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Abstract
The intercalation of a molecule or ion in a layered structure is key to enhancing energy storage,
material conductivity, intercalant structural ordering, and the formation of two-dimensional (2D)
superconducting states. The process of intercalation modifies the vibrational energy of the host,
which can be monitored non-invasively by Raman spectroscopy. However, the detected Raman
spectral shifts may originate from a variety of phenomena, generally making the technique an
indirect means of identifying intercalation success. Here, we discuss newly discovered
low-frequency (LF) (<100 cm−1) Raman features due to the formation of unique 2D polar metals
(Ag, Cu, Pb, Bi, Ga, In) or metal alloys (InxGa1−x) intercalated at an epitaxial graphene (EG)/silicon
carbide (SiC) interface and demonstrate that 2D-Ag and 2D-Ga can have spatially distinct phases
with their own unique Raman responses. Additionally, we establish that the 2D-Ga exhibits a
structural evolution as a function of temperature, independent of the SiC and EG, that can lead to
nucleation of secondary phases. The newly identified LF Raman responses discussed here lay the
foundation for rapid, direct, and spatially resolved evaluation of 2D polar metals in ambient.

Graphene catalyzed the age of 2D materials [1],
however many other examples of atomically thin
mono-element films pre-date graphene, existing at
the metal–semiconductor interface—a key area of
research for the development of many electronic
devices [2]. However, the characterization of the
monolayer metal–bulk semiconductor interface is
generally limited to ultra-high vacuum (UHV) tech-
niques due to rapid oxidation of the metal surface
when exposed to ambient conditions [2]. Recently,
with the advent of epitaxial graphene (EG) inter-
calation [3, 4] and subsequent development of con-
finement heteroepitaxy (CHet) [5], an atomically-
thin (2D) metal can be automatically passivated by
graphene and remain air-stable for >9 months [5].
The bonding character of the metal at this EG–SiC

interface is anisotropic, forming a covalent bond
to the silicon and a weak van der Waals interac-
tion with the graphene, which results in a non-
centrosymmetric structure [5]. It has been determ-
ined that this axial symmetry breaking in the metal
helps to generate the largest second-order susceptib-
ility reported for metals (∼10 nm V−1) [6] as well as
higher Tc superconductors [5] compared to the bulk
counterparts. The presence of the graphene capping
layer helps to preserve these exotic states while also
providing direct optical access to the metal layer out-
side of UHV.

Raman spectroscopy is a standard optical charac-
terization technique for 2D materials [7]; however,
analysis of mono-element metals or metal alloys via
Raman spectroscopy is limited in comparison. There
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are only a few examples of Raman scattering from
bulk or surface phonons in mono-elemental trans-
ition metals [8–11]. In each case, the signal is either
weak due to the skin depth of the metal that mod-
ulates the electronic susceptibility [12], or is only
detected in UHV conditions due to oxygen sensitiv-
ity of the metal surface [11]. Recently, Raman scat-
tering was found to occur as a result of electron-
phonon induced intraband electronic excitations in
bulkmetals at room temperature [13]. This electronic
Raman scattering is dependent on the Fermi velocity
of the metal and often results in spectroscopic fea-
tures with full-width at half maximum (FWHM) val-
ues of 1000 cm−1, which can be confused for fluor-
escence, except the peak position is independent of
excitation source, confirming that it is a Raman shift
[13]. Contrary to the electronic Raman scattering
studies ofmetals, superconductor and semiconductor
electronic Raman scattering is well established [14].
One of the earliest semiconductormaterials identified
to demonstrate electronic Raman scattering is 6H-
SiC [15], the SiC polytype utilized in this work for
epitaxial growth of graphene. The electronic Raman
scattering in n-type SiC due to interband excitations
from shallow donors is dependent on the unique
valley-orbit split 1 s ground state found in each SiC
polytype (4H, 6H, 15R).

Low-frequency (LF) Raman (defined as
<100 cm−1) spectroscopy enables the characteriza-
tion of inelastically scattered light from correlated
electrons by probing the shallow donor/acceptor
states in a material [14]. LF Raman also provides
versatile information for layered materials based on
rigid interlayer shear/breathing phonon modes [16].
These interlayer phonon modes enable the identi-
fication of layer thickness, stacking orientation, and
the formation of Van Hove singularities in graphene
[17] and other related layered materials [18]. The LF
Raman (figure 1(a)) at various CHet synthesis stages
demonstrate that only a weak band at −25 cm−1

exists in the semi-insulating 6H-SiC (<1016 cm−3

carrier concentration), multi-layer EG and hydrogen
intercalated EG (referred to as quasi-freestanding EG
or QFEGH). Because all Raman Stokes energy shifts
have an equal but opposite anti-Stokes energy shift,
this feature is assigned as an artifact from our 532 nm
laser. We note that there are no interlayer phonon
modes in EG (figure 1(a)). This may be due to azi-
muthal disorder beyond the first layer of graphene
grown epitaxially on SiC (0001̄) (C-face) due to rota-
tional stacking faults [19] or the dynamic change in
strain for each subsequent layer [20] on SiC (0001)
(Si-face).

