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Abstract

The interaction between graphene and the substrate on which it is supported
plays a fundamental role in determining its optical and electronic properties.
In this work, multilayer graphene samples were synthesized through mechan-
ical exfoliation and deposited onto conventional Si/SiO, substrates and NaCl
highly textured crystalline substrates. Optical contrast microscopy and Raman
spectroscopy were employed to determine the number of graphene layers and
to evaluate substrate-induced effects. Unlike graphene on Si/SiO,, graphene
deposited on NaCl exhibited negative optical contrast and reduced wavelength
dependence. Raman analysis revealed substrate dependent doping behavior:
graphene on SiO, presented predominant p-type doping, whereas graphene
on NaCl showed a tendency toward n-type doping with strain contributions
dominating the spectral shifts. Carrier concentrations were estimated to be on
the order of 10" cm™. These results demonstrate the strong influence of ionic
crystalline substrates on graphene properties and highlight NaCl as a promis-
ing platform for studying electrostatic substrate effects in two-dimensional
materials.
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1. Introduction

Since its experimental isolation by Andre Geim and Konstantin Novoselov in
2004, graphene has attracted enormous scientific interest due to its exceptional
electronic, mechanical, and optical properties [1]. Graphene consists of a single
atomic layer of carbon atoms arranged in a two-dimensional hexagonal honey-

comb lattice, behaving as a semimetal with massless Dirac fermions and extraor-
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dinarily high carrier mobility. It is characterized by a zero band gap, with the va-
lence and conduction bands meeting at the Dirac point. This unique electronic
structure gives rise to a pronounced ambipolar electric field effect, in which both
electrons and holes can be induced as majority charge carriers through the appli-
cation of external electric fields. Carrier concentrations on the order of 10" cm™
and room-temperature mobilities approaching 10* cm*/Vs have been reported,
surpassing those of many conventional semiconductors [1].

In addition to its remarkable electronic properties, graphene also exhibits ex-
traordinary mechanical behavior. Nanoindentation measurements performed by
atomic force microscopy on suspended monolayer graphene membranes have
demonstrated its exceptional elastic response and intrinsic strength. By fitting the
stress-strain behavior, second- and third-order elastic stiffness constants of ap-
proximately 340 N/m and 640 N/m, respectively, have been obtained, together
with an intrinsic strength close to 42 N/m. These values correspond to an effective
Young’s modulus of approximately 1TPa, establishing graphene as one of the
strongest materials ever measured [2] [3].

Graphene and few-layer graphene systems have therefore been extensively in-
vestigated due to their outstanding electronic, mechanical, and optical properties,
making them highly promising materials for applications in microelectronics, op-
toelectronics, and sensing devices. However, in most practical and experimental
applications, graphene does not exist as an isolated system but rather supported
on a solid substrate, which is essential for its manipulation, characterization, and
eventual integration into devices.

Conventional studies commonly employ Si/SiO, substrates for graphene char-
acterization, because they provide suitable optical contrast for graphene identifi-
cation. Nevertheless, numerous studies have demonstrated that the electronic and
vibrational properties of graphene strongly depend on its surrounding environ-
ment, particularly on the supporting substrate [4]-[8]. In particular, substrates
may induce unintended doping, modify carrier mobility, and produce shifts in the
characteristic Raman bands, effects that cannot be explained solely by weak van
der Waals interactions. Recent investigations suggest that surface charges, struc-
tural defects, and substrate related electrostatic phenomena play a crucial role in
the graphene-substrate interaction, directly influencing the electrical and optical
behavior of the material [4]. Consequently, alternative insulating and crystalline
substrates have gained attention to better understand interfacial phenomena. For
instance, crystalline oxide substrates like sapphire can alter both doping and strain
due to strong interfacial coupling [9], whereas highly charged ionic surfaces such
as mica induce pronounced electrostatic gating effects [10].

In this context, highly textured ionic crystalline substrates like NaCl are espe-
cially attractive due to their periodic electrostatic potential and dielectric nature.
Their ionic character makes them suitable platforms to investigate how specific
surface configurations and ionic lattices modulate the electrostatic and mechani-

cal properties of graphene [11]. The alternating arrangement of Na* and Cl~ ions
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(see Figure 1) may influence graphene through electrostatic interactions. Despite
this potential, studies involving mechanically exfoliated graphene deposited on

NaCl substrates remain scarce.

