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Abstract

Ultra-low energy (ULE) ion implantation is increasingly being explored as a method
to substitutionally dope graphene. However, complex implantation-related effects such
as defect creation and surface contamination, and how they can be minimized by
thermal annealing, remain poorly understood. Here, we address these open questions
taking as model case epitaxial graphene grown on Cu(111), which was subsequently
ULE-implanted with Mn at 40 eV, and then studied as a function of annealing tem-
perature in ultra-high vacuum. While significant surface cleaning occurs at annealing
temperatures as low as 200 °C, recovery from the implantation-induced disorder re-
quires at least 525 °C. Upon high-temperature annealing, in the 600-700 °C range,
the Mn atoms that were incorporated upon implantation as intercalated species (be-
tween graphene and the Cu surface) experience diffusion into the Cu layer, creating a
subsurface alloy. Annealing at 700 °C restored implanted graphene to a nearly pris-
tine state, with a well-ordered graphene lattice with substitutional Mn atoms and a
well-defined Dirac cone. In addition to the insight into the complex physico-chemical
effects induced by thermal annealing, our results provide useful guidelines for future
experimental studies on graphene that is modified (e.g., substitutionally doped) using

ULE ion implantation.

Introduction

Ultra-low energy (ULE) ion implantation has been successfully used to substitutionally dope
graphene, namely with N and B,'® P,% Ge” and Mn.® Although ion implantation in this
energy regime (tens of eV) is effective in producing substitutional incorporation with minimal
disorder, the resulting systems are highly complex, as non-substitutional incorporation of
the implanted atoms, defect formation and surface contamination also occurs.® Here, we
investigate these undesired effects associated with ULE ion implantation as well as how

they can be mitigated, in particular using thermal annealing in ultra-high vacuum (UHV).



In addition to giving insight into the physico-chemical processes, this work provides useful
guidelines for future experimental studies on ULE-implanted 2D materials, in particular
based on widely-used techniques such as photoemission spectroscopies and scanning probe
microscopies.

We take Mn-implanted graphene as a model case, building on recent work where the
structural and electronic properties of substitutional Mn in graphene grown on Cu(111) were
systematically studied.® In particular, substitutional Mn atoms were found to be slightly dis-
placed in the out-of-plane direction, toward the Cu surface. Regarding electronic properties,
it was shown that the Dirac-like band structure of graphene is preserved despite the dilute
substitutional doping with Mn (of the order of 0.04%), making it an ideal platform for in-
vestigating phenomena emerging from the interaction between local magnetic moments and
Dirac electrons. However, in addition to the desired incorporation of Mn atoms in substitu-
tional sites, other incorporation forms may also result from the ULE implantation process
(figure 1). In the energy regime required for the formation of C vacancies and subsequent
substitution (figure 1a), that is, when the ion energy is sufficiently large so that the en-
ergy transferred to the carbon recoil atom is larger than the threshold displacement energy
(Ty ~ 21 eV),? a significant fraction of the implanted atoms can also be intercalated into the
graphene-substrate interface (figure 1b), or even be incorporated into the substrate, forming
a subsurface alloy (figure 1c). Apart from the different forms of incorporation of the im-
planted atoms, other defects can also be formed (e.g., C vacancies), either from the direct
ion impact or from ions that are backscattered from the substrate. 013

Surface contamination must also be taken into account (figure 1d). While even for pristine
graphene, exposure to air results in significant hydrocarbon contamination within minutes, 4
the disorder induced upon ion implantation (implanted dopants, vacancies, etc.) is likely
to result in a higher surface reactivity. Moreover, the transition-metal substrates where
graphene is typically grown are prone to oxidation (e.g., Cu(111)'*1%) and water intercala-

tion (e.g., Pt(111)'7) upon exposure to air (figure le). Although graphene is impermeable
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Figure 1: Representation of various forms of incorporation of implanted Mn ions and of
surface degradation for graphene on Cu: (a) substitutional Mn, (b) intercalated Mn at the
graphene-Cu interface, (c) formation of a subsurface alloy from Cu and implanted Mn, below
graphene, (d) adsorbed hydrocarbon contaminants, and (e) Cu oxidation at the graphene-Cu
interface.

to any gases and liquids at room temperature (RT),'® such interfacial contamination is
facilitated by the edge (rim) and defects of the graphene grains.!® As a result of substrate
oxidation, the graphene-substrate interaction and thus the properties of graphene (structural
and electronic) can be strongly modified. %172 These effects (non-substitutional incorpora-
tion and different forms of disorder and contamination) not only affect the performance of
the doped 2D materials, but also make them significantly more challenging to study exper-
imentally. Thermal annealing in UHV is a common mitigation approach, which has been
used for decreasing disorder and substrate oxidation and to clean the graphene surface from
adsorbates.!>16:21"2 Here, we study the undesired effects of ULE ion implantation (non-
substitutional incorporation and different forms of disorder and contamination) as well as
how to mitigate them using thermal annealing in UHV. We focus on Mn implantation with
an energy of 40 eV as in reference 8, which is sufficiently high to produce Mn substitution,

but still low enough to minimize defect formation. The samples were studied in the as-



implanted state and after subsequent annealing steps in UHV up to 700 °C. Similar studies

were performed in non-implanted samples for comparison.

