RSC Advances

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances



Page 1 of 32 RSC Advances

Electronic structure and ultrafast charge transfer dynamics of phosphorous doped

graphene layers on copper substrate: A combined spectroscopic study

Dunieskys Gonzalez Larrude,™ Yunier Garcia-Basabe,*"", Fernando Lazaro Freire
Junior,”® Maria Luiza M. Rocco®.
* Graphene and Nano-materials Research Center - MackGraphe, Mackenzie Presbyterian
University, 01302-907, Sao Paulo, SP, Brazil.
b Physics Department, Pontificia Universidade Catélica do Rio de Janeiro, 22451-900, Rio de
Janeiro, RJ, Brazil.
© Institute of Chemistry, Federal University of Rio de Janeiro, Rio de Janeiro, 21941-909, Brazil.
¢ Federal University of Latin-American Integration, Foz do Iguacu, 85866-000, PR, Brazil.

¢ Brazilian Center for Physical Research, 22290-180, Rio de Janeiro, RJ, Brazil.

*Corresponding author. Tel.: +55-45-3576-2113; Fax: +55-21-3938-7265.

E-mail address: yunier.basabe@unila.edu.br (Y. Garcia-Basabe).



RSC Advances

Abstract

Graphene sheets layers were grown by chemical vapor deposition (CVD) under
polycrystalline copper substrate using methane (CH4) and triphenylphosphine
(P(C¢Hs)3) as carbon and phosphorous precursors, respectively. The films obtained from
CH, and P(Cg¢Hs); chemical precursors were labeled as G/Cu and GP/Cu, respectively.
Electronic structure investigation was performed in these two graphene samples
combining different spectroscopic techniques. Raman spectroscopy shows the presence
of single and multilayers in G/Cu and GP/Cu, respectively. A blue shift of 30 cm™ of
the 2D band in GP/Cu film with respect to G/Cu is an evidence of the p-type doping of
GP/Cu. X-ray photoelectron and reflection electron energy loss spectroscopy (REELS)
confirm the bilayer formation in the GP/Cu film. REELS also shows that the presence
of phosphorous doesn’t open the electronic band gap of the graphene film. The work
function of 4.3 eV for G/Cu and 4.8 eV for GP/Cu films were determined by ultraviolet
photoelectron spectroscopy. The increase of the work function is attributed to the
electron transfer to the Cu substrate. The partially unoccupied densities of states in
phosphorous doped graphene (GP/Cu) were evaluated by X-ray photoabsorption
spectroscopy. The core-hole clock approach using Resonant Auger Spectroscopy was
employed for investigating the charge transfer dynamics around P K-edge in GP/Cu.
Ultrafast charge transfer delocalization in a time scale of femtosecond was observed,
demonstrating a strong electronic coupling between unoccupied states of phosphorous
and the conduction band of the copper substrate. The combined spectroscopic results

suggest a p-type doping in GP/Cu by the electron transfer mechanism.
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1. Introduction

Graphene, a monolayer of sp® hybridized carbon atoms, has been attracting
much interest because of the novel properties associated with its unique band structure
12 originated from its massless fermions due to the linear dispersion of energy bands
near the Dirac points.’ Among the extraordinary properties as anomalous integer
quantum Hall effect at room temperature, insensitivity to external electrostatic
potentials, extremely high mobility in the order of 1 x 10° cm*V™'s™" * graphene is
expected to become one of the most promising materials for electronic devices.
However, graphene is a semimetal with zero band gap at the Dirac point, which restricts
its applications as semiconductor materials. Therefore, opening a sizeable and tunable
bandgap in graphene via different functionalization paths is a significant challenge for
graphene application. The substitutional doping of graphene with heteroatoms, such as
nitrogen (N), boron (B) and phosphorus (P) has been investigated experimentally and
theoretically.”' Nevertheless, experimental research on phosphorous doped graphene
(GP) is very scarce when compared to N and B, and only few reports have been
published."”™ Cruz-Silva et al."” found that phosphorous maintains sp’ hybridization
and bonds to the carbon atoms with tetrahedral orbitals, inducing structural strain in the
carbon lattice. The P dopant prefers to lie out of the graphene plane. Denis et al.'®
demonstrated using Density Functional Theory (DFT) calculations that the doping of P
atoms into the graphene lattice could open the largest band gap (0.67 eV spin up, 0.66

eV spin down) when compared with other heteroatoms doped graphene monolayer.