1\.’.‘.

Figure 1. Scaled schematic representation of a graphene monolayer placed on the surface

of a NaCl single crystal. Green and purple spheres denote sodium (Na) and chlorine (Cl)
atoms, respectively. The carbon-carbon bond length in graphene is 1.42 A, whereas the Na-
Cl nearest-neighbor distance is 2.82 A.

The main objective of this work is to investigate the influence of NaCl substrates
on the optical and electronic properties of graphene using optical contrast micros-
copy and Raman spectroscopy as non-destructive optical characterization tech-

niques.

2. Experimental Methods
2.1. Graphene Synthesis

Graphene and multilayer graphene samples were obtained by mechanical exfolia-
tion of graphite kish grade 50 using adhesive scotch tape [12]. Independent exfo-
liation procedures were carried out on Si/SiO, substrates (University Wafer, 306
nm oxide thickness) and on NaCl substrates (2123595, Sigma-Aldrich). The gra-
phene flakes analyzed on NaCl were not transferred from the Si/SiO, substrates;
instead, separate graphene flakes were produced directly on each substrate. After
exfoliation, suitable flakes were identified by optical contrast microscopy and sub-
sequently characterized by Raman spectroscopy.

Prior to graphene deposition, the NaCl substrates were used as received from
the supplier and cleaned with acetone. Sample handling was performed using
gloves to minimize contamination. Graphene deposition and subsequent optical

and Raman characterization were carried out under ambient laboratory condi-
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tions. Between characterization sessions, the samples were stored in a vacuum
chamber to reduce exposure to atmospheric moisture. Nevertheless, due to the
hygroscopic nature of NaCl, the presence of adsorbed water at the surface cannot
be completely excluded and may contribute to the variability of the observed dop-

ing and strain effects.

2.2. Characterization Techniques

Several characterization methods were employed:

2.2.1. X-Ray Diffraction (XRD)

XRD measurements (Bruker AXS model D8 Advance) were carried out in a
0-26 configuration using CuKa radiation (1= 1.54050 A) in order to verify the
crystalline structure and orientation of the NaCl substrates by comparing the ob-
tained diffraction patterns with the standard NaCl data reported by the National
Institute of Standards and Technology (NIST).

2.2.2. UV-Vis Spectroscopy

UV-Vis spectroscopy was used to evaluate the optical transparency of NaCl sub-
strates in the visible spectral region (see the inset of Figure 3(b)). Transmittance
and reflectance measurements were carried out in the ultraviolet-visible range us-
ing a Shimadzu UV-2600 spectrophotometer. These measurements allowed the
direct determination of the optical response of NaCl within the spectral range of
interest, and the obtained data were subsequently used for the experimental cal-

culation of the refractive index.

2.2.3. Atomic Force Microscopy

The surface topography and roughness parameters of the NaCl substrates were
characterized by Atomic Force Microscopy (AFM, JSPM-4210) operated in tap-
ping mode under ambient conditions. AFM images were acquired over a scan area
of 2><2,um2, and the root-mean-square (RMS) roughness (R,) was extracted

from the measured height distribution.

2.2.4. Optical Contrast Microscopy
The determination of the number of layers in the multilayer graphene samples
was carried out using two complementary techniques: optical contrast microscopy
and Raman spectroscopy. Once synthesized, the samples were initially analyzed by
optical contrast microscopy using an IRONSCOPE optical microscope equipped
with a 100x objective lens (Nikon 332384) in order to identify graphene flakes
and estimate the number of layers. The samples were illuminated under normal
incidence using a Tungsten white light source, and images of the exfoliated gra-
phene were acquired with a Celestron 5MP Digital Microscope Imager digital
camera.

Following the identification of the graphene flakes and substrate areas using the
Image]J software [13], the acquired white-light images were decomposed into their

red (R), green (G), and blue (B) components. Intensity values ranging from 0 to
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255 were then extracted from the corresponding color histograms. The optical
contrast of each graphene flake was determined experimentally by comparing the
intensity measured over the graphene-covered region with that of the uncovered
substrate, as defined in Equation (1).

The optical contrast was defined as:

I -1
c=- 7 £ SEQ Ecuacion 1 (1)
where / and [, correspond to the reflectance of the substrate and graphene-
covered regions, respectively.

