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ABSTRACT: Graphene-enhanced Raman scattering (GERS) offers
great opportunities to achieve optical sensing with a high uniformity
and superior molecular selectivity. The GERS mechanism relies on
charge transfer between molecules and graphene, which is difficult to
manipulate by varying the band alignment between graphene and the
molecules. In this work, we synthesized a few atomic layers of metal
termed two-dimensional (2D) metal to precisely and deterministi-
cally modify the graphene Fermi level. Using copper phthalocyanine
(CuPc) as a representative molecule, we demonstrated that tuning
the Fermi level can significantly improve the signal enhancement and
molecular selectivity of GERS. Specifically, aligning the Fermi level
of graphene closer to the highest occupied molecular orbital (HOMO) of CuPc results in a more pronounced Raman
enhancement. Density functional theory (DFT) calculations of the charge density distribution reproduce the enhanced charge
transfer between CuPc molecules and graphene with a modulated Fermi level. Extending our investigation to other molecules
such as rhodamine 6G, rhodamine B, crystal violet, and F16CuPc, we showed that 2D metals enabled Fermi level tuning, thus
improving GERS detection for molecules and contributing to an enhanced molecular selectivity. This underscores the
potential of utilizing 2D metals for the precise control and optimization of GERS applications, which will benefit the
development of highly sensitive, specific, and reliable sensors.
KEYWORDS: two-dimensional metals, epitaxial graphene, modulation doping, Fermi level tuning, Surface-enhanced Raman scattering,
Graphene-enhanced Raman scattering

INTRODUCTION
Surface-enhanced Raman spectroscopy (SERS) has garnered
significant interest in the scientific community over the past
decade, as it enables an enhanced detection of molecules,
proteins, and biological samples.1−3 SERS substrates based on
metal nanostructures are often limited by their rough and
chemically active metal surface, which leads to undesired
effects such as photochemical reactions, strong fluorescence
background, and nonuniform absorption of probe molecules.4,5

These factors compromise the reliability, repeatability, and
quantifiability of Raman signals and limit the potential
applications in the development of integrated and label-free
sensors.6,7 On the other hand, graphene, an ultraflat and
chemically inert two-dimensional (2D) material, addresses
these drawbacks of traditional SERS substrates by providing
uniform and stable enhancement of Raman signals in a
phenomenon termed graphene-enhanced Raman scattering

(GERS).8−11 Metal-free GERS has great potential for practical
sensing applications that benefit from its excellent chemical
stability, uniformity, fluorescence quenching capability, and
biocompatibility.12−14

The mechanism of GERS is the charge transfer and dipole−
dipole interaction between the analyte molecule and graphene,
which effectively increases the polarizability change of the
molecules and enhancement of the Raman signals.15,16 Such a
charge transfer process is highly dependent on the band
alignment between graphene and analyte molecules.17 There-
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fore, tuning the Fermi level of graphene can effectively
modulate the degree of charge transfer and provide a better
understanding of the transfer pathways related to the
enhancement. Various strategies have been applied to tune
the Fermi level of graphene, such as applied electric field,
electrochemical doping, ultraviolet (UV) radiation, and
chemical doping.18 Although doping by an external electric
field is highly controllable, this involves a tedious fabrication
process and might introduce undesired contamination.19,20

Similarly, electrochemical doping is efficient in modulating the
Fermi level but requires the introduction of guest molecules
with electron-withdrawing or electron-donating groups, which
can interfere with the Raman signals of probe molecules.21 UV
radiation only has limited control over doping level and
undermines the stability of graphene.22 When compared with
the aforementioned methods, chemical doping provides strong
and controllable modulation of the doping level and can be
categorized as covalent or noncovalent interaction.23−26 The
covalent interaction involves heteroatoms substituted or
covalently bonded to the carbon atoms of graphene; however,
it essentially alters the electronic structure of graphene.27 On
the other hand, noncovalent interactions, such as molecular
deposition and substrate effects, preserve the electronic
structure of graphene.28 In addition, noncovalent chemical
doping can deterministically modulate the Fermi level of
graphene, which allows us to probe the correlation between
band alignment, charge transfer, and the GERS enhancement
without ambiguity.
In this work, we utilized a few layers of metal atoms (2D

metals) as an alternative means of chemical doping to fine-tune
the Fermi level of graphene and investigated the charge
transfer process in GERS. The 2D metal intercalated between
the graphene overlayer and the SiC substrate via confinement
heteroepitaxy (CHet) forms a graphene/metal/SiC structure
(Figure 1a). In this case, metal atoms interact with the
graphene through van der Waals forces while covalently