Other important property observed is that the incorporation of P atoms into the
carbon framework creates new active sites for the oxygen reduction reaction (ORR) and
was demonstrated to be better than or at least comparable to that of the benchmark

platinum/carbon catalyst.17 If gases, such as NO,, NO, SO,, are adsorbed onto P-
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graphene, the electronic conductivity of the GP will be changed.'® By monitoring the
conductivity variation after the adsorption of molecules, the GP can also be used as a
sensitive detector of these toxic gases. This means that the sensitivity of graphene based
chemical gas sensors could be drastically improved by introducing the appropriate
dopant or defect. Alternatively to substitutional doping, chemical doping, the charge
transfer between graphene and adsorbates, would lead to p- or n-type by tuning the
carrier concentrations in grapheme. This apparently does not affect the mobility of
either electrons nor holes and as a result the prospects of graphene-based electronics can
be improved.'”*® Another important application of phosphorous doped graphene which
has gained interest in the last years is related to its use as electrode in lithium- and

sodium-ion batteries electrode.?'

More recently Mastrapa, et al."* have synthesized graphene layers by CVD
using different masses of triphenylphosphine precursor. They report spectroscopic and
microscopy investigation of graphene layer transferred to Si/SiO2 substrate using
polymethylmethacrylate (PMMA). In this case they report from XPS characterization
the formation of inhomogeneous films composed mainly by single-layer graphene, with
small regions of few layers graphene, together with small nanostructures of oxidized
phosphorous when 10 mg of the precursor was used. They also report that the use of
larger amount of precursor, heavily damages the graphene layer through the increase of
the number of small cluster of nanostructures, which are most likely due to clustering of

P atoms on top of the graphene surface.

So, the study of the electronic structure of graphene phosphorous doped
materials can be an important key for exploring new applications. Therefore, in this
work graphene was grown using high vacuum Chemical Vapor Deposition (CVD) on

polycrystalline Cu foils with two carbon precursors, methane (CH4) and
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triphenylphosphine (P(C¢Hs)s)."* Raman, Reflection Electron Energy Loss (REELS)
and X-ray photoelectron (XPS) spectroscopies were employed to characterize the effect
of the phosphorous doping in the graphene layer. The electronic structure of graphene
layers was investigated by ultraviolet photoelectron spectroscopy (UPS) by determining
the work function of pristine and phosphorous doped graphene. The P-1s X-ray
photoabsorption (XAS) spectrum was used to analyze the partial density of unoccupied
electronic states in phosphorous doped graphene (GP/Cu).

Besides, ultrafast charge transfer dynamics was studied using the core-hole clock
(CHC) approach coupled with the Resonant Auger Spectroscopy (RAS) measured
around the P K-edge. This approach is element-sensitive based on the study of the core-
hole decay spectra measured while tuning the incoming photon energy across an atomic
absorption edge. The decay spectra measured from RAS have different behavior if the
excited electron is atomically localized during the core-hole lifetime or if the electron is
transferred to the environment (i.e. substrate) before core-hole refilling. In the first case,
two different final states can be reached: the spectator (2hle; h=hole and e=electron)
state, where the excited electron does not participate in the core-hole filling, and the
participator (1h) state, where the excited electron is involved in the core-hole decay,
both processes known as resonant contributions. The second case corresponds to a two
holes (2h) final state, called normal Auger or non-resonant Auger contribution, similar
to the decay following ionization. The charge transfer time (tcr) is calculated from the
branching ratio of the resonant and non-resonant Auger decay channels and using the
natural lifetime (tcy) of the core-excited state as an internal reference clock:

24,25

Tet=(Itesonant’ Inon-resonant) * TcH. . The 1cy values of low Z elements are in the

femtosecond time scale, therefore very fast processes (from 10™"°s up to 10 s) can be
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achieved from the CHC approach. A schematic representation of the core-hole clock

method is shown in Scheme 1.%

The use of the core-hole clock approach to investigate charge transfer dynamics

in graphene is very scarce. Lizzit et al.”’

used CHC to investigate charge transfer
dynamics in graphene monolayer with variable substrate coupling, using adsorbed

argon.