Methods

Our samples consist of epitaxial graphene grown by chemical vapor deposition (CVD) on
epitaxial Cu(111) thin films grown on sapphire(0001) substrates; the graphene layer covers
the full surface of the Cu/sapphire film.?* 2 inch polished Czochralski grown sapphire wafers
cut along c-plane with <0.1 ° miscut are used to prepare AlyO3 template wafers. The as-
received wafers are first cleaned in a 3:1 volume ratio of the acid mixture of HyO4:H3PO, at
180 °C for 20 min, followed by an ultra pure water rinse for 3 min. Immediately after the
cleaning process Cu films are grown. The cleaned sapphire wafers are placed in a Nimbus
310 sputtering setup with a base pressure of 4 x 107% mbar. Substrates are placed using
a 200 mm Si pocket wafer and sputtering is performed at room temperature for 173 s (21
passes under target) at 6 x 1073 mbar Ar pressure. The Cu deposition rate is calibrated
and corresponds to a rate of about 29 As~'. The applied power was 3000 W and the throw
distance is approximately 50 mm. The graphene growth process has been optimized taking
into account oriented monolayer growth and low Raman D peak. The growth conditions are
5000 scecm Ar: 125 scem Hy: 0.3 scem CHy at a pressure of 750 mbar close to the melting
point of Cu. The growth time is 30 min, while ramp-up and down is performed in a mixture
of Ar and H,.

ULE ion implantation was performed by electrostatic deceleration®>26 of a **Mn™ ion
beam from 30 keV to 40 eV, with perpendicular incidence with respect to the sample sur-
face, to a fluence of 1.5 x 10 ions per cm? (fluence rate of 1.7 x 10! cm™2 - s7!) measured
by integration of the electric current on sample during implantation.!*%® The nominal im-
plantation energy (40 eV in the present case) defines the maximum energy of the ions, with

an energy distribution that is peaked and truncated at this value, with a tail of the order of



several eV extending to lower energies.?>?® The samples were annealed in-situ with a ramp
rate of 1 °C/sec, after reaching the targeting temperature, the temperature was held for 20
minutes in order to make sure of a uniform temperature distribution, afterwards, the samples
were cooled down in the UHV (without active cooling). Throughout the annealing process,
the vacuum was kept below 5x10~% mbar.

The STM micrographs were obtained in UHV (base pressure ~ 107!Y mbar) at room
temperature using an Unisoku USM1000, at 78 K using an Omicron LT STM and at 2 K
using an Unisoku USM1500. We used electrochemically etched W tips and cut Pt—Ir tips.
The tip oxide from the W tips is first removed by flash annealing. Both types of tips were
characterized by scanning the Au(111) surface. All topographies were acquired in constant
Ty

Raman spectra were measured using a confocal Raman microscope (Monovista CRS+,
S&I GmbH) equipped with a 532 nm Nd:YAG laser. The laser was directed onto the sample
surface through an objective (OLYMPUS, BX43 50, numerical aperture 0.75), with the
maximum laser power remaining below 0.428 mW in order to avoid laser-induced modifi-
cation. All the measurements were obtained in ambient conditions, at room temperature.
The Raman spectra were analyzed after removing the substrate background and the Raman
bands were fitted with Lorentzian functions.

LEED measurements were performed in a UHV chamber with background pressure ~
4.5 x 107'% mbar using a rear-view LEED (RVL 900) from VG Microtech. The images were
recorded using a screen voltage of 1 kV and an electron beam energy of 75 eV (spot size ~
500 pm at 100 eV).

ARPES measurements were performed at the BaDEIPh beamline at Elettra synchrotron
in Trieste,?” with a photon energy of 34 eV. The ARPES spectra were obtained in UHV (base
pressure ~ 5 x 107'! mbar), at 80 K. The presented spectra correspond to a summation
of data that were separately acquired using linear p- and s- polarized light. The energy and

angular resolution were 10 meV and 0.1 °, respectively.



XPS measurements were performed at the SuperESCA beamline at Elettra synchrotron
in Trieste. All the spectra were acquired in UHV (base pressure ~ 107!9 mbar) and the
samples were placed in the normal emission (NE) configuration, with respect to the hemi-
spherical analyzer. For real-time XPS measurements, the spectra were acquired at a fixed
photon energy, considering the time budgets: 650 eV for pristine graphene and 780 eV for
Mn-implanted graphene. For high resolution core-level XPS measurements, the photon en-
ergies were chosen by optimizing the photoelectric cross section and the surface sensitivity,
where the C 1s, O 1s, and Mn 2p core-level spectra were acquired at photon energies of
400 eV, 650 eV, and 780 eV, respectively, with energy resolution always below 150 meV.
The binding energy scale has been calibrated with the Fermi level of the metal substrate.
The high resolution core-level spectra were fitted with Gauss-Lorentzian sum functions (to
approximate a Voigt profile) and a linear background (apart from the Mn 2p core-level data,
for which a Shirley background was used). More information about the experimental pa-
rameters and their justification is provided in section Additional XPS details and results in
supporting information.

17,19 and substrate oxida-

In order to minimize sample degradation (water intercalation
tion1®), the exposure to ambient was kept to a minimum, by storing the samples in a vacuum
desiccator (base pressure &~ 1072 mbar). For transportation between different laboratories
(between growth, implantation and multiple characterization steps), the samples were sealed
in plastic bags at low vacuum (800 mbar), which significantly slows down the process of sub-
strate oxidation during the transportation times (of the order of one day). The samples were
only exposed to the atmosphere when they were being manipulated (mounted/dismounted)
between different setups, with a typical exposure time of the order of a few minutes per ma-
nipulation. All the measurements that are sensitive to surface contamination (XPS, STM,
ARPES and LEED), that is, with the exception of Raman spectroscopy, were performed in

UHV, and the measurements associated with a given annealing step were performed immedi-

ately after annealing in UHV, without breaking vacuum. Raman spectroscopy was performed



in ambient conditions.

