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ABSTRACT: Herewith, we propose a comprehensive study of the
vibrational response of chemical doping of free-standing graphene
(Gr). Complementary insights on the increased metallicity have
been demonstrated by the emerging plasmon excitation in the
upper Dirac cone, observed by inelastic electron scattering and
core-level photoemission. The electron migration in the π* upper
Dirac band unveils an electron−phonon coupling of contaminant-
free K-doped Gr, as evidenced by advanced micro-Raman
spectroscopy in ultrahigh vacuum ambient. The vibrational
response of potassium-doped Gr correlated with the charge
injected in the upper Dirac cone, and the Fermi level shift unravel
a notable electron−phonon coupling, which is stronger than that
observed for gate voltage-doped Gr.

■ INTRODUCTION
Enhanced metallicity and higher density of electronic states at
the Fermi level in graphene (Gr)1,2 can be tuned by varying
the charge density by electric or chemical doping. The electron
migration in the upper Dirac cone influences the electron−
phonon interaction, as extensively demonstrated in theoretical
predictions and in pioneering Raman experiments on Gr mode
evolution as a function of doping.1,2

It is worth noting that most of the Raman investigations
were performed in the low doping regime by electric field
effect,1,3−5 while an efficient method to achieve high n-type
chemical doping can be alkali metal (AM) adsorption on Gr.6

Though electric doping by gate voltages gives the advantage of
inducing a homogeneous shift of the Fermi level over all the
sample, the chemical doping allows one to control the Fermi
level position in a wide energy range with an enhanced
electron−phonon interaction, as observed for potassium-doped
graphite.7 Furthermore, experimental evidence of increased
electron−phonon interaction and quantification of the relevant
λ parameter in AM-doped Gr has been deduced by angular-
resolved photoelectron spectroscopy (ARPES),7−10 while
Raman has been used mainly for low electric field-effect
doping.3,11−13 However, it has been clearly remarked that
ARPES gives an overestimation of λ for AM-doped Gr.14 Thus,
a thorough Raman study on highly controlled AM-doping of
Gr in different forms (fully free-standing or supported flakes) is
still lacking.
In order to deduce the electron−phonon interaction

coupling from a Raman study of AM-doped Gr, critical issues

are the in situ deposition of AMs in ultrahigh vacuum (UHV)
ambient and the choice of suitable high-quality free-standing
Gr samples. In fact, previous experimental studies on
chemically doped Gr were mostly performed by exposing
single-layer or few-layer Gr samples to AMs in a controlled
atmosphere,6,15 except a single example�to our knowledge�
of Raman spectroscopy for Cs-doped Gr/Ir(111) carried out
in UHV.16 Furthermore, a fine control of the evolution of the
electronic response at increasing degree of metallicity of Gr
obtained by AM doping has been rarely employed in free-
standing Gr, without detrimental effects of an underlying
substrate. On the other side, Gr flakes have been electron
doped mainly via electric field-effect doping1,3,4 and without
discriminating its dependence on the number of Gr layers
involved in the process.
In this paper, we overcome these crucial challenges,

investigating by UHV micro-Raman spectroscopy of highly
controlled potassium-doped fully free-standing nanoporous Gr
(NPG), a defect-free single- or bi-Gr (2L) layer(s) with high
specific surface area.17−20 AMs can adsorb on NPG strongly
enough on the surface to form a thermodynamically stable
arrangement. A comprehensive view of the vibrational
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response and electron−phonon coupling (EPC) of contami-
nant-free K-doped Gr has been unveiled thanks to a new
original advanced experimental setup combining AM in situ
deposition with micro-Raman and high-resolution X-ray
photoelectron spectroscopy (XPS) in UHV ambient (see
Supporting Information). A complementary electron energy
loss spectroscopy (EELS) investigation correlates the occupa-
tion of the π* conduction band with the Dirac plasmon
evolution. Furthermore, comparison with K-doped flat 2-layer
Gr flakes allows one to determine the doping associated with
the donated charge and that induced by strain effects in the
Raman response as a function of K doping for these free-
standing Gr prototypes.
These correlated experimental findings on the plasmonic

response in chemically doped free-standing Gr are in excellent
agreement with the vibrational frequency shift due to
electron−phonon interaction driven by the K charge
migration, as interpreted by UHV Raman spectroscopy. This
allows a fine control of the evolution of the vibrational
response to experimentally determine the strength of EPC,
which is higher than in doped Gr by electric field effect.