Scheme 1.
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2. Experimental

2.1 Materials

The graphene sheets were obtained in a high vacuum (low pressure) CVD
system using methane (CH4), triphenylphosphine (P(C¢Hs);) (Sigma Aldrich 99.98 %)
and hydrogen gas as precursors on 25 um thick copper foils (Sigma Aldrich, 99.98 %).
More detailed deposition conditions were reported by Mastrapa et al '* The copper foils
were annealed up to 1000°C under a 2 sccm Hj flux during 20 min. The maximum
P(C¢Hs)s vapor pressure inside the chamber was 40 mTorr for 20 mg of precursor and
the growth time was about 30 min. As a control sample, graphene prepared from CHy

through a typical CVD process was used. **

2.2 Sample characterization

The quality and number of layers of the as-grown graphene films were evaluated
by Raman spectroscopy using a confocal micro-Raman spectrometer (NT-MDT,
NTEGRA SPECTRA) equipped with a 473 nm laser excitation source (power at sample
is below 0.1 mW), a 100 X objective and a CCD detector. The focused laser spot has a
diameter of about 1-2 pum, and the spectral resolution is about 3 cm™'. The wavenumber
calibration was achieved based on the standard values for crystalline silicon band
checked at 520 cm ™' *° and the vibrational stretching mode of atmospheric nitrogen 0 at
2332 cm . All the spectra were recorded at room temperature and the peaks fitted using

the Lorentz function in Origin software.

X-ray Photoelectron Spectroscopy (XPS) and Reflection Electron Energy Loss
Spectroscopy (REELS) spectra were carried out in a UHV ESCALAB 250Xi
spectrometer, equipped with a hemispherical electron energy analyzer. XPS spectra

were measured using monochromatized Al Ka (hv = 1486.6 eV) excitation energy and
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two different electron emission angles (0° and 50°) with respect to the surface normal.
REELS spectra were measured using a primary electron beam energy E,=1000 eV, with
spot size of 150 pm, an electron current of about 5 nA and constant analyzer pass
energy of 12 eV. The full-width at half-maximum (FWHM) of the elastic peak in this

experimental condition was 0.6 eV.

UPS spectra were measured in the same UHV chamber using Hel (21.2 eV)
source of a helium discharge lamp with a pass energy 10 eV. UPS spectra were used for
determining the effect of phosphorous doping in the work function (¢) of graphene
materials. The ¢ values were determined by subtracting the high binding energy cutoff

from the Hel excitation energy.31'3 3

Photoabsorption (XAS) spectra were measured at the soft X-ray spectroscopy
(SXS) beamline at the Brazilian Synchrotron Light Source (LNLS). InSb(111) double-
crystal monochromator was used to cover the phosphorus K-edge. XAS spectra were
collected in the total electron yield mode (electron current at the sample) simultaneously
with a photon flux monitor (Au grid). The final data was normalized by this flux
spectrum to correct for fluctuations in beam intensity. The energy calibration at the
InSb(111) double crystal monochromator was performed using the 1s—3p transition of

a silicon wafer.

Resonant Auger spectra (RAS) were also measured at the SXS beamline in the
same ultrahigh vacuum chamber with a base pressure of 10° mbar using a
hemispherical electron energy analyzer. The take-off direction of the Auger electrons
was 45° and a pass energy of 20 eV was used during the experiment. The binding
energy scale was calibrated using Au (4f7,) signal. A linear combination of Gaussian

(G) and Lorentzian (L) profile shape functions was used in the fitting of the spectra and
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the background correction was performed using a Shirley function. Possible surface
charging effect (shift in electron energy) was monitored using the C 1s photoemission

line located at binding energy of 285 eV.
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3. Results and discussion