Prior to the experimental analysis, theoretical calculations of the optical con-
trast of graphene on the different substrates employed in this work were carried
out. These calculations made it possible to optimize the processing of the experi-
mental images and to select the most suitable color channel for optical contrast
quantification, thereby improving the estimation of the number of graphene lay-
ers.

For the theoretical calculation of the optical contrast as a function of wave-
length, the Transfer Matrix Method (TMM) was employed, since it provides a
compact formalism for incorporating the effects of multiple thin films. The trans-
fer matrix of a thin film is given by Equation (2) [14].

cosk,l, L sin k.l
M, = n, (2)

i i

in;sinkl,  cosk,l,

27,
where #, is the refractive index of the film &k, =—— and [/, is the thickness

of the film.
The transfer matrix of the complete multilayer system is then obtained simply

as the matrix product of the individual transfer matrices corresponding to each
film.

A B
M=MM,M,---M, :{ } 3)
C D

From this, it follows that the reflection coefficient of the multilayer system is
ultimately given by Equation (4).
Any + Bnyn, —C—Dn,
=
Any + Bnyn, + C + Dn;,

4)

where n, is the refractive index of the medium preceding the multilayer system,
which in our case corresponds to air, and n, is the refractive index of the me-
dium following the multilayer system, corresponding in our case to Si or NaCl for
the Si/SiO, and NaCl substrates, respectively. In the theoretical treatment, both
media are assumed to be semi-infinite [15].

Finally, by applying Equation (4) to our particular case, the optical contrast of

graphene on each of the employed substrates (see Figure 2) is evaluated using
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Equation (1) together with the reflected irradiance 7 = |r|2 . This approach allows
the dependence of the optical contrast on the wavelength of the incident radiation

to be analyzed.

I
1. Is
Is Air no
Air no
Graphene na | |d.
Graphene Na | fd, d:
NaCl N2 Si ns

(a) (b)

Figure 2. Schematic representations of the graphene-substrate system under illumination, used for the measurement of

its optical contrast. (a) Illustrative diagram of the NaCl—graphene substrate system. (b) Illustrative diagram of the

Si/SiO2—graphene system.

2.2.5. Raman Spectroscopy

The same regions previously analyzed by optical microscopy were subsequently
characterized by Raman spectroscopy in order to evaluate the structural quality,
determine the number of graphene layers, and analyze doping and strain effects.
The measurements were carried out using an EnSpectr R532 spectrometer equipped
with a 532 nm excitation laser and providing a spectral resolution of 4 - 6 cm™.
For spectral acquisition, a 40x objective lens was employed, together with a laser
power corresponding to 40% of the maximum output power and an average of
1000 samplings per measurement. Particular attention was given to the G and 2D
Raman bands.

The G band (approximately 1580 cm™) is associated with in-plane optical pho-
nons, while the 2D band (approximately 2700 cm™) provides information regard-
ing the number of graphene layers [16]-[18].

A total of 21 graphene flakes on Si/SiO, and 35 graphene flakes on NaCl, with
thicknesses ranging from one to five layers, were analyzed by optical microscopy.
The Si/SiO, flakes were distributed among 13 independent substrate chips, whereas
the NacCl flakes were collected from five different regions of the same substrate.
Raman characterization was subsequently performed on the same flakes, acquir-
ing two spectra per flake, resulting in 42 spectra for Si/SiO, and 70 spectra for
NaCl

For the monolayer graphene samples used in the @, —®,,, correlation analy-
sis, the G and 2D bands were fitted with single Lorentzian functions. Peak posi-
tions were extracted from the fitted center-frequency parameters. The uncertainty
associated with each peak position was obtained by combining in quadrature the
fitting uncertainty returned by the fitting routine and the instrumental uncer-

tainty associated with the Raman spectrometer resolution (+2 cm™).

DOI: 10.4236/wjnse.2026.163005

103 World Journal of Nano Science and Engineering


https://doi.org/10.4236/wjnse.2026.163005

R. Antolin-Jimenez, D. M. Lopez

It is worth noting that although the spectral resolution of the Raman spectrom-
eter is approximately 4 - 6 cm™’, the uncertainty in determining the peak positions
(@w; and ,,) is considerably smaller. Peak centers were obtained through Lo-
rentzian fitting of spectra with high signal-to-noise ratios, resulting in fitting un-
certainties typically below +£0.2 cm™. Moreover, the instrumental response func-
tion primarily contributes to symmetric peak broadening, affecting the measured
full width at half maximum (FWHM) rather than systematically shifting the peak
center positions. Consequently, the determination of relative Raman shifts (Aw)
remains sufficiently accurate for the strain and doping analysis presented here. To
provide a conservative estimate of the uncertainty, the instrumental resolution
was included in the error analysis together with the fitting uncertainty.