bonded to the underlying SiC substrate with strong internal
gradients in their bonding character.29,30 The Fermi surface of
2D metals comes close to the Dirac point of graphene, which
benefits the Fermi level modulation of graphene. By
intercalating different 2D metals, such as Ag, Ga, and In, at
the graphene/SiC interface, we demonstrated that the Fermi
level of the graphene can be delicately tuned, as shown by
Kelvin probe force microscopy (KPFM). Using copper
phthalocyanine (CuPc) as a model molecule, we demonstrated
that Fermi level tuning can change the GERS performance.
More specifically, a stronger Raman enhancement was
observed when aligning the Fermi level of graphene closer to
the highest occupied molecular orbital (HOMO) level of
CuPc. This effect is attributed to enhanced binding and charge
transfer between CuPc molecules and graphene, as supported
by density functional theory (DFT) calculations. Further
studies of different molecules with varied band alignment with
graphene, including rhodamine 6G (R6G), rhodamine B
(RhB), crystal violet (CV), and F16CuPc, confirmed that the
Fermi level tuning based on 2D metals can improve the GERS
effect through a better band alignment, which in turn provides
the possibility to selectively enhance the Raman signals of
molecules through band alignment.

RESULTS AND DISCUSSION
Fermi Level Tuning by 2D Metals. The graphene/Ag/

SiC (labeled as 2D Ag for simplicity) was synthesized by
intercalating metal atoms underneath the epitaxial graphene
layer on SiC. The cross section of 2D Ag was characterized
using high-resolution, high angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) as shown
in Figure 1a. Figure 1b depicts the 2D Ag where a few layers of
silver atoms are intercalated between graphene and the SiC
(0001) substrate. The corresponding scanning electron
microscopy (SEM) and atomic force microscopy (AFM)
images confirm the intercalation of Ag (Figure S1, S2). X-ray

Figure 1. Modulation doping of graphene by 2D metal. (a) STEM image and (b) schematic illustration of 2D metal. (c) Schematic
illustration of the Fermi level tuning after graphene is in contact with the metal layer. (d) KPFM mapping of QFEG, 2D Ag, 2D Ga, and 2D
In, respectively. The scale bar is 500 nm. (e) Fermi level of different types of graphene obtained from the KPFM mapping image.
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photoelectron spectroscopy (XPS) studies also suggest the
successful intercalation of 2D metals by observing the shift of
the C 1s peak attributed to SiC (Figure S3). The modulation
of the graphene Fermi level by the underlying 2D metals is
illustrated in Figure 1c. Graphene is a semimetal with a linear
dispersion relation at the Dirac point. Once graphene is in
contact with 2D metals, electron transfer occurs between the
metal and graphene until the Fermi levels are aligned, resulting
in the doping of graphene. Quasi-free-standing epitaxial
graphene (QFEG), which is obtained on SiC by hydrogen
intercalation (Figure S4a), was also included in this study to
provide an efficient hole doping of graphene.30

To confirm the electron doping and Fermi level tuning of
graphene depicted here, we performed a KPFM measurement
on graphene with different types of 2D metals. From the
surface potential maps of QFEG, 2D Ag, 2D Ga, and 2D In in
Figure 1d, we were able to extract the Fermi level of graphene
under the influence of different 2D metals as summarized in
Figure 1e. The obtained graphene Fermi level energies are
−4.63, −4.56, −4.55, and −4.54 eV for QFEG, 2D Ag, 2D Ga,
and 2D In, respectively. Compared with undoped graphene in
the standard highly oriented pyrolytic graphite (HOPG), the
Fermi level of graphene in QFEG is lowered by 0.03 eV due to
the hole doping from hydrogen intercalation, while 2D metals
all result in an upshift of graphene Fermi level, indicating
electron injection from the metal to graphene. The observed
shift of graphene Fermi level is in agreement with previous
reports on angle-resolved photoemission spectroscopy
(ARPES) measurements, where the Fermi levels of graphene
on 2D Ga and QFEG were 0.2 eV above and 0.1 eV below the
Dirac point, respectively.30 The softened 2D peak of graphene
after 2D metal intercalation compared to that after hydrogen
intercalation also indicates that the graphene is electron doped
on 2D metals (Figure S5).9,31 These findings collectively
confirm the Fermi level shift of graphene, which alters the band
alignment of the molecules and graphene, ultimately modifying
the GERS effect.