■ RESULTS AND DISCUSSION
AM doping of Gr, avoiding any substrate influence, can be
successfully achieved by employing NPG, a fully free-standing
sheet with large areas in closed tubular forms decorated by
pores at the micrometer scale, as depicted in the scanning
electron microscopy (SEM) image shown in Figure 1a. The
transmission electron microscopy (TEM) image (inset)

enlightens the crystalline order of the hexagonal mesh at the
nanoscale. The hexagonal moire ́ superstructure visible in the
TEM image suggests the presence of misoriented non-Bernal-
stacked bilayers.18 In fact, NPG is a bicontinuous inter-
connected arrangement of high-quality Gr veils, dominated by
the presence of single or weakly interacting bilayer(s) of Gr,
stacked in a twisted turbostratic arrangement, as assessed in
recent studies.17−21

The three-dimensional (3D) architecture of the large size
(∼1 × 1 cm2) NPG sample is compared with the few-layer Gr
flat flake deposited on a SiO2/Si substrate, as reported in
Figure 1b. The optical image of the exfoliated flake (top of
Figure 1b) reveals two regions, a 2-layer (2L) and 3-layer (3L)
zone, as estimated by optical transmission (see Experimental
Methods below), compatible with the typical absorption
coefficient of 2.3% per Gr layer.22 A further proof of the Gr
flake topography was obtained via atomic force microscopy
(AFM), whose topographic image is displayed in the lower
side of panel (b), where the step between the 2L and 3L Gr
flake displayed through the color scale is ∼0.4 nm.
Raman spectroscopy has been by far the benchmark

technique for determining the Gr quality and number of
layers,23,24 and it is apt to compare the hallmarks of NPG with
a 2-layer Gr flake. Representative μ-Raman spectra of the large-
sized NPG sample and of a micron-sized region of the Gr flake
with the resulting Raman band fits are shown in panel (c) of
Figure 1. At first glance, both Raman spectra present similar
peaks. The G band around 1580 cm−1, with E2g symmetry, is
related to a first-order process involving an iTO or iLO
phonon mode at q = 0 momentum, associated with an in-plane
out-of-phase displacement of the atoms. The D band (1350
cm−1) related to a second-order process and activated only in
the presence of defects, absent in the flat exfoliated Gr flake, is
only slightly detectable in NPG due to the presence of bent
regions of the sample. The 2D band, roughly centered at 2700
cm−1 and associated with the breathing of the carbon atoms
ring, is activated by a second-order process involving two iTO
phonons with finite momentum K and requires a scattering
from a K point to a K′ point of the Brillouin zone. The 2D
band line shape for NPG differs from that of the 2L Gr flake
(Figure 1c). In fact, the splitting of the band structure in the
AB-stacked bilayer Gr flake causes four actual scattering
processes in the electronic bands, reflected in a complex 2D
Raman band line shape, fitted with the expected four
components.24 On the other hand, NPG mostly composed
by 2L Gr veils of weakly interacting layers in mismatched angle
turbostratic stacking18 presents a 2D band line shape narrower
than the 2L Gr flake.
Recently, it has been shown that potassium doping of NPG

induces an enhanced metallicity.25 In fact, the charge donated
by the K adatoms to the π* Gr states, upshifts the Fermi level
with respect to the Dirac cone, inducing plasmonic excitations
associated with the collective longitudinal excitation of the
electrons in the conduction band. This collective excitation can
be directly probed via EELS. The evolution of the EELS
spectra taken with a primary beam of Ep = 105.5 eV in
reflection geometry, for the K/NPG system at increasing K
exposures, is shown in Figure 2a. The main loss feature of the
clean NPG is the π plasmon at 6.6 eV, whose energy position
and asymmetric line shape are due to the blueshift of the
energy dispersion,26−29 hidden here by an average along the
symmetry directions due to the warped 3D morphology of the
NPG sample. Upon increasing potassium doping, a prominent