The uncertainties of the reference frequencies of charge-neutral graphene were
taken from the same literature source used for the reference values [19]. Uncer-
tainties in the strain-doping decomposition, Fermi energy, and carrier concentra-
tion were calculated using standard uncertainty propagation based on the root-
sum-square of the corresponding partial derivatives and the uncertainties of the

independent variables.

3. Results and Discussion

In this section, we systematically evaluate how highly textured ionic NaCl sub-
strates influence the optical contrast and electronic properties of graphene in
comparison with conventional Si/SiO, substrates. The discussion is organized into
four stages. First, the structural and optical properties of the NaCl substrates are
characterized by X-ray diffraction (XRD) and UV-Vis spectroscopy to verify their
crystallinity and optical transparency. Second, mechanically exfoliated graphene
flakes are transferred onto both substrate architectures. Third, optical contrast
microscopy is employed as a rapid, nondestructive method to locate graphene
flakes and assess their thickness through comparison with theoretical reflectance
calculations. Finally, Raman spectroscopy is used to confirm the graphene layer
number and to quantitatively separate the effects of mechanical strain and charge
doping through vector decomposition of the G and 2D Raman band shifts. To-
gether, these analyses provide insight into how the structural and optical charac-
teristics of the substrate influence the optical visibility and electronic response of

graphene.

3.1. Characterization of NaCl Substrate

The diffraction patterns exhibited sharp reflections characteristic of the face-cen-
tered cubic (FCC) structure (Figure 3(a)), with a pronounced preferential orien-
tation along the (200) direction, indicating a high degree of crystallinity.

UV-Vis spectroscopy measurements confirmed the high transparency of the
NaCl substrate throughout the visible spectral range. This characteristic can be
qualitatively appreciated in the insect of Figure 3(b) where a photograph of the

crystal is presented.
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1e6 Experimental X-ray diffraction pattern of NaCl. Refractive index of NaCl
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Figure 3. (a) X-ray diffraction pattern of the NaCl substrate, showing the predominance of the (200) reflection together with the
presence of its harmonic (400), characteristic peaks associated with the halite-type crystal structure. (b) Refractive index of the NaCl
substrate fitted using the second-order Cauchy model. The inset shows a photograph of the NaCl substrate (2123595, Sigma-Al-
drich) used in this work, with the sample edge highlighted in red.

The refractive index of the NaCl substrate was determined by fitting the exper-
imental transmittance spectrum with a Fabry-Pérot interference model. Since the
NaCl crystal has a finite thickness d = 4 mm multiple internal reflections occur
within the sample, producing interference effects that modulate the transmitted
intensity. These effects were explicitly included in the theoretical transmittance
model.

To describe the wavelength dependence of the refractive index, a second-order
Cauchy dispersion relation was assumed, where 4, and B, are fitting parameters.
In addition, multiplicative factor A was introduced to account for non-ideal ex-
perimental losses arising from scattering, surface imperfections, and optical align-
ment. The resulting model for the transmittance, given by Equations (5), was fit-
ted to the experimental data using a least-squares procedure. The fitted Cauchy
parameters were subsequently used to obtain the refractive index spectrum of the
NaCl substrate (see Figure 3(b)) [20] [21].

BVI
n(/l):An+}L2
4znd
5(2)=4"
R(n)—(”—‘lj2 )
\n+l
4R
F(R)=——
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where R and 7 denote the reflectance and transmittance of the system, respec-
tively.

3.2. Optical Contrast of Graphene

A strong dependence of graphene optical contrast on substrate type was observed.

For graphene on Si/SiO,, the optical contrast strongly depended on both the
SiO, thickness and illumination wavelength due to interference effects between
reflected light waves. Figure 4(a) shows the calculated optical contrast for the SiO,
thickness used in this work (d = 306 nm) as a function of both wavelength and the
number of graphene layers. The characteristic wavelengths associated with the red
(R), green (G), and blue (B) channels of the image acquisition system are also
indicated. Figure 4(b) compares the experimental optical contrast values with the
theoretical predictions calculated for different graphene layer numbers using the
green channel. From this comparison, it was possible to estimate the number of
layers in each sample by identifying regions whose optical contrast matched the

expected values for monolayer, bilayer, or multilayer graphene.