The different Fermi level tuning of graphene depending on
the type of 2D metals is consistent with the work function of
the bulk metals, for silver, gallium, and indium are reported to
be 4.26, 4.20, and 4.12 eV, respectively.32 Metals with higher
Fermi levels, such as indium, are expected to donate more
electrons to graphene and contribute to a stronger electron
doping. It is also worth noting that the KPFM measures the
Fermi level of graphene instead of the metal since KPFM is a
surface sensitive technique. Furthermore, the trend of electron
doping level for these 2D metals is in agreement with the
electronegativity of the metals, in that metals having lower
electronegativity tend to have weaker binding of electrons (In
(1.78) < Ga (1.81) < Ag (1.93)).

GERS Modulated by the Graphene Fermi Level. The
CuPc molecule was employed as a probe to study the Fermi
level modulated GERS effect arising from the 2D metal
intercalation. CuPc molecules were deposited on 2D metals
through high vacuum thermal evaporation, forming a CuPc/
graphene/metal/SiC heterostructure (Figure S4b). Figure 2
shows the Raman enhancement of CuPc on QFEG and 2D
metals (2D Ag, 2D Ga, and 2D In). CuPc has Raman modes at
1147 cm−1, 1344 cm−1, 1455 cm−1, and 1532 cm−1 under the
633 nm laser excitation as shown in Figure 2a. The Raman
intensity of CuPc on these substrates was found to be strongly
enhanced when compared with that on bare SiC (Figure S6),
thus indicating a significant GERS effect. The enhancement
factor (EF) of around 30 for CuPc Raman modes at around
1530 cm−1 on 2D metals is comparable to that of exfoliated
graphene previously reported,8 suggesting that the Raman
enhancement is entirely contributed by the graphene layer with
a Fermi level modified by the presence of the 2D metals. To
elucidate the modified GERS performance, the intensity of the
characteristic Raman modes of CuPc on different substrates
was analyzed by normalizing to the Raman intensity of CuPc
on 2D Ga. A normalized Raman intensity larger than 1
corresponds to a better GERS performance of this substrate
compared to 2D Ga. As shown in Figure 2b, QFEG exhibits

Figure 2. Raman enhancement of CuPc on 2D metals and QFEG. (a) Raman spectra of CuPc on QFEG, 2D Ag, 2D Ga, and 2D In under 633
nm excitation. (b) Intensity of the Raman modes of CuPc normalized by 2D Ga. The error bars represent the standard deviations of multiple
measurements. Schematic band alignment and charge transfer between CuPc and graphene for (c) QFEG and (d) 2D metals.
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better Raman enhancement for the CuPc Raman mode at 1147
cm−1, in comparison with 2D metals. The Raman enhance-
ment also depends on the type of metal intercalated under
graphene, as 2D Ag shows a higher normalized Raman
intensity than 2D Ga, which is again better than 2D In (2D Ag
> 2D Ga > 2D In). In addition to the 1147 cm−1 mode, all
vibrational modes of CuPc analyzed were found to show a
similar dependence on the metal element, as the normalized
Raman intensities decrease from 2D Ag to 2D Ga and to 2D
In. The variation between different 2D metals is less
pronounced potentially because of the phonon-assisted
resonant scattering, where the phonon energy matches the
energy difference between the laser and the HOMO−LUMO
gap. The possible participation of phonon-assisted resonance is
supported by the observation of a stronger Raman enhance-
ment for higher-frequency phonons (Figure S7).

The variations of Raman enhancement among different 2D
metals can be explained well by the band alignment for charge
transfer between graphene and the molecules. Under the
photoexcitation, a closer band alignment between the
molecular orbits with the Fermi levels of graphene would
enable a stronger hybridization and an enhanced charge
transfer.17 The HOMO and LUMO levels of the CuPc
molecules have been extensively reported to be around −5.2
eV and −3.5 eV,33 respectively. In such an energy
configuration, as illustrated in Figure 2c,d, the charge transfer
between the HOMO of CuPc and the Fermi level of graphene
will be favored. Graphene with a lower Fermi energy will
provide better hybridization of the wave function with the
molecules and further improve charge transfer (Figure 2c).
Consequently, the QFEG with the lowest Fermi energy
exhibits the strongest Raman enhancement among the
measured samples, while the 2D metals with higher Fermi

Figure 3. DOS and charge transfer of CuPc/graphene from DFT calculations. The calculated PDOS of CuPc (denoted by the filled curves)
and graphene on QFEG (a) and 2D Ga (b). The vertical dashed line indicated the Fermi level of the system. (c,d) Side-view renderings of
electron density difference isosurfaces for CuPc adsorbed onto QFEG and 2D Ga, respectively. Yellow color represents the electron
accumulation, and blue color shows the electron depletion for the coupled structure compared to the individual component. The arrows
represent the direction of charge transfer.