Figure 1. (a): SEM image of the NPG sample (14.5 × 14.5 μm2) and
the TEM image in the inset (5.5 × 4.5 nm2). (b) Upper panel: optical
image (42 × 18 μm2) of the Gr flake on a SiO2/Si substrate, with
bilayer and trilayer regions; lower panel: AFM image in a region of the
Gr flake zoomed from the upper panel. (c) Micro-Raman spectra in
UHV for the 2L Gr flake (upper spectrum) and NPG (lower
spectrum), taken with 532 nm laser wavelength; the dots are
experimental points, and the solid lines represent the resulting fit (see
main text description); the bilayer Gr presents the typical multi-
component 2D band mode, while the NPG is well-fitted with a single
Lorentzian component due to the turbostratic layer stacking.
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shoulder, close to the elastic peak tail, emerges with increasing
energy loss as a function of the doping level, up to 1.1 eV at
saturation (panel c). This feature can be related to a plasmonic
excitation due to the electrons in the π* upper Dirac cone,
while the π plasmon remains almost unperturbed, apart from a
slight broadening at increasing K dose, probably associated
with a slight momentum-averaged energy shift.
Evidence of the Dirac plasmon can also be obtained by the

analysis of the line shape of the C 1s XPS spectra, as shown in
Figure 2b for the K/C = 8.5% doping level, whose evolution is
discussed in detail in ref 25. The peak asymmetry at high
binding energy can be attributed to a metallic tail due to
electron−hole pair transitions from the π to π* band and to
the presence of the extrinsic π* plasmon close to the main sp2
component, excited by the outcoming photoelectrons.25 The
Dirac π*-plasmon energy evolution as a function of K doping
as measured by EELS is shown in Figure 2c, presenting a good
agreement with previous high-resolution-EELS and XPS
measurements.25

A cross-correlation of different experimental techniques can
better enlighten how the electronic quasi-particle spectrum is
related to the vibrational Raman response. It is also well
established that Raman bands in doped Gr are influenced by
the increased charge carrier density in the upper Dirac cone
due to the modified electron−phonon interaction.30−35 In
Figure 3, the evolution of a selected data set of Raman spectra
of NPG upon increasing potassium doping is presented.
At the first K doping, the pristine G band at 1584 cm−1

(hereon named G1) decreases in intensity, while a new
component (G2) appears at about 1611 cm−1, and the 2D
band starts reducing its intensity. Upon increasing the K dose,
the weight intensity of the G2 band continuously increases
relative to the G1, whereas the 2D band intensity decreases

until quenching at full coverage ( )1, where I
I I

G2

G1 G2
= = + .

The appearance of the G2 peak is a hallmark of the breakdown
of the Born−Oppenheimer (BO) approximation, and its
frequency shift with respect to G1 is due to a nonadiabatic
contribution, as predicted by Pisana et al.1 The coexistence of
the G1 and G2 bands at low coverage is due to the potassium-
uncovered regions of the NPG surface (the latter still showing
the G1 peak). As more charge is donated to the system, the
doping becomes more homogeneously distributed on the
whole NPG surface, resulting in the reduction of the G1 band
intensity, up to a complete disappearance when the saturation
value is reached.
Most of the experimental studies on charge doping of Gr

have been carried out by gate voltage application,1,3,5,11,12,36

thus inducing a homogeneous overall shift of the electronic
bands with respect to the Fermi level. By doping Gr with AMs,
a more complex process is present since the charge donation
takes place at and around the sites where the AM adsorbs, and
it is dependent on the size of the AM-covered area. This
accounts for the coexistence of the G1 and G2 bands before K-
doping saturation of the NPG sample.
In order to probe the homogeneity of the K doping in NPG,

a micro-Raman mapping of highly doped K-NPG has been
done, over a region of 20 × 15 μm2 in steps of 500 nm, leading
to the best resolution possible (given the laser excitation
wavelength of 532 nm), as reported in Figure 4. The color
scale in both panels (a) and (b) suggest a very homogeneous
distribution of potassium uptake, with only slight variation at
the micrometer scale. In fact, the I

I I
G2

G1 G2
= + parameter spatial

distribution shows a homogeneous doping level, quantified by

Figure 2. (a) EELS spectra of K-NPG as a function of K coverage,
taken with Ep = 105.5 eV, showing both the π and π* plasmon
excitations; inset: scheme of the rigid band model upon electron
doping; (b) C 1s core level of K-NPG at a K/C = 8.5 at. %
concentration, collected with monochromatized Al Kα radiation
(1486.6 eV) on the same sample surface of the EELS measurements:
experimental data (black dots), fitting curve (red line), single fitting
components as in the legend (colored curves); (c) π*-plasmon energy
as a function of K doping, deduced from the EELS experiment (red
symbols), and comparison with the plasmon energy as derived from
previous high-resolution-EELS and XPS data [★]25 (light gray
symbols).