Graphene on Si/SiO2
T T

Graphene on Si/SiO2
T

T T T T T T 0.16 F T T T L
— 1 layer -@- Theoretical result
05+ B (435nm) G (546nm) 2 layers 014k ¢ Experimental results ‘_._——-.“".-~-—. i
—— 3 layers ’ e =
4 layers Lo
0.4 5 layers 012 7 +
—_ /,
g 0.10[ L b
< 031 — o
g R (700nm) [C) >
£ = 0.08F P _
c 0 4
8 g ¢
0.2 T S 0.06 J/ b
o 4
4
/
0.1f - 0.04 L/ m
H 0.02 B
0.0F ! o
! 0.00| i
1 1 1 1 1 1 1 1 1 1 1 1 1
400 450 500 550 600 650 700 750 2 4 6 8 10
Wavelenghth (nm) Number of graphene layers

(a)

(b)

Figure 4. Theoretical and experimental optical contrast results for graphene on Si/SiO:, obtained using the multilayer interference

model as a function of the number of graphene layers and wavelength. (a) Dependence of the optical contrast of graphene deposited
on Si/SiO2 (SiO: thickness = 306 nm) as a function of the number of graphene layers and the wavelength of the incident light. (b)

Comparison between the theoretical and experimental optical contrast in the green (G) channel as a function of the number of

multilayer graphene sheets on a Si/SiO: substrate.

In contrast, graphene deposited on NaCl exhibited negative optical contrast,
meaning that graphene reflected lighter than the substrate itself. Furthermore, the
optical contrast showed weaker wavelength dependence compared to Si/SiO sys-
tems (see Figure 5(a)). Contrary to the theoretical predictions, which suggested
that the blue channel would provide the highest sensitivity to optical contrast var-
iations, the experimental results reveal a stronger optical contrast in the green
channel. This discrepancy can be primarily attributed to the higher sensitivity of

the CMOS sensor in the green region of the visible spectrum [22]. Consequently,
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Graphene on NaCl.

the green channel was selected for the experimental determination of the optical
contrast.

Figure 5(b) also compares the experimental optical contrast values obtained
from the green channel with the theoretical values calculated for different num-
bers of graphene layers.

As shown in Figure 5(b), the theoretical optical contrast curve for graphene on
NaCl is in close agreement with the experimental measurements, with the pre-
dicted values remaining within the experimental error bars. The slight deviations
between the theoretical and experimental values are consistent with local surface
roughness and thickness variations associated with the highly textured NaCl sub-
strate, which are not explicitly considered in the idealized transfer-matrix calcu-

lations based on perfectly flat interfaces.

Graphene on NaCl.
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Figure 5. Theoretical and experimental optical contrast results for graphene on NaCl. (a) Dependence of the optical contrast of

graphene deposited on NaCl as a function of the number of graphene layers and the wavelength of the incident light. Results ob-

tained from the experimental refractive index determined in this work. (b) Comparison between the theoretical and experimental

optical contrast in the green channel (G) as a function of the number of multilayer graphene sheets on a NaCl substrate.

These results demonstrate that NaCl modifies the optical response of graphene

differently from conventional dielectric substrates.

3.3. Raman Spectroscopy Analysis

Raman spectroscopy confirmed the presence of multilayer graphene and enabled
layer identification through analysis of the 2D band shape. The D band intensity
remained low in most samples, indicating relatively high crystalline quality and
low defect density.

The 2D peak was analyzed through a deconvolution procedure using Lo-
rentzian fitting functions. A single Lorentzian function was employed for mono-
layer graphene, whereas four, six, and three Lorentzian components were used for
bilayer, trilayer, and four-layer graphene samples, respectively [13] [23] [24].

Figure 6 presents a comparison between the number of graphene layers esti-
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mated by optical contrast analysis and that determined from Raman spectroscopy
for samples deposited on each substrate (Figure 6(a) for Si/SiO, and Figure 6(b)
for NaCl). For the majority of the analyzed samples, both methods yielded con-
sistent results, validating the methodology employed and confirming the reliabil-
ity of optical contrast measurements as a tool for determining the number of gra-
phene layers.