Raman spectra of the as-grown graphene films on copper foil using CH4 and
triphenylphosphine as C and C/P sources, respectively, are shown in Figure 1. The
major Raman features of graphene are the so-called D band (~1360 cm™), G band
(~1580 ¢cm™) and 2D band (~2720 cm™). The D band (or doubly-resonant disorder-
induced D mode) originates from the breathing modes of sp” atoms in the ring, but to be
active the ring must be adjacent to a graphene edge or a defect. The G band originates
from in-plane vibration of sp2 carbon atoms and the 2D band from a two phonon double
resonance Raman process. The 2D band is widely used to distinguish single-layer
graphene from multi-layer graphene films while the strength of the D band is indicative

of the degree of defects in the sample. **
Figure 1.

The 2D line of pure G/Cu and doped GP/Cu located at 2722 and 2752 cm ' are
very well described by a single Lorentzian with a full-width at half-maximum (FWHM)
of 27 and 39 cm ', respectively, which agrees with the notion that the samples are
covered mainly by monolayer graphene as can be seen in Fig. 1b. The Raman spectrum
of the G/Cu is clearly different from the GP/Cu. First, the G (1594 cm™) and 2D (2752
cm ') bands are noticeably blue shifted by 9 cm™ and 30 cm™, respectively, as for hole
doping, due to the charge transfer induced modification of the equilibrium lattice
parameter.” This result shows that most of the P atoms are not substitutional on the
graphene framework. In case of substitutional P doping the 2D band must experience a
redshift. The Raman spectrum of GP/Cu also shows high intensity of the D peak,
indicating a rather high defect density of the basal plane. The intensity ratio Ip/lg,

between D and G bands, determined after background caused by fluorescence from the
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copper substrate was removed °, increases from 0.09 in G/Cu to 0.29 in GP/Cu. Finally,
the Raman spectrum of G/Cu shows a low sp® amorphous carbon content, * originating
from clusters of hydrogenated amorphous carbon/aromatic clusters,*® possibly
agglomerated on top of phosphorous residues due to the surface roughness of the copper

foil used as catalytic substrate.

Figure 2 shows XPS survey spectra of the graphene layer (G/Cu) and graphene
doped with phosphorus (GP/Cu) on copper substrate. A strong contribution of the Cu
substrate is observed from XPS spectra recorded at 0°. On the other hand, XPS spectra
measured at 50° is more representative of graphene layers. The quantitative chemical
analysis in each graphene film, obtained from these spectra, is resumed in Table 1. The
atomic % of P element in GP/Cu graphene is very small compared to the Cu and C
elements, and cannot be detected directly from the survey spectra. Therefore, the
amount of P in the graphene film was determined from high resolution P 2p core level
spectra and taking in consideration its atomic sensitivity factor.”® It is presented in
Figure SII in Supporting Information File. The P atomic % value reported in Table 1 is

relative to the carbon content.

The fitting procedure of the high resolution C 1s spectra measured at 50° for
G/Cu and GP/Cu is presented in Figure 3. Three components were used for the
deconvolution of the spectra, one at 284.3 eV attributed to C=C sp* bonds, one at 285.4
eV attributed to C-C sp’ hybridization or carbon defect and another at 286.6 eV
associated to C-OH.*** As reported previously by Kwon e al.* for graphene doped
with different metal chlorides, the doping effect in the C 1s core level occurs principally
in the Ic—¢/Icc intensity ratio. We can observe from this quantitative analysis that
Ic=c/Ic¢ ratio increases from 9.7 in G/Cu to 16.7 in GP/Cu film. According to Kwon et

al. 43, the increased Ic-c/Ic.c ratio can be associated with p-doping by electron transfer



RSC Advances

from sp> hybridization to the metal becoming sp”. In our case, the electron transfer is
occurring to the Cu substrate. The C-O percentage is also reduced in the phosphorous
doped graphene. This result, together with the reduction of the oxygen atomic %
obtained from the XPS survey spectrum at electron emission angle of 50° in G/Cu and
in GP/Cu (see Table 1) suggests that oxygen species are underlying the graphene

surface.