Results and discussion

The as-grown graphene on Cu(111) exhibits two main types of defects which are intrinsically
at the interface of graphene and the copper substrate, as shown in figure 2a,d. The point-like
depressions (some of them indicated by the white arrows) have been related to contaminants
as CO?873% and O;3! we will refer to them hereafter as Cu-defects. The nanometer scale patch
indicated by the orange arrow is associated with Cu-oxide which can vary from one sample to
another and it is in the range of a few percent coverage of the surface.?* In the as-implanted
state, one main additional type of defect appears which is characterized by a nanometer
scale circular patch where the atomic lattice of graphene is more easily resolved (some of
them indicated by red arrows in figure 2b). Additionally, protruding objects are observed
which can be ascribed to adspecies such as residual hydrocarbons, OH groups, displaced
C and Cu, and possibly Mn (see figures 2f,g). The as-implanted state often did not allow
for a stable tunneling junction (and thus scanning) likely due to contaminants which are
unstable on the surface (e.g., hydrocarbons as characterized below via XPS) and may be
displaced by the STM tip during the scan. Stable tip topographies as shown in figure 2b
could only be acquired after scanning for a couple of times the same area, indicating that
the STM tip sweeps the surface from contaminants during the scanning process.?? We also
note that the defect structure corresponding to substitutional Mn, which is characterized by
its triangular symmetry,® can be found in the as-implanted state (as indicated by the green
arrow in figure 2b and crop in figure 2e). Substitutional Mn defects are however more easily
resolved after thermal annealing in UHV (figure 2c) as the amount of surface contaminants
and other defects are reduced, as discussed in more detail in the following sections. Carbon
single vacancies are formed during the implantation process and they are mostly occupied

by single Mn atoms. Carbon vacancies can be distinguished from substitutional Mn as



they do not exhibit increased local density of states on the nearest carbon neighbors as the
substitutional Mn does.® We also note that the moiré superstructure in figure 2a appears to
have a different wavelength compared to the one in figure 2¢ (varying between approximately
4.5 nm and 2.5 nm). Such differences can be explained by small variations (by a few degrees
around a typical value of approximately 3 degrees) in the angular mismatch between the

graphene and the Cu(111) surfaces in different grains (different regions of the sample).®

Surface Cleaning

Table 1: Photoionization Cross-Sections of the C 1s and O 1s Core Levels33
Corresponding to Photon Energies of 650 eV and 780 eV, Used for the Real-
Time XPS Measurements.

photon energy (eV) | C 1s peak | O 1s peak
650 0.1362 0.3383
780 0.0834 0.2176

The effect of thermal annealing in UHV on the surface contamination was characterized
using real-time XPS measurements on both Mn-implanted (figure 3) and pristine graphene
(figure S1 in supporting information). For Mn-implanted graphene (figure 3), after the
thermal annealing in UHV at 200 °C, one of the O components (with binding energy BE
~ 530.5 eV) was strongly reduced, compared to as-implanted state, while no change was
observed for the C peak. Detailed peak assignments are discussed below with the help of
high-resolution XPS measurements. Then, after annealing in UHV at 425 °C for 20 minutes
(figure 3), the integrated peak area of C 1s and O 1s peaks were both reduced by a small
percentage: compared to the initial state before annealing (integrated peak area measured at
RT), C decreased by 5.5% and O decreased by 8.7% for Mn-implanted graphene; for pristine
graphene (figure S1 in supporting information), C decreased by 1.9% and O by 6.3%. In terms
of peak position, especially in the spectra of Mn-implanted graphene (figure 3(b, c)), both
the C 1s and the O 1s peaks show core-level shifts towards higher BE, implying some changes

in the chemical states of the surface. These changes are analyzed in more detail below, using



substitutional-Mn

Cu-defects

Figure 2: STM topographies of graphene on Cu(111): (a) As-grown (scale bar: 5 nm,
Viample = - 300 mV, I, = 100 pA); (b) as-implanted with Mn (scale bar: 5 nm,
Viample = 700 mV, I, = 50 pA, scale bar: 5 nm); (c) after 425 °C annealing in UHV
(scale bar: 5 nm, Viample = 200 mV, L, = 100 pA); (d) Cu-defect (scale bar: 500 pm,
Viample = - 100 mV, Iiy, = 1 nA); (e) crop of (c) on the substitutional Mn (scale bar: 2 nm);
(f,g) crop of (b) on the detail on implantation defects (scale bar: 2 nm). White arrows point
to intrinsic Cu-defects, orange arrows to intrinsic Cu-oxide, red arrows to implantation re-
lated defects, and green arrows to substitutional Mn.
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Figure 3: Real-time XPS data for Mn-implanted graphene on Cu(111). (a) Temperature
ramp during heating and respective measurement scan number. The filled circles mark par-
ticularly relevant scans that are plotted in the other panels with the same color: as-implanted
state at room temperature (blue), crossing 200 °C (black), after a nearly isothermal anneal-
ing in UHV at 425 °C for 20 min (red). XPS spectra near the following core-level peaks: (b)
C 1s, (c) O 1s, (d) Mn 2ps/s.
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high-resolution XPS measurements. As for the Mn 2ps/, core-level peak (figure 3d), despite
the low concentration of Mn (& 2.3 % with respect to C atoms in monolayer graphene®)
and the limited statistics of the real-time XPS measurements (~ 10 seconds per spectrum),
we can observe that the peak area and the peak position are approximately constant during
the entire annealing process, from the as-implanted to 425 °C annealed states. We note
that the lower signal-to-noise ratio in the spectra of Mn-implanted graphene (figure 3) is
due to the lower photoionization cross section (table 1). During real-time measurements,
the photon energy cannot be changed (to adapt to the different core levels); therefore, one
must use a photon energy that is high enough so that all the relevant cores levels can be
measured. In this case, a higher photon energy (780 eV) was used for the measurements
of the Mn-implanted sample to allow us to measure the Mn 2p core-level peak, located at
BE ~ 642 eV (figure 3d).