The Raman spectral shifts were analyzed using the wg versus wsp correlation
diagram (see Figure 7). In graphene, both the G- and 2D-band frequencies are
strongly influenced by charge-carrier doping and mechanical strain, making the
interpretation of Raman spectra particularly challenging. Specifically, the G band
exhibits a blue shift under both electron and hole doping, whereas the 2D band
responds differently depending on the type of induced charge carrier, shifting to-
ward higher frequencies under p-type doping and toward lower frequencies under
n-type doping [19] [25].

l
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Figure 6. (a) Comparison of the number of graphene layers on a Si/SiO. substrate determined by optical contrast and Raman
spectroscopy. (b) Comparison of the number of graphene layers on a NaCl substrate determined by optical contrast and Raman

spectroscopy.

Mechanical deformation of the graphene lattice also affects the Raman spec-
trum by modifying the force constants of the carbon-carbon bonds. Tensile strain
increases the interatomic distance, resulting in a red shift of both the G and 2D
bands. Conversely, compressive strain produces a blue shift. It is worth noting
that the 2D mode is considerably more sensitive to strain than the G mode [16]-
[18].

To systematically separate the mechanical and electronic contributions of the
substrate to the graphene lattice, we employed the Raman vector analysis frame-
work pioneered by Lee ef al [19]. This method utilizes the distinct sensitivities of
the G and 2D peak positions (ws, @sp) to decouple the effects of hydrostatic/axial
strain from charge carrier doping, as the ratio of their shifts (Aw,p/Aws) follows
specific trajectories depending on the dominant mechanism [26]. In the wg — w:p

correlation diagram (Figure 7), characteristic vectors corresponding to pure dop-
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ing and pure strain effects can be identified. The experimental Raman shifts were
therefore decomposed with respect to the reference position of pristine, undoped,
and strain-free exfoliated graphene (@, =2676.9 and @) = 1581.6), adopted
from the standard literature baseline for 532 nm (2.33 eV) laser excitation [19]
(Figure 7). These coordinates represent the ideal charge-neutrality and zero-
strain point in the wsp vs. wg correlation space. By projecting each experimental
data point (P) onto the doping and strain axes, the individual contributions of

these two effects were quantitatively determined as follows:
P=aé, +bé, (6)

where a and b are scalar coefficients, while &, and ¢, denote the unit vectors
corresponding to the characteristic directions of tensile strain (Aw:p/Aws = 2.2 £
0.2) and hole doping (Aw,n/Aws = 0.70 + 0.05), respectively [19].

G-2D correlation diagram (strain vs doping)
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Figure 7. wp versus wc correlation diagram for graphene depos-
ited on SiO, and NaCl substrates, illustrating the vector decompo-
sition into mechanical strain and doping axes.

This procedure made it possible to extract the net G-band shift arising exclu-
sively from doping ( A@wi™"™ ) by removing the contributions associated with me-
chanical strain.

Analysis of the wg — w,p correlation diagram for graphene deposited on SiO,
reveals a significant variation in the G-band position, on the order of ~11 cm™,
while the 2D band remains relatively stable. This behavior indicates that doping
is the dominant effect in this system, since the G band is highly sensitive to carrier
concentration, whereas the 2D band exhibits a weaker dependence in this regime.
Furthermore, the direction of the shifts in the wg — w»p diagram, together with the

trends observed in Figure 8(a), indicates that the samples are predominantly p-
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doped, implying that the Fermi level is shifted below the Dirac point.

In contrast, graphene deposited on NaCl exhibits a markedly different behavior.

In this case, a general downshift of the G band is observed, accompanied by a

substantial variation in the 2D-band position of approximately ~13 cm™. This

pattern is characteristic of a regime in which mechanical strain, rather than dop-

ing, is the dominant effect. In particular, the simultaneous downshift of both the
G and 2D bands (see Figure 8(b) and Figure 8(c)) is indicative of tensile strain in
the graphene lattice. This behavior is likely associated with the highly textured
nature of the NaCl substrates. The dispersion of the experimental data further

suggests that this strain is not uniform across the samples but exhibits significant

local variations. Such behavior may be associated with weaker graphene-substrate

adhesion, surface roughness of the NaCl substrate, or residual stresses introduced