Figure 4. Raman enhancement of different molecules on QFEG and 2D Ga. Raman spectra of (a) RhB, (b) R6G, (c) CV, and (d) F16CuPc on
QFEG and 2D Ga. Normalized intensity of characteristic Raman modes of (e) RhB, (f) R6G, (g) CV, and (h) F16CuPc.
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levels lead to weaker GERS enhancements as summarized by
the Raman modes at 1147 cm−1, 1344 cm−1, and 1455 cm−1 to
1532 am−1 (Figure 2b).
We performed DFT calculations to investigate the coupling

strength and charge transfer between CuPc and graphene with
varying Fermi level tuning scenarios by comparing QFEG and
2D metals. The geometry of CuPc adsorption on graphene is
shown in Figure S8a. The adsorption energies of CuPc on
graphene in the presence of QFEG, 2D-Ag, 2D-Ga, and 2D-In
substrates are −2.36, −2.30, −2.29, and −2.28 eV, respectively,
thus indicating that QFEG results in better coupling affinity of
CuPc/graphene when compared to the other substrates. The
electronic density of states (DOS) of the CuPc/graphene
clusters on these substrates was also obtained (Figure S8b) and
the DOS projected on the adsorbed CuPc molecules (PDOS)
and graphene are depicted in Figure 3, where the calculated
molecular orbital of CuPc on the QFEG (Figure 3a) substrate
has a better overlap with graphene compared to that on 2D Ga
(Figure 3b) and other 2D metals (Figure S8c,d). This seems to
allow more efficient charge transfer in the Raman scattering of
CuPc on QFEG. Furthermore, the charge transfer analysis
(shown in Figure 3c,d and Figure S8e,f) indicates that the
electrons transferred from graphene to CuPc are 0.108e
(QFEG), 0.084e (2D Ag), 0.078e (2D Ga), and 0.072e (2D
In), respectively. The strongest interface dipole is formed
between CuPc and graphene in QFEG. Consequently, the best
GERS performance occurs for QFEG rather than the 2D
metals. This can be attributed to the strongest adsorption
energy and the most efficient charge transfer from the
adsorbates to the substrates.
Molecular Selectivity Tuned by Band Alignment. To

confirm that the influence of the Fermi-level-tuned GERS
effect can be widely extended to other analyte molecules, we
investigated the GERS performance of 2D metals for dye
molecules with varied HOMO/LUMO energies, including
RhB, R6G, CV, and F16CuPc. As shown in Figure 4a−d, the
Raman spectra obtained from these molecules on the QFEG
and 2D Ga substrates were analyzed. The intensity of the
characteristic Raman modes of the molecules on different
substrates was again normalized to the intensity obtained on
2D Ga. The comparison between the enhancement from 2D
Ga and QFEG shows that the GERS substrate plays an
important role in determining the enhancement performance
for each molecule. Similar to the case of CuPc, RhB exhibits

stronger Raman modes on QFEG with a Raman intensity
around twice those observed on 2D Ga (Figure 4e). This is
consistent with the HOMO/LUMO energy of RhB, which is
−2.7/−5.0 eV,34 forming type II band alignment with
graphene (Figure 5). The closer alignment of the RhB
HOMO with the graphene Fermi level leads to a better
hybridization of the wave function and charge transfer between
graphene and the molecule, thus strongly contributing to the
GERS effect.
In contrast, the modified graphene Fermi level in QFEG and