Based on the insight provided by the real-time XPS measurements into the compositional
changes and core-level shifts of the C 1s and O 1s peaks up to 425 °C, we then selected
relevant annealing temperatures for which to study these changes using high-resolution XPS
measurements: 200 °C, 425 °C and 700 °C. Deconvolution of the C 1s core-level peak for
pristine graphene (representative spectra shown in figure 4a, other spectra are shown in
figure S2 of the supporting information) and Mn-implanted graphene (figure 4c) reveals two
components related to graphitic carbon, at BE = 284.6 eV and at BE = 284.4 e¢V. The former
matches with the expected peak position of graphene, where the observed charge transfer
between graphene and Cu(111) (denoted as coupled graphene, to emphasize the graphene-
Cu interaction) results in a core-level shift of +0.2 eV (BE = 284.6 eV) with respect to C
signal measured in graphite (BE = 284.4 eV).16:3173¢ The latter is associated with a modified
graphene-Cu interaction, with graphene remaining more charge-neutral. Such graphene-Cu
decoupling has been associated with the partial oxidation of the underlying Cu(111), in the
form of CuyO or CuO.'% Formation of CuO can be excluded in the present case, based

on the measurement of Cu 2p peak (c¢f. figure S3 in supporting information). Although
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a CuyO component in the O 1s peak is observed, it is too small to be the sole origin of
the decoupled graphene component, as we explain in more detail below when discussing
the quantification as a function of annealing temperature (figure 5). Therefore, we refer
to this C component as decoupled graphene, given the decrease or absence of graphene-Cu
charge transfer, without establishing a direct relation with the Cu oxidation. Apart from the
graphitic components, multiple peak components were also observed in the C 1s peak which
can be assigned to contamination and disorder, including defects (i.e., related to carbon
vacancies, BE = 284.1 eV),!6 sp? carbon (BE = 284.9 eV),!¢ the rims of the graphene
domains (i.e., domain boundaries, BE = 285.2 ¢V),® and various functional groups related
to the bonding between C and O (e.g., C-OH, C-O, C=0, etc.), which we refer to as C-O
bonds (BE > 285.6 eV). 163738 In order to further assess the origin of the weakened graphene-
Cu interaction, we analyzed the O 1s core-level peak of pristine graphene (representative
spectra shown in figure 4b, other spectra can be found in figures S1 and S2 of the supporting
information) and Mn-implanted graphene (figure 4d). Two types of compounds can be
identified: one related to the O 1s spectral component located at BE = 530.4 eV and
another related to multiple peaks at BE > 531 eV. The former can be associated with
Cuy038 (consistent with the Cu 2p data), and the latter can be associated with the bonding
between C and O in various functional groups (e.g., C-OH, C-O, C=0, similar to the peak
assignment of the C 1s peak). %3738 From the deconvolution of the O 1s peak, we can see that
there is virtually no trace (below detection limit) of Mn oxide present in our sample, namely
MnO, Mn,0s3, Mn3O4, MnO,, which are all located at BE < 530 eV;3° 4! no peak component
can be identified in this energy regime in our high-resolution data. Moreover, if we revisit
the real-time XPS O 1s spectrum of Mn implanted graphene (figure 3c), although with
relatively low resolution, it also indicates absence of peak components with BE < 530 eV,
that is, no Mn oxide observed even in the as-implanted state. As for the real-time C 1s and
O 1s spectra (figure 3), taking into consideration the more detailed insight provided by high-

resolution results, we can conclude that the Mn implantation promotes the growth of Cu,O;
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annealing in UHV at 425 °C (for 20 minutes) decreases the CusO component and induces
a core-level shift of C 1s and O 1s peaks towards higher BE. For pristine graphene, the
annealing process has little to no effect, since there is no detectable CuyO (i.e., oxygen-free
interface), even before annealing, that is, the pristine graphene layer efficiently protects the
Cu surface. This is consistent with the notion that defects created in graphene by the Mn
implantation decrease its efficiency in protecting the underlying Cu surface from oxidation.
We note that the amount of oxide can vary from sample to sample, depending on the duration
of exposure to air (in the order of tens of minutes). Nevertheless, our data shows that the
oxidation of Cu(111) (formation of CuyO) in Mn-implanted graphene can be reversed by
thermal annealing in UHV at 425 °C (20 minutes). These O atoms that are removed from
the CuyO layer are likely to diffuse deeper into the Cu layer or be released into the vacuum
through graphene defects that have not been annealed in the 425 °C step.

A more complete picture of the cleaning effect induced by annealing in UHV up to
700 °C is given in figure 5, where the peak area of the different components (from the high-
resolution spectra shown in figure 4 and figure S2b in supporting information) is plotted as a
function of annealing temperature. The ratio of the integrated areas of the decoupled-versus-
coupled components (C 1s peak) shows a decrease with the sequential annealing steps. In
particular, for Mn-implanted graphene, the ratio decreased from 0.35 to 0.18 between the
200 °C and 425 °C steps; after annealing in UHV at 700 °C, the ratio dropped to zero.
However, the amount of CuyO component in the O 1s peak (figure 5), of the order of 1%
with respect to C after annealing at 200 °C appears to be too small to be the sole origin of
the decoupled graphene component (one order of magnitude higher). This strongly suggests
that the observed decoupled fraction may also result from other effects that are induced
or enhanced by the implantation and affected by thermal annealing: structural disorder in
the graphene-Cu interface, Mn intercalation, and O-containing contaminants (intercalated
at the graphene-Cu interface surface or incorporated in the Cu subsurface).