during the transfer process.
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Figure 8. (a) Representative Raman spectra of graphene deposited on Si/SiO: (blue) and NaCl (red) substrates. The
characteristic G and 2D bands are indicated, along with the reference positions for charge-neutral graphene (dashed
lines). (b) Expanded and normalized Raman spectra in the 1400 cm™ - 1700 cm™ spectral range, showing the shift
of the G band for graphene deposited on different substrates. (c) Expanded and normalized Raman spectra in the
2300 cm™ - 3000 cm™ spectral range, highlighting the differences in the 2D-band position for graphene deposited
on Si/SiO: and NaCl substrates.
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To assess whether substrate morphology could contribute to the Raman shifts
observed in graphene on NaCl, the surface topography of the NaCl substrate used
for graphene deposition was examined by Atomic Force Microscopy (AFM), as
shown in Figure 9. The AFM image reveals a crystalline surface with terraces and
nanoscale corrugations, with a root-mean-square roughness of R, = 3.1 nm over
a2 X2 um?area.

Compared with the typically smoother surface of thermally grown SiO,, the
NaCl substrate exhibits a more pronounced nanoscale texture that may locally
modify the graphene conformation and induce non-uniform strain fields during
exfoliation and transfer. However, the AFM results primarily demonstrate that
surface roughness is present and has been quantified, while the Raman shifts ob-
served in this work are interpreted as arising from a combination of substrate-

induced strain and electronic interactions rather than from surface roughness

alone.
Histogram / Bearing Ratio

1.60k 100 [%)]
1.20k

0.80k

0.40k

0.00k 0[%]

0 20.5 nm
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Figure 9. (a) AFM topography image of the NaCl substrate used for graphene deposition. (b) Corresponding height distribution

extracted from the AFM data. The surface exhibits an RMS roughness of R;= 3.1 nm over a 2 x 2 um? area.

Substrate-induced nanoscale curvatures and step edges are known to act as local
pinning centers, generating micro-strain variations across the graphene flake [27].
According to molecular models of graphene on non-flat substrates, topography-
induced conformal changes lead to non-uniform tensile or compressive strain,
which heavily modulates the Raman phonon frequencies and broadens the lin-
ewidths [28]. This observation may help explain why mechanical deformation ap-
pears to play a more prominent role in graphene on textured NaCl substrates com-
pared with flatter, amorphous SiO, surfaces.

These results indicate that, while SiO, primarily influences the electronic prop-
erties of graphene through substrate-induced doping, NaCl predominantly affects
its mechanical state by introducing local strain.

From the doping component obtained through the vector decomposition anal-
ysis, it is possible to estimate the shift of the Fermi level relative to the Dirac point
and, consequently, determine the carrier concentration in each sample. The Fermi

energy, Er, of graphene was estimated from the shift of the G peak exclusively
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associated with doping (A@S™™ ), according to Equation (7):

A a)doping
E.(eV)r—1— )
£ (ev) 22
where A@{™" corresponds to the G-band shift solely attributable to charge-car-

rier doping.

This expression stems from a well-established linear approximation rooted in
the electron-phonon coupling (EPC) theory of graphene. Physically, when charge
carriers are introduced, the Fermi level shifts away from the Dirac point. For
moderate doping regimes where | Ef exceeds half of the optical phonon energy
(|EF| >ho,, [2~0.1eV), interband electron-phonon transitions are effectively
blocked due to the Pauli exclusion principle. This phenomenon modifies the pho-
non self-energy, leading to a dynamic renormalization and hardening (blueshift)
of the I'-point E,, optical modes (G band). Although the rigorous perturbation
theory yields a complex logarithmic dependence, the relationship can be linear-
ized with high accuracy within the 0.1 - 0.4 eV range. The calibration factor of
~422m™'/eV utilized here represents the widely accepted empirical sensitivity
of the G-band position to the Fermi energy in supported graphene architectures,
as validated by electrostatically gated calibrations [16]-[18] [29] [30].

Fermi energy of graphene on different substrates
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Figure 10. Average Fermi energy of graphene deposited on SiO. and NaCl substrates, in-
cluding the corresponding error bars.