New LF Raman features appear only after metal
intercalation and are thus referenced as metal low
frequency features (MLFF). The gallium (Ga) inter-
calated EG (QFEGGa) exhibit intense bands at
26 ± 1.3 cm−1 and 54 ± 2.1 cm−1 with a descend-
ing background from low-to-high wavenumbers. As

Figure 1. (a) Low frequency Raman (532 nm laser)
acquired at various stages of the CHet process, with spectra
normalized to the 6H-SiC folded transverse acoustic (FTA)
mode at 150 cm−1, reveals that only after metal
intercalation do the additional modes appear at
26± 1.3 cm−1 and 54± 2.1 cm−1. Additionally, (b) the
intercalation of the 2D metal does not alter the position of
the SiC LOPC mode, indicating no measurable change in
the SiC carrier concentration as a result of CHet.

seen in figure 1(a), the general peak profile of the
QFEGGa is independent of the EG layer thickness and
SiC polytype, indicating that this is not an interlayer
mode unique to EG, nor electronic Raman scattering
from interband excitations in the SiC. However, there
is a subtle difference in the MLFF relative intensity
for monolayer QFEGGa and bilayer QFEGGa. This is
likely related to the concentration of oxygen present
in the intercalated Ga, which leads to quenching of
the LF Raman response (see supporting info available
online at stacks.iop.org/2DM/8/041003/mmedia), as
has been found by Akemann et al [11]. While gallium
oxide does have a Raman response at >200 cm−1

[21], the weak signal is not detected in our 2D metal
structure. Another feature in the QFEGGa LF spec-
tra is the descending background, which also exists in
conductive SiC (>1017 electrons cm−3 carrier concen-
tration). As carrier concentration of SiC is increased,
this background appears as a result of a continuum
band due to intraband transitions [15, 22]. Addi-
tionally, when an increase in carrier concentration in
SiC occurs, it induces a positive shift and damping of
the longitudinal phonon plasmon coupled (LOPC)
mode [23] and the Fano interference in the folded
transverse acoustic (FTA) mode [24]. Therefore,
if the carrier concentration of the semi-insulating
SiC substrate increased to ⩾1017 cm−3 due to Ga
intercalation, the LOPC peak would shift ⩾+1 cm−1

compared to semi-insulating 6H-SiC [23]. As shown
in figure 1(b), the LOPC peak in semi-insulating
6H-SiC (966.0 cm−1) and QFEGGa (965.8 cm−1)
is unchanged within our measurement accuracy,
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Figure 2. (a) Each 2D-metal exhibits a unique MLFF (labeled peak position standard deviation⩽2.5 cm−1), with both 2D-Ag
and 2D-Ga showing two spatially distinct responses. Contrast in reflected light optical micrographs ((b), (c)), secondary electron
SEM ((d), (e)) and Auger electron spectroscopy (AES) maps of Ag1 359 eV photoelectron (f) and Ga1 1069 eV photoelectron
(g) corresponds with the unique phases identified in Raman map analysis of the 2D-Ag (h) and 2D-Ga (i), respectively. The
bright region in the AES maps indicates a higher signal and therefore higher concentration of the metal. These regions of higher
concentration from Auger match 2D-Ag(2) in (h) and 2D-Ga(2) in (i). Each pixel in the Raman maps ((h), (i)) represent an
acquired spectrum analyzed via multivariate curve resolution (MCR), where the pixel color is chosen based on the loading with
the highest score. The loadings for the maps (purple/green; orange/blue) are color coded in (a). The scale bar in all images
((b)–(i)) is 2 µm.

suggesting no detectable doping of the SiC due to
intercalation. Therefore, the LF background feature
in the QFEGGa sample is a direct response of the
intercalated metal. Furthermore, the QFEGGa MLFF
is unique from themeasured response of bulk gallium
[25] and gallium clusters embedded in an Ar+ mat-
rix [26], likely due to the polar structure formed at
this interface [5]. To help clarify this differentiation
in structure and spectral response, the metal inter-
calated QFEG region is identified by the 2D-metal
(2D-Ga, 2D-Ag, etc) intercalant.