Whereas the graphitic components are related to (de)coupling effects, the other compo-
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nents of the C 1s peak provide information on contamination and disorder. Some of these
non-graphitic components appear to decrease, as one would expect since UHV annealing
should decrease the surface contamination and disorder. However some non-graphitic com-
ponents actually appear to increase with increasing annealing temperature. The STM data,
on the other hand, reveals a significant recovery already between the as-implanted state and
the 425 °C annealing, as shown in figure 2¢, where the only observable features correspond
to substitutional Mn defects, strongly indicating that annealing in UHV indeed significantly
decreases surface contamination and disorder, as expected. The increase in some of these
non-graphitic components is thus likely only an apparent increase, resulting from the re-
moval of surface contaminants, which increases the sensitivity to the C in graphene. This
explanation is supported by the fact that the total C 1s peak area increases and the C-O
related component of the O 1s peak (hydrocarbon contaminants) decreases, especially in the
pristine sample. Two interesting differences between non-implanted and implanted graphene
should be noted. First, after 425 °C annealing in UHV, the non-implanted graphene shows
a significantly higher C-O related component in the O 1s spectrum compared to the im-
planted graphene. This C-O component is likely associated with contaminants on top of
the graphene layer. The difference between pristine and implanted graphene may be simply
related to different sample histories, in particular in terms of total ambient-exposure times
between growth and annealing studies; it may also indicate that some surface contaminants
are actually sputtered away during Mn implantation. Second, the cleaning effect induced
in the Mn-implanted graphene (above 200 °C) is much weaker, virtually negligible up to
700 °C, remaining at approximately 20% O coverage with respect to C atoms in graphene.®
The high thermal stability of this O-related contamination suggests stronger bonding to the
graphene layer (e.g., as a result of the ion irradiation) or even that they are underneath
(i.e., trapped by) the graphene layer. Moreover, since the STM data does not show such
high concentrations of contaminants adsorbed on top of graphene (but instead an essen-

tially contamination-free and well-ordered graphene surface), this O-related contamination
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is likely intercalated between graphene and the Cu(111) surface or even incorporated in the
(sub)surface of Cu. In the latter case (incorporated in the Cu (sub)surface), that would
mean that part of the component identified as C-O-related in the XPS O 1s data (figure 4d)
may in fact be associated with regions of non-stoichiometric Cu,O underneath the graphene

layer.

Annealing Effects on the Implanted Mn

m— 425 °C
m— G600 °C
m— 650 °C
m— 700 °C

intensity (arb. unit)

binding energy (eV)

Figure 6: Mn 2p, /3 core-level spectrum of Mn-implanted graphene/Cu(111), annealed at the
following temperatures after implantation: 425 °C (blue), 600 °C (black), 650 °C (green),
and 700 °C (red).

Using a similar approach as in reference 8 to estimate the local concentration of sub-
stitutional Mn with respect to C atoms in graphene, based on the STM topographies, we
obtain 0.04(%0.02)% after 425 °C, 0.04(40.02)% after 525 °C and 0.07(£0.02)% after 700 °C.
Within the standard deviation, the concentration of substitutional Mn is thus not signifi-
cantly affected by thermal annealing, at least within the annealing temperature range for
which the graphene surface is sufficiently clean and well-ordered to allow for a direct com-
parison (425-700 °C). This high thermal stability is quite remarkable, compared to other
forms of covalent functionalization for which the bonds start to break at significantly lower
temperatures (e.g., 120 — 150 °C in reference 42). Obtaining detailed insight on the mecha-
nism of formation of substitutional Mn is however very challenging, since it is not possible

to perform a fully quantitative STM analysis of the as-implanted state nor for low annealing
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temperatures. One can still hypothesize that there are two likely mechanisms: direct substi-
tution in which the implanted Mn ion displaces a C atom and directly takes its position in
the graphene lattice; diffusion-assisted substitution in which an implanted Mn ion becomes
an adatom on top of graphene or an intercalated atom between graphene and the Cu surface,
and then diffuses (in plane) until it becomes trapped in a C vacancy which had been created
by that same Mn ion or any other. Gaining more insight on the relative importance of these
two mechanisms would require a quantitative assessment (at the implantation temperature,
i.e., room temperature) of the amount and dynamics of the defects possibly involved in
these processes (substitutional Mn, Mn adatoms, intercalated Mn, and C vacancies), which
is however not possible with our STM data due to the disordered and contaminated surface
in the as-implanted state. Whereas direct substitution is likely to be responsible for at least
a fraction of the observed substitutional Mn defects, diffusion-assisted substitution may also
be taking place (i.e., cannot be excluded) even at room temperature, since the diffusion bar-
rier of a Mn adatom on graphene is estimated to be extremely low (0.06 eV).43 Mn adatoms
(adsorbed upon implantation) may thus rapidly diffuse over the graphene surface, during
the implantation under UHV, until they become trapped in a C vacancy,** which are likely
to be much less mobile (the diffusion barrier of the C vacancy in graphene on Cu(111) is
estimated to be 2.99 eV*). Once captured, the (substitutional) Mn atom has a strong bind-
ing to the C vacancy, as predicted by our previously reported DFT calculations, yielding a
binding energy of —5.3 eV.® Not only does this high binding energy support the scenario of
efficient trapping of diffusing Mn adatoms, it also explains why the substitutional Mn defect
(regardless of its formation mechanism) has such a high thermal stability (at least up to
700 °C). Similar diffusion and trapping may also occur for Mn ions that become intercalated
upon implantation; although we observe aggregation of such intercalated Mn atoms, as dis-
cussed below, it is possible that some of them also become trapped in C vacancies before
aggregating, that is, also leading to diffusion-assisted substitution. Since both substitution

mechanisms (direct or diffusion assisted) require that a C atom is removed from the graphene
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lattice (to be replaced by Mn), it is relevant to discuss the minimal energy a Mn ion must
have to create a stable C vacancy. To a first approximation, that minimal energy FE.,;, can

be estimated based on the binary collision approximation (BCA):4°

(MMn + Mc)2

Emin =T
¢ 4]\4’Mn]\4’c

(1)

where Ty is the C threshold displacement energy (i.e., minimum energy that must be
transferred to the C atom to create a stable C vacancy), and My, and Me are the atomic
masses of Mn and C, respectively. With Ty ~ 21 eV,? equation 1 gives Fri, ~ 36 eV.
However, such an estimation serves only as a rough guideline, since it does not account for
chemical effects and for the role of the substrate (from which the displaced C atoms may
recoil). Recent calculations based on density functional theory molecular dynamics (DFT-
MD) predict Fy, values that can strongly deviate from the BCA prediction.?® Due to the
low energy (compared to the higher energies for which BCA is more typically used) the
collision, that is, the energy transfer between impinging and target atoms, takes a finite
time, and therefore, chemical interactions between those atoms (and the energy involved)
play a significant role.

