample is in front of and in
proximity to the “sniLng” cone (Figure 3b). This fact
manifests two challenges: (i) the important and potentially
parasitic role of the side-wall reactions on the surface chemistry
of the sample of interest due to cross-contamination and (ii)
the need for understanding and optimization of sample-
selective mass spectroscopy in a global plasma environment.
Indeed, when the sample is placed directly in front of the cone,
the pumping eLciency of the chamber through the cone is
noticeably reduced. The observed kinetics in mass spectra
becomes a complex function of the true surface reactions,
molecule-specific orifice conductance, and sample/orifice
temperature due to its possible Joule−Thomson cooling.
These e/ects should not be significant in that they completely
misrepresent our hydrogen plasma results, but they generally
could make interpretation more challenging if one intended to
draw surface reaction paths and kinetics from the mass
spectroscopy data and compare this to XPS measurements.
Some of the potentially useful experimental solutions are
proposed in the next section.

4. CONCLUSIONS AND OUTLOOK

To summarize, we demonstrated that good-quality XPS spectra
can be collected while running plasma in the APXPS chamber.
Using CVD-grown h-BN monolayer Cu foil, we were able to
monitor the reduction of the oxidized CuxO clusters and
patches under remote plasma conditions, without noticeable
destruction of the h-BN overlayer. We also observed that the
operando plasma-measured core level energies of the h-BN/Cu
system exhibit the shift which provides clear evidence of the
reduction of oxide at the h-BN/Cu interface. On the other
hand, poorly conducting samples exhibit significant (up to tens

Figure 4. Current (a) and proposed (b−d) experimental setups for plasma-XPS. Running global plasma in a standard APXPS analytical chamber
may contaminate the sample of interest due to parasitic plasma−wall reactions (a). (Pulsed) microjet plasma (b) eliminates this problem and can
also be easily combined with liquid jet APXPS systems and plasma reaction kinetics studies; (c) membrane-based microchamber with
microdischarge inside can, in principle, operate under UHV conditions but mechanical and plasma robustness limitations for ca. 50 nm thick
membranes require the use of tender or hard X-rays to ensure suLcient membrane electron transparency; (d) open microchamber design with
precoated and well-cleaned walls combines advantages of (b) and (c) and is fully compatible with standard APXPS systems.
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of eV) but reversible XPS binding energy shifts when exposed
to a plasma environment due to surface charge buildup.
Furthermore, we emphasize that care must be taken in

interpreting the plasma-induced reactions at the sample surface
since the global plasma in the standard APXPS induces
numerous parasitic reactions at the chamber walls that, in turn,
can alter the sample surface (Figure 4a). These side-reactions
are an important component of real-world plasma environ-
ments, and plasma XPS metrology is an ideal platform for their
better studies. Potential solutions to di/erentiate between the
true sample and parasitic chamber wall plasma-induced
reactions would be localization of the plasma around the
sample using continuous or pulsed plasma microjets (Figure
4b; can also be combined with liquid microjet APXPS designs)
or employing thoroughly degassed small size sample enclosures
with a microplasma discharge inside (Figure 4c,d). These
could be completely sealed ca. 50 nm thick membrane-based
microchambers41 (requires tender or hard X-rays for suLcient
photoelectron transparency) or ones with open photon-in and
electron-out orifices. Such hardware, in principle, is already
available at some APXPS setups and requires only minor
customization for (micro-) PS incorporation.1,42,43

Overall, plasma-XPS is a new emerging metrology platform
that will greatly complement existing plasma chemistry studies.
The main advantage of this operando method is the ability to
detect short-living and/or fast-desorbing/di/using reaction
plasma-induced intermediates that are hard or impossible to
interrogate using a standard before-and-after approach. When
coupled with mass spectrometry, optical, and conductometric/
electrochemical measurements, plasma-XPS can become the
metrology of choice for a comprehensive study to monitor
complex plasma−solid or plasma−liquid interfaces, including
biomedical systems. A good example is sensitive monitoring of
industrially relevant plasma-assisted deposition or etching
processes, which are often pulsed and temperature modulated.
In addition, plasma-XPS drastically improves the e/ectiveness
of standard plasma−surface interaction studies, where, for
example, thermal cycling can be done under plasma exposure
without multiple lengthy sample transfers (or switching)
between analytical and plasma chambers (operation modes).
With the current level of APXPS instrumentation develop-
ment, the apparent application areas of plasma-XPS in
semiconductor manufacturing and process control, biomedical
diagnostics and treatment, aerospace materials development,
environmental remediation, plasma catalysis, and many others
can be envisioned. Finally, the goal of this work is to not only
assist current fields but also possibly inspire new directions for
plasma-XPS metrology.
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