2D Ga is relatively centered between the HOMO/LUMO of
R6G.35 Therefore, the Fermi level tuning by 0.08 eV as
confirmed by KPFM does not have a significant effect on the
charge transfer probability, resulting in a similar normalized
Raman intensity for 2D Ga and QFEG (Figure 4f). In terms of
CV, it is notable that the graphene Fermi level is still situated
between its HOMO/LUMO (−4.1 eV/−6.0 eV),36,37 but the
Fermi level is in close proximity to the LUMO rather than the
HOMO. Herein, the process of charge transfer takes place
between the LUMO of CV and the Fermi level of graphene.
The higher graphene Fermi level in 2D Ga compared to the
case in QFEG provides better energy matching, which
contributes to a 60% enhancement of the Raman features of
CV on 2D Ga when compared to QFEG (Figure 4g).
Regarding F16CuPc, it is noteworthy that its HOMO/LUMO
levels lie below the modified graphene Fermi level of both
QFEG and 2D Ga. Hence, the GERS arises from the charge
transfer between the LUMO of F16CuPc and the graphene
Fermi level. As a consequence of this specific band alignment,
QFEG again provides a better GERS effect for F16CuPc
compared to 2D Ga because of a better overlap between the
Fermi level (−4.67 eV) and the LUMO (−4.8 eV).38 Similar
results were also observed for 2D Ag (Figure S9).
The different GERS performance depending on the doping

of graphene ensures the molecular selectivity, as has been
demonstrated for the above molecules. Based on the
perturbation theory of Raman scattering and Fermi’s Golden
Rule,39 the transition matrix element of the molecule increases
when the disparity between the graphene Fermi level and the
electronic levels of the molecule decreases, thereby resulting in
a higher probability of electronic transition in the Raman
scattering process. By deterministically modifying the Fermi
level of graphene, we expect to achieve better energy level
alignment in molecule−graphene systems, subsequently

Figure 5. Molecular orbitals of different molecules and the band alignment with QFEG (gray dashed line) and 2D Ga (blue dashed line).

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c12152
ACS Nano 2024, 18, 8876−8884

8880

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12152/suppl_file/nn3c12152_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12152/suppl_file/nn3c12152_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12152/suppl_file/nn3c12152_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12152/suppl_file/nn3c12152_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c12152/suppl_file/nn3c12152_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12152?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12152?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12152?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c12152?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c12152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


leading to an even higher yield of electronic transition and an
enhanced GERS effect. The precise tuning of the Fermi level
by means of 2D metals would facilitate the development of
high-specificity and precision sensors for a wide range of
medical, environmental, and industrial applications.

CONCLUSIONS
In conclusion, we have demonstrated an innovative strategy of
utilizing 2D metals to precisely and deterministically modulate
the graphene Fermi level, thereby achieving an enhanced and
selective GERS performance. The introduction of a few layers
of metal atoms (2D metals) as chemical dopants beneath
graphene creates a graphene/metal/SiC structure, enabling
precise Fermi level tuning. This Fermi level modulation was
verified by KPFM, which revealed a strong electron doping
effect. Through the example of the CuPc molecules, our work
illustrated how fine-tuning of the Fermi level resulted in an
improved GERS enhancement. By aligning the graphene Fermi
level closer to the HOMO of CuPc, we achieved a significant
improvement in Raman enhancement. The efficacy of our
approach was confirmed by DFT calculations, which support
the enhanced charge transfer between CuPc and graphene and
the favored adsorption of the molecules in this optimized
Fermi level alignment. Our exploration extended beyond CuPc
and considered diverse molecules such as R6G, RhB, CV, and
F16CuPc. This comprehensive study clearly demonstrated that
Fermi level tuning mediated by 2D metals can be tailored to
achieve molecular selectivity in GERS.
This work explores the capacity to manipulate energy levels

in 2D materials through strategic Fermi level tuning, thus
inspiring further research in the design and optimization of
GERS substrates for a wide range of molecular detection and
sensing applications. The fine control and modulation of the
Fermi level through 2D metals not only enhance the GERS
performance but also contribute to the selectivity and precision
of sensing applications. By harnessing the potential of 2D
metals and their impact on the interaction between graphene
and analyte molecules, our findings are expected to have
significant implications in the development of high-sensitivity,
high-specificity, and reliable sensors for medical, environ-
mental, and industrial applications.

METHODS
2D Metal Synthesis. The epitaxial graphene was first synthesized

via high-temperature Si sublimation of SiC. The QFEG was obtained
then after 12 h of annealing at 450 °C under 100 Torr of hydrogen. A
thermal vaporization-based method was employed to intercalate 2D
Ag, 2D Ga, and 2D In at the interface of epitaxial graphene/SiC. In
order to introduce defects in the graphene layers, we exposed it to an
O2/He plasma. Next, we placed 30−60 mg of Ag, Ga, or In metal,
along with the defective graphene sample, in an alumina crucible
within a Lindberg/Blue M Mini Mite tube furnace equipped with a 1
in. outer diameter quartz tube. The furnace was then heated to 600−
800 °C under 300 Torr of argon and 50 sccm continuous argon flow
for 30 min, resulting in metal intercalation at the epitaxial graphene/
SiC interface. The defects in epitaxial graphene were recovered after
interaction, as shown in Figure S10.
Transmission Electron Microscopy. High angle annular dark-