As mentioned above, in addition to substitutional Mn, other forms of incorporation
also occur (figure 1).8 In particular, a large fraction, of the order of 50% of the implanted
atoms are not incorporated at all.® This non-incorporated fraction is likely associated with
backscattered Mn ions that are detected during the implantation since they deposit their
charge when approaching the graphene layer; however they are backscattered, upon collision
with atoms from the graphene layer or from the substrate, back into the vacuum.® Based
on our data, we cannot exclude that a part of this non-incorporated fraction may consist of
Mn atoms that were temporarily attached to the sample but experienced desorption at room
temperature, before our XPS experiments. However, considering that calculated adsorption
energies for Mn on graphene are of the order of several eV,%” room temperature desorption

can essentially be excluded. In any case, this non-incorporated component does not affect
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further experiments or exploitation of these systems, and can be compensated by increasing
the implanted fluence. There is however a large fraction, of the order of 50% of the Mn
atoms, that are incorporated into the sample though not substitutionally.® This component
consists of Mn atoms that are transmitted through the graphene layer (e.g., by impinging in
regions of lower energy barrier, i.e., at the center of the C hexagon), and become intercalated
into the graphene-substrate interface (figure 1b), or even incorporated into the substrate,
forming a subsurface alloy (figure 1c). In previous work, it was observed that the amount
of Mn incorporated in the sample (% with respect to C atoms in graphene) decreased upon
annealing in UHV: from 2.3% after thermal annealing at 200 °C to 2.2% at 425 °C, and to
1.0% after annealing at 700 °C.® This decrease was interpreted as due to diffusion of the
intercalated Mn atoms (figure 1b) into the Cu layer forming a subsurface alloy (figure 1b).
In the present work, we further analyze the annealing temperature range between 425 °C
and 700 °C, in order to understand whether an optimal annealing temperature regime exists,
as a balance between the removal of non-substituted Mn and the annealing or creation of
disorder (discussed in the next section). For that purpose, we carried out real-time XPS
measurements. As can be seen in figure 6, the Mn signal already decreases after the 600 °C
annealing in UHV, and keeps monotonously decreasing up to 700 °C. In good agreement
with these XPS results, we identified with STM (figure 7) nanometer scale mounds that
we ascribe to such non-substituted Mn (the non-implanted sample does not exhibit such
mound objects). These mounds form at circular pit defects of the Cu surface. The atomic
lattice of graphene can be resolved on top of these mounds indicating that they indeed con-
sist of material intercalated between the substrate and graphene (inset in figure 7a). We
see these Mn-related islands after annealing in UHV at 425 °C and up to 700 °C, at which
point they become rare to find in the STM micrographs (figure 7b). We note that in both
topographies (figure 7a,b) the substitutional Mn are resolved as randomly distributed pro-
trusions, a smaller scale topography is shown in the inset of figure 7b to highlight the atomic

structure of the substitutional Mn. More detailed STM studies would be necessary at lower

21



annealing temperatures to identify the temperature at which these Mn-related islands start
to form. Nevertheless, based on these experimental observations, we can hypothesize that
intercalated Mn atoms, which are implanted as a random distribution over the surface, first
diffuse laterally (remaining intercalated) and form small Mn islands. These islands are likely
nucleated in regions where intercalated Mn can be efficiently trapped, such as the pit defects
of the Cu surface (figure 1b). Subsequently, at higher annealing temperatures, intercalated
Mn diffuses into the Cu layer forming a subsurface alloy (figure 1c¢). The formation of such
a subsurface alloy has indeed been predicted to be thermodynamically favorable compared
to the intercalated Mn layer configuration, in graphene on Cu(111).4® The diffusion of Mn
into Cu, towards the alloy formation, is likely to be associated with a high diffusion barrier,
requiring relatively high annealing temperatures (above 425 °C). Although the Mn atoms
remain in the sample, their apparent intensity decreases in our XPS data, due to inelastic
scattering of the photoelectrons, as the Mn atoms diffuse into Cu with increasing annealing
temperature (diffusion of a larger fraction of the Mn atoms, and deeper into the Cu layer).
The peak shape does not significantly change, which is consistent with the notion that the
signal is dominated by the intercalated Mn and subsurface alloy, with similar spectral sig-
natures. A more detailed analysis, that is, resolving different components as we performed
for the C and O 1s spectra, is significantly more challenging and ambiguous for the Mn 2p
core-level spectra. Nevertheless, our analysis of the O 1s core-level peak (no peak component
with BE < 530 eV) strongly suggests that a Mn-oxide component, if at all present, would
be negligible. This indicates that the probability for Mn adsorption (on top of the graphene
layer) during implantation is negligible compared to intercalation and backscattering; oth-
erwise, since adsorbed Mn is not protected against oxidation, it would contribute to the
spectra as a Mn-oxide component.*? As discussed above, it is also possible that Mn atoms
that are adsorbed during the implantation become substitutional via a diffusion-assisted
process; nevertheless, this still constitutes a small fraction compared to intercalated and

backscattered Mn components.
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Figure 7: STM topographies of graphene on Cu(111) implanted with Mn. (a) Annealed to
525 °C (scale bar: 20 nm, Vigmple = - 200 mV, Iy, = 700 pA). Inset shows the detail of the
surface structure on a Mn-related island (scale bar: 4 nm, Viample = - 100 mV, Iy, = 3 nA).
(b) Annealed to 700 °C (scale bar: 20 nm, Viample = 100 mV, Iy, = 400 pA). Inset shows
the detail of a substitutional Mn (scale bar: 2 nm, Viample = - 100 mV, Iy, = 1 nA).