Figure 2.

Figure 3.

Table 1. Quantitative chemical analysis of the graphene films expressed from atomic

percent (%) of each element.

elements G/Cu-0° G/Cu-50° GP/Cu-0° GP/Cu-50°
O 16.0 14.3 2.2 1.9
C 37.7 67.4 77.1 89.1
Cu 46.3 17.3 20.7 8.0
P/C 0 0 --- 1.0

REELS spectra of G/Cu and GP/Cu are shown in Figure 4. The spectra were
normalized with respect to the elastic peak appearing at 0 eV. There are some
distinguishable features within the REELS spectra. The inelastic loss peak at 6.2 eV in
G/Cu spectra is related to m-n* excitation in aromatic carbon rings, while the broad band
around 23 eV is originated by n+c bulk plasmon loss. A blue shift to 6.7 eV in energy
for n-n* excitation and 26.8 eV for n+o plasmon loss is observed in phosphorous doped
graphene layers (see GP/Cu spectra). This can be indicative of the existence of more

than one single layer graphene regions ** *

, which is in agreement with XPS and
Raman results. The shoulders around 14 and 19 eV appearing in the GP/Cu spectra are

associated to o-n* and m-o* single electron transitions, respectively.* The peak at 4.1
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eV observed in GP/Cu REELS spectrum is also an evidence of the formation of an
amorphous carbon layer®”, which is in agreement with Raman results. The peak located
around 2.4 eV for G/Cu graphene layer is associated with the presence of hydrogen
species™ ¥ due to the fact that a constant hydrogen flux was kept in the CVD
deposition procedure. The weak signals appearing at 32.5 and 33.3 eV for G/Cu and
GP/Cu, respectively, are associated with inter-band transitions.*” The electronic gap was
determined following the procedure found in the literature.**> Similar electronic gaps
of 1.64 and 1.63 eV were obtained for G/Cu and GP/Cu films, respectively. These
values are higher than those reported for graphene single layer.”'>* The high electronic
band gap found here may be due to strong interfacial interaction of the graphene layer
with the Cu substrate.””>> However, it is noteworthy that P doping doesn’t induce a gap

opening at the Dirac point of the two-dimensional electronic structure of graphene.
Figure 4.

The effect of phosphorus doping graphene in the work function (®) was
analyzed by ultraviolet He I photoemission spectra (UPS). Figure 5 shows the
secondary electron cutoff region of the Cu substrate, G/Cu and GP/Cu. The secondary
electron cutoff was determined by extrapolating two dashed lines from the background
and the onset in the secondary electron threshold. The @ of the Cu substrate and G/Cu
were measured to be 4.7 and 4.3 eV, respectively, which are close to values reported in
the literature.*>****® The ® value obtained for GP/Cu was 4.8 eV, which is greater than
that of G/Cu. This behavior is typical for p-doped graphene; however, n-type doping
must be expected if interstitial or substitutional phosphorous doping occurs.” Therefore,
no substitutional phosphorous doping is observed and the increase of 0.5 eV in GP/Cu
work function can be associated with electron transfer to the Cu substrate, shifting the

Fermi level from the Dirac point to the valence band.
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Figure 5.

Figure 6 shows XAS spectrum following phosphorus K-edge photoexcitation for
doped GP/Cu film. P K-edge XAS probes the excitation of electrons from P 1s to
unoccupied p states in the LUMOs. Thus, the decay of the core-hole will generate holes
in the valence band through the Auger mechanism. For the assignment of the XAS
transitions theoretical calculations would be necessary. However, the assignment of
these transitions can be suggested by considering P-1s XAS spectra of phosphorous
organic compounds as the case of triphenylphosphine used as precursor.’” ¥ The
spectrum is characterized by a strong and well defined peak at 2151.5 eV induced by
transition from Is state into orbitals with e symmetry mainly formed by phosphorus-
carbon bond. The small shoulder at 2147.5 eV is due to 1s electron transition to a pm*-
orbital formed by the aromatic ligands in the higher coordination shells of the absorbing
phosphorous with symmetry a;. The broad transition at 2157.5 is attributed to 1s-c* (P-
C) orbital. The numbered arrows represent the photon energies selected to collect the

RAS data.
Figure 6.