Each metal intercalant exhibits a MLFF that is a
unique spectral fingerprint, enabling rapid identific-
ation of the 2D-metal. As evidenced by the Stokes
shift spectra (figure 2(a)) for each metal intercalant
after Bose–Einstein population correction [27], no
two metals exhibit the same MLFF. Additionally, two
distinct MLFF exist for 2D-Ag and 2D-Ga. Often,
2D-metal samples exhibit variation in optical micro-
graph contrast (OM, figures 2(b) and (c)), scanning
electron microscopy (SEM, figures 2(d) and (e)), and
Auger electron spectroscopy maps (AES, figures 2(f)
and (g)), indicating different concentrations of metal
in the corresponding regions. Raman maps of 2D-
Ag (figure 2(h)) and 2D-Ga (figure 2(i)) match these
sample specific variations in OM, SEM, and AES,
validating that Raman mapping of the 2D-metals
provides a rapid and direct means for identifying loc-
ation specific phases of the metals. Previous TEM
analysis demonstrates Ag and Ga intercalation can

result in 1–4 atomic layers and occasionally 4+
atomic layers [5]; however, only two distinct MLFFs
are identified (based on dozens of 2D-Ag and 2D-Ga
samples). Therefore, the MLFF is likely measuring
a distinction in structure that occurs after some
threshold thickness or concentration (e.g. intralayer
packing) of the Ag and Ga intercalation. Character-
izing this structural difference is challenging and is a
continued effort in our research.

The MLFF response measured for each 2D metal
is unique from their respective bulk metal; however,
some shared similarities exist for 2D-Ag, 2D-Cu and
2D-Bi. Cryocondensed Ag and Cu exhibit peaks at 65,
110, and 170 cm−1 for Ag and 112, 157, and 222 cm−1

for Cu [11]. The feature identified at 65 cm−1 in
the cryocondensed Ag film, which also appears in
2D-Ag in this study (65 ± 0.4 cm−1), was assigned
to a surface acoustic wave (or Rayleigh wave) that
crosses the M & K point of the Ag(111) Brillouin
zone [11]. Additionally, Helium time-of-flight spec-
troscopy indicates Ag(111) also has surface longitud-
inal resonance phonons that cross the M&K point of
the Brillouin zone at 81 and 97 cm−1 [28], respect-
ively, similar to the 83 ± 0.6 and 92 ± 0.4 cm−1

peaks in 2D-Ag(2). It is possible these surface lon-
gitudinal features were not resolved previously due
to film roughness consisting of multiple small facets,
including (111), (110), and (100) faces, all contrib-
uting to the inelastic scattering [11]. Whereas the
atomically-smooth, 2D-metals in this study results in
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Figure 3. (a) Temperature (293 K–623 K) dependent Raman response (633 nm laser, 50×/NA0.5, spatial resolution <1 µm) of
2D-Ga(2) demonstrates an evolution in MLFFv1 and MLFFv2 with increasing temperature (inset is the SiC FTA response), where
(b) plotting the peak positions as a function of temperature indicate the 2D-Ga(2) exhibits a much stronger temperature
dependence than SiC. Furthermore, Raman maps (MCR analysis) of the 2D-Ga(2) at 80 K before (c) and after (d) heating the
sample to 623 K reveal that a new phase appears ((d), green) after cooling back down to 80 K. This second phase (R2) appears
near the edges of the original 2D-Ga(2) structure, with a shift in both MLFFv1 and MLFFv2 (e). The red line in (d) is the outline of
the 2D-Ga(2) region from (c). Scale bar in ((c), (d)) is 4 µm.

discrete structures with a domain size on the order
of microns, resulting in a phase-dependent Raman
response (figure 2(h)), where 2D-Ag(2) could possibly
correspond to Ag(111) and the 2D-Ag(1) matching
Ag(100) at 110 cm−1 [11]. However, the strongest
response detected in 2D-Ag(1) is at 17 ± 1.0 cm−1,
which does not exist in the reportedAg(100) structure
[11]. The agreement between the cryocondensed Cu
film Raman response and the 2D-Cu is not as clear,
with only a close correlation between the feature iden-
tified at∼112 cm−1 and 121± 1.0 cm−1, respectively.
Helium time-of-flight spectra of Cu(111) reveals that
the Rayleigh wave crosses the M & K point of the
Brillouin zone at 108 cm−1 and 113 cm−1, match-
ing the cryocondensed Cu film [28]. However, higher
index Cu structures result in folded surface phonon
modes that cross the Γ point of the Brillouin zone
at lower frequencies than Cu(111) [29]. Lastly, the
2D-Bi measured Raman response does show a close
correlation with recently measured Bi-III in a high
pressure Raman scattering study [30]. However, the
signal at∼108 cm−1 identified in their phonon dens-
ity of states as the out-of-plane component is stronger
in our measurement than the system tested by Zhao
et al possibly because the lower dimensionality of
the 2D-Bi within the QFEG-SiC gallery enhances the

out-of-plane motion [30]. Once the atomic structure
of these 2D metals is confirmed, a more thorough
analysis on the phonon assignments can be provided.
This would be most useful in the analysis of the Pb,
In and InxGa1−x alloy system, for which there is no
known Raman reported prior to this publication.