Annealing of Implantation-Induced Disorder

Although the XPS and STM data presented above provide some insight into defect formation
upon implantation and recovery upon annealing in UHV, that information can be ambigu-
ous (and very local in the case of STM). We used Raman spectroscopy to more directly and
quantitatively characterize the implantation-induced disorder and its thermal annealing. The
Raman spectra in figure 8 were measured at room temperature in the as-implanted state
and after thermal annealing in UHV at 200 °C, 425 °C, 525 °C, 610 °C, and 700 °C. In the
as-implanted state (figure 8b), the spectrum features four Raman bands (D, G, D' and 2D
bands). These Raman bands can be divided in two different categories: G and 2D bands are
associated with the graphene sp? bond; D and D’ bands are activated by disorder. For both
disorder-related bands, the peak intensity decreases with increasing annealing temperature.
Already after annealing in UHV at 525 °C (figure 8e), the intensity of the D’ band has been

strongly reduced, coming close to the noise level. The intensity of the D band also decreases
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Figure 8: Raman spectra of pristine graphene on Cu(111) (a) and Mn-implanted graphene
on Cu(111) (b-g), measured as a function of annealing temperature. From top to bottom:
as-implanted state (b); and measured after annealing in UHV at 200 °C (c); 425 °C (d);
525 °C (e); 610 °C (f); 700 °C (g). The positions of the D, G, D" and 2D bands of graphene
are labeled in panel (b). The intensity of the spectra (on both left and right panels) is
normalized to the intensity of the corresponding G bands. The data shown on the right and
left panels are part of the same spectrum; the range in the intensity axis on the right panel
is shifted vertically with respect to the plot on the left panel but they have the same scaling
(same interval in intensity).
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Figure 9: D band versus G band intensity ratio of Mn-implanted graphene on Cu(111), as
a function of annealing temperature.

at 525 °C and is undetectable after annealing in UHV at 700 °C (figure 8g), with the Raman
spectrum becoming essentially indistinguishable from that of pristine graphene (figure 8a).
In figure 9, we plot the ratio between the intensities of the D band and the G band (Ip/Ig),
as a function of annealing temperature. From the as-implanted state up to 425 °C, Ip/Ig
gradually decreases from 2.01 to 1.30. It is possible that the surface cleaning and Cu,O
removal (discussed above based on the STM and XPS data) plays a role in this decrease in
disorder (e.g., covalently bonded hydrocarbons being removed, allowing for recovery of sp?
bonding in those regions). At 525 °C, the I /Ig ratio drops dramatically from 1.30 to 0.24,
indicating an almost complete recovery of the graphene lattice. Above 525 °C, that is, at
610 °C and 700 °C, the D band intensity continues to decrease, and becomes lower than
the detection limit (/p/Ig ~ 0.15, for measurements on graphene on Cu(111) with low de-
fect density, i.e., stage 1 of the amorphization trajectory®). This evolution with annealing
temperature shows the same trend as recently reported,® where Raman spectroscopy mea-
surements were reported for the as-implanted state and after annealing in UHV at 700 °C in
a sample prepared under similar conditions (more details in section Reproducibility of the Ra-
man characterization of the supporting information). Although such a decrease in disorder
can be expected, thermal annealing may in general induce more complex phenomena. For
example, thermal annealing of ion irradiated h-BN was observed to result in the formation of

holes in the h-BN layer, which is understood as due to vacancies (created upon irradiation)
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that propagate along the rim of a nanomesh pore during annealing.®® In short, our Raman
spectroscopy data shows that significant recovery from the implantation-induced disorder
requires thermal annealing in UHV at least at 525 °C. Annealing in UHV at 700 °C restored
implanted graphene to a nearly pristine state from the perspective of Raman spectroscopy.
In agreement with this observation, STM also shows a well-ordered graphene lattice (with
substitutional Mn atoms) and graphene-Cu(111) interface, similar to non-implanted samples

(including a visible moiré superstructure - figure 2a,c).

Band Structure

We further investigated the effect of thermal annealing in UHV on both pristine and Mn-
implanted graphene on Cu(111) using angle-resolved photoemission spectroscopy (ARPES).
Not only do these measurements allow us to characterize how the implantation and anneal-
ing affects the electronic band structure of this particular system, they also provide general
guidelines for other studies on ULE-implanted graphene using photoemission techniques.
We performed a more detailed annealing study on non-implanted graphene on Cu(111)
(i.e., more annealing steps in the low-temperature range), as it provides a more unambigu-
ous interpretation of the results. In implanted graphene, both surface contamination and
implantation-induced disorder can contribute to the weakening or even non-observability
of bands, whereas in a non-implanted, highly-ordered graphene, only contamination should
play a role. We focused on measurements near the Dirac cone of graphene, as they allow
to determine important parameters, for example, the Fermi-level position with respect to
the Dirac point, the gap opening induced by the hybridization between Cu 3d and graphene

83552 and other modifications of the Dirac-like behavior of functionalized graphene.