Phosphorous-KL; ;L,; RAS spectra of GP/Cu film are presented in Figure 7.
RAS spectra are characterized by two features at different kinetic energies. The
assignment of the features is based on previous report on solid phosphorous
compounds.” ® The peak at 1851.8 eV kinetic energy is associated with 'D, normal
Auger (labeled as CT) process due to the fact that its position (in kinetic energy scale) is
almost constant with the increase of the incident photon energy and mainly because it is
the only peak measured outside the P-1s resonance (hv=2175 eV) as reported in Figure

SI2. The normal Auger contribution is a strong evidence of charge delocalization in
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GP/Cu film. The other peak appearing at 1855 eV in the RAS spectrum measured at
2150.5 eV is attributed to a spectator Auger peak. A shift to higher kinetic energies with

the increase of the incident photon energy is observed, as expected.

Figure 7.

Charge transfer times (tc7) for GP/Cu film was calculated taking into account
the core-hole clock (CHC) approach ** ®', which uses the calculated areas for normal
and spectator peaks obtained by the deconvolution procedure of the RAS spectra and
phosphorous  core-hole lifetime (tcy) of 125 fs ® and the equation
ter={I(spectator)/I[(normal Auger)}* tcy. Table 2 presents the 1cr calculated from the
RAS spectra measured at different photon energies around P-1s absorption edge.
Considering that the time scale determined from the CHC approach for Pls core level is

limited within 0.125< 1o <12.5 fs 2%

, the value of 1.72 fs obtained on resonance
(2151.5 eV) shows that fast charge delocalization is occurring in GP/Cu film. The tcrt
shortens with the increase of the excitation energy as observed in Table 2. This behavior
may reflect strong overlap between more energetic unoccupied states of phosphorous
and the Cu substrate conduction band, like was found for sulfur deposited on metallic

substrates. ** The fast charge delocalization in GP/Cu is evidence that p-type doping

is occurring by electron transfer from the graphene layer to the Cu substrate.



Table 2. Charge transfer delocalization times, tct, for photon energies labeled as 1-5 in

Figure 6 for GP/Cu film. tcr standard deviation values are shown in parentheses.

RSC Advances

Label Photon energy (eV) Tet (fS)
1 2150.5 2.15(5)
2 2151.5 1.72 (3)
3 2152.5 1.40 (4)
4 2156.5 0.40 (5)
5 2157.5 0.70 (5)
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Conclusions

Pristine and phosphorous doped graphene layers were obtained by CVD on
polycrystalline Cu substrate using methane (CH4) and triphenylphosphine (P(CgHs)s),
respectively. Raman spectra of pristine graphene (G/Cu) show well defined G band
(~1580 cm™) and 2D band (~2720 cm™). The intensity ratio Ip/Ig ~2.2 between these
two bands is indicative of single layers for G/Cu. For GP/Cu film the Ip/Ig ratio
decreases to 1.36 showing the presence of more than one graphene layers. Other
important aspect of the Raman results is the blue shift of 30 cm™ for 2D band in GP/Cu
film, which indicates p-type doping. The bilayer formation in GP/Cu film was also
corroborated by REELS. A blue shift of 0.6 and 3.8 eV for n-n* and n+c plasmon loss
excitations observed in GP/Cu film suggests the presence of bilayer regions. Small
amorphous carbon phase is observed in GP/Cu through the band appearing at 4.3 eV.
No gap opening at the Dirac point is observed for GP/Cu compared with G/Cu film. The
increase of the work function from 4.3 eV in G/Cu to 4.8 eV in GP/Cu suggests type p-
doped graphene which agrees with Raman data. Doping mechanism in GP/Cu is
attributed to electron transfer to the Cu substrate. This result was corroborated by
studying charge transfer dynamics through the CHC approach. Small charge transfer
times obtained for GP/Cu indicate a strong coupling between phosphorous unoccupied
states and the Cu substrate conduction band, favoring the electron transfer. The
combined spectroscopic techniques suggest non substitutional phosphorous doping in

graphene layer.
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Figures and Schemes Captions