Figure 3. Selected Raman spectra of K-NPG as a function of K

coverage (Θ, defined as( )I
I I

G2

G1 G2
= + ) up to saturation coverage, in

the G and 2D Raman band wavenumber range, taken with 532 nm
laser wavelength.
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the Gaussian-like histogram of the Θ values (panel b) with a
mean value of μ = 0.84 and standard deviation σ = 0.02.
Each pixel of the spatial distribution contains a Raman

spectrum, that has been fitted using two Lorentzian curves to
reproduce the G1 and G2 bands. An example of such a fitting
procedure is reported in panel (d), where two different spectra
are displayed, respectively, from a lower (circle) and a higher
(star) doping region. The G2 band energy spatial distribution
(ωG2), reported in panel (c), unveils higher doping regions
with softer G2 peaks and lower doping regions with stiffer G2
bands. The homogeneity observed in the micro-Raman
mapping ensures an averaged charging effect over all the
NPG sample.

In order to have a deeper understanding of the different
contributions and a further confirmation of the charge transfer
effects on the vibrational response of K-doped Gr, we have
performed an analogous K doping on the flat 2L Gr flake. In
Figure 5a, a selected set of Raman spectra of K-doped NPG
compared with a K-doped 2L Gr flake is shown. We observe
that the spectral evolution on 2L Gr (blue curves) is rather
similar to that on NPG (dark gray curves), with the formation
of the G2 band fingerprint of the charge migration, and a
gradual reduction of the 2D mode, in qualitative agreement
with previous Raman data on K-doped graphite compounds
and few-layer Gr systems.30,31,33

Figure 4. (a) Spatial Raman mapping of coverage I
I I

G2

G1 G2
= + , taken at a highly doped K-NPG sample, in a 20 × 15 μm2 spatial region, with 500

nm steps; the homogeneity in K coverage can be deduced from the histogram of the Θ value distribution reported in panel (b), with a mean
coverage value of 0.84 ± 0.02. (c) Spatial Raman mapping of the frequency ωG2 band deduced from a fitting procedure, two examples of which are
reported for selected Raman spectra in panel (d). The two exemplary spectra correspond to two points (circle and star) of panel (a).

Figure 5. (a) Comparison of NPG (dark grey line) and 2L Gr (dark blue line) Raman spectra as a function of K coverage ( )I
I I

G2

G1 G2
= + . (b)

Frequency (ω) evolution of the G1, G2, and 2D Raman bands as a function of K coverage, for both K-NPG (dark gray dots) and K/2L Gr (dark
blue squares).
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As far as the 2D band is concerned, the progressive intensity
reduction upon K doping can be attributed to an increased
electron−electron (e−e) scattering rate (γee) with increasing
charge carrier density. In fact, theoretical predictions37 evaluate
a linear dependence of γee with the Fermi level shift ΔE, while
the intensity of the 2D mode scales as γee−2. Furthermore, the
2D band line shape for the 2L Gr flake24 becomes narrower
and more symmetric upon doping. This effect suggests an
intercalation of K adatoms increasing the interlayer spacing of
the 2L Gr flake, therefore weakening the interactions between
the layers, resulting in a single Raman scattering process for the
2D mode. The 2D band line shape is symmetric in the NPG
sample because of the turbostratic arrangement of its weakly
interacting layers, and the eventual K intercalated atoms are
not expected to affect the 2D band line shape.
The coverage dependence of the frequency of the main