7 states

Figure 10 shows the ARPES spectra of pristine graphene on Cu(111), measured close to
the K point of the first surface Brillouin zone, where the Dirac cone is located. The UHV
annealing was carried out in four steps: 250 °C, 350 °C, 425 °C, and 700 °C. After the

first step (250 °C, figure 10a), no band structure can be identified. After the second step
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(350 °C, figure 10b), a very faint Dirac cone starts appearing. After the third step (425 °C,
figure 10c), the Dirac cone became clearly visible. However, the signal-to-noise ratio remains
too low, unsuitable for a proper fitting of the energy distribution curves (EDC). Therefore,
one can only estimate the Dirac point position by finding the lowest intensity point at
K point (BE = 0.29 eV), and it is not possible to determine the gap opening around the
Dirac point. After the last step (700 °C, figure 10d), the background is further suppressed,
and the spectral intensity significantly enhanced. This is consistent with the further cleaning
of the graphene surface after the annealing in UHV at 700 °C, observed in the XPS data
(figure 5). The EDC fitting yields a Dirac point located at BE = 0.33(1) eV and a gap
opening of 0.40(2) eV, as previously reported.®

For Mn-implanted graphene (figure 11), the data after annealing in UHV at 425 °C
and 700 °C is qualitatively similar to pristine graphene, that is, improving from a visible
though low-contrast Dirac cone (425 °C) to a high-quality spectrum with high spectral
intensity and low background (700 °C). However, since our XPS data shows no significant
cleaning between these annealing steps, this improvement is more likely related to other
modifications. In particular, the significant decrease in graphene disorder (observed in the
Raman study, figure 9) can be expected to produce such improvement in the spectral features.
Going in more detail into band structure parameters, after the annealing in UHV at 425 °C
(figure 11a), the Dirac point position is found at approximately BE = 0.52 eV, estimated as
the lowest intensity point near the Dirac point; a proper EDC analysis cannot be performed
due to low signal-to-noise ratio. This significantly improves after the annealing in UHV at
700 °C (figure 11b) and EDC analysis yields a Dirac point located at BE = 0.43(1) eV and
the gap opening of 0.23(2) eV as previously reported.® Comparing the Dirac point position
measured at 425 °C and 700 °C yields a BE shift of approximately -0.09 eV. However, since
various factors that influence the Fermi level in graphene change upon annealing in UHV
(graphene defects, contaminants/impurities, non-substitutional Mn configurations), it is not

possible to establish the origin of this shift based on the present data. We can nevertheless
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note that an intercalated Mn layer, between graphene and Cu(111), has been predicted
to destroy the Dirac cone, while a subsurface alloy preserves it.*® The conversion from
intercalated Mn to subsurface alloy (indicated by our XPS and STM data, as discussed above)
may therefore also contribute, together with the disorder annealing, to the improvement in

the spectral features observed in the ARPES data from 425 °C to 700 °C annealing in UHV.

Ok [K1] Jok [R'1] Jok [K1] Ok [A'1]
_0.'1 0 0;1 -OI.1 0 0;1 -0.‘1 0 0;1 -Q.1 0 0.1

o (a) " (b

o
N
T
1
T
I

o
o))

binding energy [eV]
o
N
|
1
|
1

o
[o'}

Figure 10: ARPES spectra (hv = 34 V) of pristine graphene on Cu(111) after annealing in
UHV at 250 °C (a), 350 °C (b), 425 °C (c), and 700 °C (d), measured near the K point along
the I' — K direction. Panel (d) corresponds to the annealing step reported in reference 8.
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Figure 11: ARPES spectra (hv = 34 eV) of Mn-implanted graphene on Cu(111) after an-
nealing in UHV at 425 °C (a) and 700 °C (b), measured near the K point along the I" — K
direction. Panel (b) corresponds to the annealing step reported in reference 8.
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Conclusions

We studied the effect of thermal annealing in UHV on epitaxial graphene grown on Cu(111)

and implanted with Mn at 40 eV, to a fluence of 1.5 x 10'* ions per cm?

. In particular,
using STM, Raman spectroscopy and synchrotron-based XPS and ARPES, we studied the
evolution of the surface contamination and of the implantation-induced disorder. While
significant surface cleaning occurred at annealing temperatures as low as 200 °C, damage
recovery was relatively limited even up to 400 °C. Significant recovery required thermal
annealing in UHV at least at 525 °C. Annealing in UHV at 700 °C restored implanted
graphene to a nearly pristine state. Such high temperature annealing, in the 600-700 °C
range also results in a decrease in the amount of Mn at the surface which indicates that
the Mn atoms that were incorporated as intercalated species (between graphene and the
Cu surface) upon implantation experience diffusion into the Cu layer, creating a subsurface
alloy.

In short, our results show that optimal annealing is achieved at temperatures around
700 °C. In particular, STM shows a well-ordered graphene lattice, on a flat, nearly feature-
less surface, that is, similar to pristine graphene although with the added substitutional
Mn atoms. ARPES measurements reveal a well-defined Dirac cone, comparable to pris-
tine graphene, with only minor modifications likely induced by substitutional Mn and other
implantation-induced effects (e.g., non-substitutional Mn and lattice defects, although these
are minimized upon 700 °C annealing in UHV). The surface cleaning resulting from thermal
annealing at 425 °C in UHV allows to probe the band structure by decreasing the detrimen-
tal photoelectron scattering from contaminants. The improvement in the ARPES spectral
features between 425 °C and 700 °C annealing in UHV is likely due to further annealing of
defects, that is, the recovery of a highly-ordered lattice structure restores the well-defined
band structure.

These results also set useful guidelines for future experimental studies on ULE-implanted

graphene, in particular based on widely-used techniques such as scanning probe microscopies
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and photoemission spectroscopies. In particular, while it is possible to perform STM mea-
surements on as-implanted graphene, thermal annealing in UHV at least at 425 °C makes it
significantly easier to probe the substitutional dopants. On the other hand, while the Dirac
cone can be observed after annealing in UHV at 425 °C, the quality of the ARPES data
(and therefore the amount or precision of band-structure parameters that can be extracted)

significantly increases after annealing in UHV at 700 °C.
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