field scanning transmission electron microscopy (HAADF-STEM)
imaging was performed on an FEI Titan3 G2 S/TEM operating at an
accelerating voltage of 80 kV, with a probe convergence angle of 30
mrad, a probe current of 70 pA, and ADF detector angles of 42−244
mrad.
Kelvin Probe Force Microscopy. KPFM measurement was

conducted using the Bruker Dimension Icon system with an

aluminum-coated silicon tip, which was calibrated on a highly
oriented pyrolytic graphite (HOPG) surface (work function known as
4.6 eV) following the equation: Φs = Φt − eΔVCPD, where Φs and Φt
are the work function of the sample and the KPFM tip, respectively.
The ΔVCPD is the contact potential difference between the probe tip
and the material surfaces. The Fermi level variation of the graphene
with different intercalation could be calculated based on the work
function of the tip, as the work function is defined as the energy
difference between the Fermi level and vacuum level (usually set as 0
eV).

X-ray Photoelectron Spectroscopy. The XPS measurement
was performed using a Physical Electronics VersaProbe III instrument
equipped with a monochromatic Al Kα X-ray source (hν = 1486.6
eV) and a concentric hemispherical analyzer. Charge neutralization
was performed using both low energy electrons (<5 eV) and argon
ions. The binding energy axis was calibrated using sputter cleaned Cu
(Cu 2p3/2 = 932.62 eV, Cu 3p3/2 = 75.1 eV) and Au foils (Au 4f7/2
= 83.96 eV). Peaks were charged referenced to the sp2 band in the
carbon 1s spectra at 284.5 eV. Measurements were made at a takeoff
angle of 45° with respect to the sample surface plane. This resulted in
a typical sampling depth of 3−6 nm (95% of the signal originated
from this depth or shallower). Quantification was done using
instrumental relative sensitivity factors (RSFs) that account for the
X-ray cross section and inelastic mean free path of the electrons. The
analysis size was ∼200 μm in diameter.

Molecule Deposition. CuPc and F16CuPc molecules were
deposited on the substrate by a standard thermal evaporator
(Angstrom Engineering) with the pressure at about 5 × 10−5 Pa.
The evaporation thickness of the molecule was around 3 Å and was
monitored using a quartz crystal monitor. RhB, R6G, and CV
molecules were deposited on QFEG and 2D metal substrates by drop-
casting for Raman measurement and analysis. First, a mild plasma
treatment of 60 s was utilized to increase the hydrophilicity of the
substrates using an ozone plasma cleaner. Then, a small droplet
around 5 μL of the dye solution was placed onto the substrate using a
micropipette. The droplet was allowed to dry under ambient
conditions. Finally, the substrates were gently rinsed with deionized
water to remove any unbound molecules.

Raman Spectroscopy. The Horiba LabRam HR evolution
confocal Raman system with a 532 nm DPSS laser line and a 633
nm He−Ne laser line was used to conduct Raman measurements. The
sample was focused by a 100× objective with the excitation laser
power of approximately 1 mW. The typical exposure time is 5 s, and
the accumulation time is 2. All spectra were averaged after at least
three measurements on different spots of the samples. The Raman
peaks were fitted using a Lorenz-Gaussian function with LabSpec
software to determine the Raman shifts and intensity.

First-Principle Calculations. All DFT calculations were
performed using the Vienna ab initio simulation package (VASP)
code with the projector augmented wave (PAW) method.40,41 We
used the Perdew−Burke−Ernzerhof (PBE) functional to describe the
exchange-correlation interactions.42 The van der Waals (vdW)
interaction was handled using the DFT-D3 method with the
semiempirical Grimme parameters.43,44 The kinetic energy cutoff for
the plane-wave expansion was set to 450 eV. The convergence energy
and force for the geometrical optimization were set to 10−5 eV and
0.01 eV/Å, respectively. The Brillouin zone was sampled through a 2
× 2 × 2 k-point mesh with a vacuum layer of 20 Å. The adsorption
energy for CuPc adsorbed on the sample substrate was calculated
using Eads = Etot − Esam − ECuPc, where Esam, ECuPc, and Etot are the
energies of the sample substrate, CuPc, and the CuPc/sample system,
respectively.
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