Temperature dependence of the 2D-metal MLFF
is uniquely different from SiC and QFEG. There
is a monotonic decrease in position/intensity and
increase in FWHM of the 2D-Ga(2) peaks from
290 K to ∼600 K (figure 3), when signal can no
longer be detected. The decrease in phonon fre-
quency with increasing temperature is typical for
materials with a positive coefficient of thermal expan-
sion, and is due to an anharmonic potential of the
vibrational mode [31]. The SiC Raman bands fol-
low the same trend, however, the shift in the FTA
peak position as a function of temperature for SiC
(−0.002 cm−1 K−1) [32] is less than that meas-
ured for 2D-Ga(2) MLFFv1 (−0.007 cm−1 K−1)
and MLFFv2 (−0.015 cm−1 K−1). The tem-
perature induced line-shift in SiC decreases as
the wavenumber, ωo, of the respective phonon
decreases, with a measured dispersive response of
C(ωo) = −2 × 10−5ωo + 0.002 cm−1 [32]. If the
detectedMLFF originated from SiC, theMLFF would
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have a positive temperature coefficient. This indic-
ates that the spectral-structural dependence of the
2D metal is unique. If the temperature coefficient for
the 2D metal is presumed to also show a linear dis-
persive response—limited to only twoMLFFs for 2D-
Ga(2), then C(ωo) = −2 × 10−4ωo + 0.0002 cm−1.
Once the origin of these modes is identified and the
non-linear compression as a function of 2D metal
thermal expansion is determined, these shifts can
be equated to structural changes in the 2D metal.
However, using this dispersive response of 2D metal
Raman as a function of temperature, we can estimate
that the expected dispersion for the G peak would
be −0.3442 cm−1 K−1, which is >10× the measured
value for QFEG [33], thus eliminating the possibility
of the MLFF response coming from QFEG.

Mapping the Raman response before and after
thermal cycling (figures 3(c) and (d)) provides
insights into 2D metal diffusion and reconstruc-
tion at the QFEG–SiC interface. As noted previously,
increasing the temperature reduces the MLFF intens-
ity due to the ground vibrational state being depleted
as energy in the system is increased [31]. However,
the spectra in figures 3(a) and (e) compensates for
thermal population of states by applying the Bose–
Einstein correction. Therefore, the decrease in sig-
nal intensity may be assigned to increased disorder
in the 2D metal structure. A comparison of the 2D-
Ga(2) sample measured at 80 K before (figures 3(c)
and (e)) and after (figures 3(d) and (e)) heating to
623 K, reveals that the 2D metal structure returns
to its original state in most regions (R1) of the
mapped sample; however, a 2nd region appears (R2)
in multiple locations (green in figures 3(d) and (e)).
Region R2 appears to nucleate at the edge of the ori-
ginal 2D-Ga(2) structure, with a higher tensile strain
based on the red-shift of the phonons with respect
to the original 2D-Ga(2) measured response at 80 K
(figure 3(e)). In the upper-right quadrant of the
Ramanmap (figures 3(c) and (d)), a location that was
previously identified as ‘EG only’ now exhibits the R2
response, suggesting that the 2D-Ga metal has dif-
fused into this location, forming QFEGGa with a Ga
layer thickness greater than 2D-Ga(1) (see supporting
info), and the structure is under tensile strain.

The ability to rapidly assess the presence, com-
position and structure of 2D-metals at the interface
of QFEG-SiC at sub-micron scales, under ambient
conditions, is a unique advantage of Raman spectro-
scopy. The temperature dependent spectral analysis
of the 2D metal demonstrates that Raman is a dir-
ect approach to monitoring the stability and diffu-
sion in-situ. Once a spectral-structural relationship
is established for the 2D metals, this characteriza-
tion method is poised to help understand other crit-
ical properties of the 2D metal, such as the strain,
crystallinity, electron-phonon coupling, non-linear
optical coefficients, and correlated electrons in the
superconducting state.
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