Scheme 1. Schematic representation of the core-hole clock method. (A) Core level resonant
excitation into an unoccupied molecular orbital, LUMO. (B) Spectator decay process with a
2hle final state. (C) Participator decay process, 1h final state. (D) The electron is transferred to
the substrate (or molecular environment) and core-hole decay processes via a normal Auger

decay with a 2h final state. *°

Figure 1. Raman spectra of (a) G/Cu and GP/Cu with the (b) 2D Lorentzian fits of the

graphene sheets.

Figure 2. XPS survey spectra measured at electron emission angles of 0° (left) and 50°
(right) of pure graphene and phosphorous doped graphene on Cu substrate. The electron

emission angle is defined with respect to the surface normal.

Figure 3. High resolution C1s XPS spectra of G/Cu (left) and GP/Cu (right) films. The

three features C=C spz, C-C sp3 and C-O used in the fitting procedure are also shown.

Figure 4. REELS spectra of pure graphene (G/Cu) and phosphours doped graphene
(GP/Cu) on Cu substrate. The REELS spectrum of the Cu substrate is also shown. The

graphs in the right show the low energy loss region used for determining the electronic

gap.

Figure 5. UPS-Hel spectra covering the secondary electron threshold region for Cu
substrate (a), G/Cu (b) and GP/Cu (c), respectively. The cutoff binding energies (Equtof)
determined by the extrapolation procedure and the work function obtained by

subtraction of ®=21.2 - E. s are also shown.

Figure 6. P-1s XAS spectrum of GP/Cu film. The photon energies used for the

measurement of the RAS spectra are marked as numbered arrows.

Figure 7. P-KL, 3L, ; RAS spectra measured at different photon energies labeled from 1

to 5 in Figure 6. The graph in the left panel represents the full spectra measured from



RSC Advances Page 24 of 32

1845 to 1870 eV in electron kinetic energy. The right part is a zoom representing CT
(red) and spectator (blue) signals.
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Figure 1. Raman spectra of (a) G/Cu and GP/Cu with the (b) 2D Lorentzian fits of the

graphene sheets.
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Figure 2. XPS survey spectra measured at electron emission angles of 0° (left) and 50°
(right) of pure graphene and phosphorous doped graphene on Cu substrate. The electron

emission angle is defined with respect to the surface normal.
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Figure 3. High resolution Cls XPS spectra of G/Cu (left) and GP/Cu (right) films. The
three features C=C sp?, C-C sp> and C-O used in the fitting procedure are also shown.
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Figure 4. REELS spectra of pure graphene (G/Cu) and phosphours doped graphene
(GP/Cu) on Cu substrate. The REELS spectrum of the Cu substrate is also shown. The

graphs in the right show the low energy loss region used for determining the electronic

gap.
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Figure 5. UPS-Hel spectra covering the secondary electron threshold region for Cu

substrate (a), G/Cu (b) and GP/Cu (c), respectively. The cutoff binding energies (Ecytofr)
determined by the extrapolation procedure and the work function obtained by

subtraction of ®=21.2 - E o are also shown.
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Figure 6. P-1s XAS spectrum of GP/Cu graphene film. The photon energies used for

the measurement of the RAS spectra are marked as numbered arrows.
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Figure 7. P-KL, ;L ; RAS spectra measured at different photon energies labeled from 1
to 5 in Figure 6. The graph in the left panel represents the full spectra measured from
1845 to 1870 eV in electron kinetic energy. The right part is a zoom representing CT

(red) and spectator (blue) signals.
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Scheme 1. Schematic representation of the core-hole clock method. (A) Core level resonant
excitation into an unoccupied molecular orbital, LUMO. (B) Spectator decay process with a
2hle final state. (C) Participator decay process, 1h final state. (D) The electron is transferred to
the substrate (or molecular environment) and core-hole decay processes via a normal Auger

decay with a 2h final state. *'

Page 32 of 32