Raman bands (Figure 5b) is determined by a fitting with
Lorentzian components for the pristine and K-doped spectra
for a broad set of measurements, some of which are reported in
panel (a).
A clear softening of the frequency for the G2 and 2D modes

is present for both the NPG and the 2L Gr flake. In particular,
for Θ > 0.5, the G2 frequency varies from 1611 to 1604 cm−1,
while the 2D band frequency varies from 2705 to 2650 cm−1

for the NPG, and from 2692 to 2655 cm−1 for the 2L Gr flake.
This is a further confirmation of the similarity between 2L Gr
and NPG, and we can propose a common interpretation of the
observed frequency shifts.
The frequency shift ΔωG of the G band between the

undoped and the fully doped case can be due to several
reasons. First of all, the electron doping, moving the Fermi
level up to a position of higher π* state density, changes the π
electron optical spectrum, and thus modifies the EPC. The
breakdown of the BO approximation drives the renormaliza-
tion of the phonon frequencies, inducing a stiffening of the G
mode (leading to the observed G2 band), as reported in
several experimental papers.1−4,6 Another cause of the
frequency shift is the tensile strain associated with the charge
donation, as observed for gate voltage-doped Gr.2,36 However,
the presence of the adsorbed and/or intercalated potassium
adatoms in Gr can induce a steric strain effect. A quantitative
explanation of the observed ωG2 frequency shift must include
both the phonon renormalization due to the breakdown of the
BO approximation and the lattice expansion. This model,
introduced by Lazzeri and Mauri,2 considers the effect of the
increased charge doping by summing three contributions

E
E
E

E
4

log
/2
/2

( )G F
0 F 0

F 0
strain F= +

+
+

(1)

The first two addenda (dynamic terms) provide a positive
shift of the G component, and they are related to the EPC,
while the third one (static term) determines a negative shift of
the G peak and is related to charge-induced lattice expansion.
In eq 1, α′ is associated with the EPC by λ = 2πα′, while ℏω0 is
the unperturbed G band Raman frequency. In a rigid band
model, where the Gr bands are preserved upon doping and the
Gr lattice is unperturbed, the tensile strain induced by the
increased charge density has been calculated via static
perturbation theory on the DFT total energy.2 The Fermi
level shift (EF = 0.6 eV) measured at the maximum K doping
(Θ = 1), corresponds to an estimated tensile strain of ε ∼

0.05%, which implies a shift ΔωG2 = −2.85 cm−1 (see
Supporting Information), where the injected charge softens the
bonds leading to a tensile strain in the system. However, at
maximum doping we observe a shift ΔωG2 = −7 cm−1, larger
than the one expected from charge-induced strain calculation.
Thus, an additional strain mechanism related to a steric effect
due to the presence of the AM in the Gr mesh should be
considered.
The additional steric strain, including the ΔωG2 missing

contribution (−4.15 cm−1), results in ε = 0.08% (see
Supporting Information). The latter sums up to the charge-
induced strain (ε = 0.05%) giving a total strain of ε = 0.13% in
the present K-doped Gr system.
We were able to distinguish so far the charge and steric

strain from the dynamic contribution to the Raman ΔωG2
frequency shift, thus a direct information on the electron−
phonon interaction α′ can be easily deduced. At K-doping
saturation, the dynamic term is ΔωG = 20 cm−1 and the static
Δωstrain = −7 cm−1. By inverting eq 1, we obtain α′ = (5.58 ±
0.5) × 10−3, i.e., λ = (3.5 ± 0.4) × 10−2, which is ∼30% larger
than typical values on gate-doped Gr1,3,12 and on most of
liquid-gated Gr.36 This larger strength of the electron−phonon
interaction accounts for the additional effective presence of the
AM in the Gr mesh. Even larger EPC (by ∼90%) has been
derived by ARPES in heavily Cs-doped supported Gr,16

although we remind that photoemission data can overestimate
the EPC.14

■ CONCLUSIONS
A fine control of the electronic/vibrational response in
chemically doped free-standing Gr, without a detrimental
effect of the substrate and free of contaminants, unveils a
notable EPC. The original combined UHV micro-Raman and
XPS setup allows a comparison of NPG and the 2-layer Gr
flake, at increasing potassium doping deposited in situ. From
the analysis of the vibrational response, correlated with the
charge associated with the plasmon in the upper Dirac cone
and the Fermi level shift, we estimate an electron−phonon
interaction parameter λ of K-doped Gr larger than that
deduced in electronic doping by gate voltages. Furthermore,
we identify a contribution to the Raman frequency shift due a
tensile strain related to a steric lattice expansion associated
with the presence of the K adatoms, similar to that in
turbostratic NPG and bilayer Gr.

■ EXPERIMENTAL METHODS
Sample Preparation. NPG was grown through a nano-

porous Ni template by means of chemical vapor deposition
(CVD). Ingots of Ni30Mn70 alloy were first synthesized by
melting pure Ni and Mn in an Ar-protected arc melting
furnace, then they were annealed to become microstructured
and composition-homogeneous alloys, then rolled into thin
films. In order to obtain the nanoporous Ni template, the
NiMn alloy sheet was chemically dealloyed with 0.5 M
ammonium sulfate for nanoporous Ni. Nanoporous Ni was
used as the CVD substrate, and benzene was then used as a
precursor for CVD Gr growth at 900 °C for 5 min. The Gr
sheet covering nanoporous Ni and presenting its same three-
dimensional morphology was subsequently exfoliated by
chemical dissolution of the Ni template by 1.0 M hydrochloric
acid. The synthesis and preparation process are described in
detail elsewhere.19−21,38−41 Prior to the spectroscopic data
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acquisition in each UHV apparatus in each laboratory, the
NPG samples were degassed at 600−620 °C for several hours
to remove contaminants from air exposure.42

The few-layer Gr flake has been mechanically exfoliated
directly from pure natural graphite and sequentially transferred
by an all-dry deterministic transfer procedure43,44 on a SiO2/Si
substrate, by using a polydimethylsiloxane stamp (Gel-Film
WF × 46.0 mil by Gel-Pak). Details of the flake preparation
and transfer are available in the Supporting Information.
Potassium was sublimated in UHV (in the 10−10 mbar

range) by using commercial SAES getter dispensers, after
overnight degassing at currents slightly below the sublimation
onset. The sublimation rate was kept as constant as possible in
each measurement set, and it was similar in the different UHV
chambers, by using equivalent dispensers mounted in each
apparatus.
Photoelectron and Raman Spectroscopy. The inte-

grated high-resolution XPS and micro-Raman spectroscopy
experiments were performed at the SmartLab departmental
laboratory45 (see Supporting Information) of the Department
of Physics at Sapienza University of Rome. This newly
conceived apparatus combines a novel setup of electron- and
optical-microspectroscopies, all in UHV with base pressure in
the range of high 10−11 mbar in all the stages. The system is
also equipped with a UHV-interconnected preparation
chamber with all ancillary facilities for sample cleaning and
AM deposition. XPS measurements were carried out using an
Al Kα monochromatic (1486.6 eV) source (SPECS XR50
MF), and the electrons were analyzed by a hemispherical
SPECS PHOIBOS 150 analyzer from the SPECS group with
an energy resolution of about 0.4 eV. The Raman spectroscopy
experiments were carried out in the novel UHV setup using as
an excitation source, a single frequency ND/YV04 laser, at
532.2 nm wavelength. The power of the laser was kept below
250 μW on the sample to avoid any kind of sample damage.
The system is equipped with a 50 cm focal-length
monochromator with a 300 and 1200 grooves/mm grating,
and the signal is detected by a back-illuminated liquid N2-
cooled Si CCD camera. The Raman sample holder is mounted
on a hexapod piezoelectric stage, which can be moved with
steps of 50 nm, while the spatial resolution of approximately
500 nm is limited by the laser source wavelength and focal
spot.
EELS. EELS measurements were performed at the LSAM-

STAR laboratory of the Universita ̀ della Calabria, in the
reflection geometry at Ep = 105.5 eV, using the electron source
SPECS EQ 22/35 and the hemispherical electron energy
analyzer SPECS PHOIBOS 150. The angle between the
analyzer and an electron gun was about 35°. The full-width at
the half-maximum of the reflection peak for Ep = 105.5 eV was
about 0.5 eV. The base pressure during all measurements was
less than 1 × 10−9 mbar.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsomega.4c03543.

Description and a photograph of the new advanced
setup for combined UHV Raman and XPS measure-
ments, details on the Gr flake preparation and transfer
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