Figure 10 presents the average Fermi energy values obtained for graphene sup-
ported on SiO, and NaCl substrates, including the corresponding uncertainties

represented by the error bars. The values obtained were:

E, (Si0,)~~0.176+0.119 eV
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E, (NaCl)~ 0.078£0.114 eV

Graphene deposited on SiO, exhibits Fermi energy values that, together with
the upshift of the 2D band observed in Figure 8(c), are consistent with p-type
doping. In contrast, the graphene samples deposited on NaCl show Fermi energies
ranging from approximately 12 meV to 116 meV, indicating a moderate doping
level. Combined with the downshift of the 2D band toward lower frequencies ob-
served in Figure 8(c), these results are indicative of n-type doping.

This behavior offers an intriguing contrast to other crystalline ionic environ-
ments reported in the literature. For example, graphene supported on mica sub-
strates typically experiences strong p-type doping, which is generally attributed to
water-gated charge transfer from ambient moisture trapped at the hydrophilic,
potassium-rich cleaved surface [10]. In our case, the highly textured NaCl lattice
likely promotes a different electrostatic gating mechanism or chemical interaction
at the interface, suppressing the conventional ambient p-doping and favoring elec-
tron accumulation. This highlights the capacity of alkali halide substrates to tune
the carrier type of 2D materials via intrinsic electrostatic substrate effects.

The analysis revealed:

e Graphene on SiO, exhibited predominant p-type doping.

e Graphene on NaCl showed a tendency toward n-type doping.

e Strain effects contributed significantly to the Raman shifts in NaCl-supported
samples.

It should be noted, however, that factors other than the substrate itself may also
contribute to the observed Raman shifts. In particular, adsorbed water or oxygen
molecules, residual contamination originating from the mechanical exfoliation
process, and local laser-heating effects may influence the measured doping levels.
Therefore, although the observed trends are consistent with a substrate-induced
contribution associated with the ionic nature of NaCl, the present study cannot
completely disentangle these effects. Future investigations under controlled envi-
ronmental conditions will be necessary to isolate the specific contribution of the
substrate.

The carrier concentration n was subsequently estimated from the calculated

Fermi energy according to Equation (8):
EZ
72'(th )
where v, ~1.1x10°m/s denotes the Fermi velocity of graphene [31].
The average carrier concentrations were estimated to be 2.6 x 10" cm ™ for gra-
phene on SiO; and 0.5 x 10'? cm™ for graphene on NaCl, values that are typical of

moderately doped supported graphene systems.

3.4. Substrate-Induced Effects

The observed differences between graphene on SiO, and NaCl demonstrate the

critical role played by substrate-induced electrostatic interactions.
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Unlike SiO,, NaCl provides a periodic ionic surface potential that may influence
graphene charge distribution and Fermi level position. To understand the physical
origin of the observed tendency toward n-type doping on NaCl substrates, the
electrostatic environment at the graphene/substrate interface must be considered.
In an ideal atomically flat NaCl (100) surface, the electrostatic potentials generated
by the alternating Na* and CI~ ions are largely compensated by crystal symmetry.
However, the highly textured morphology of our NaCl substrates introduces a
large density of surface corrugations, terraces, and step edges, where this local sym-
metry is partially broken.

These morphological features can generate localized electrostatic fields and sur-
face dipoles that modify the electronic environment experienced by the graphene
layer. When graphene conforms to such a textured ionic surface, these local elec-
trostatic potentials may induce charge redistribution within the graphene sheet
and shift its Fermi level relative to the Dirac point. This effect provides a plausible
explanation for the systematic tendency toward n-type doping observed in our
Raman analysis.

A similar interpretation has been proposed for graphene interacting with
charged or ionic substrates, where local electrostatic fields and interfacial dipoles
influence the carrier concentration without requiring direct chemical bonding
[10] [32]. In the present case, the combination of the ionic nature of NaCl and its
pronounced surface texturing may therefore contribute to the observed electron-
doping tendency [28]. Nevertheless, contributions from adsorbates [33], transfer-
induced residues [34], or other substrate-related effects cannot be completely ex-

cluded and may also play a role in the measured carrier concentrations.

4. Conclusions

Multilayer graphene was successfully synthesized through mechanical exfoliation
and deposited onto NaCl substrates. XRD and UV-Vis characterization confirmed
the high crystalline quality and optical transparency of the NaCl substrates.

Optical contrast measurements revealed substantial differences between gra-
phene on Si/SiO, and graphene on NaCl. In particular, graphene on NaCl exhib-
ited negative optical contrast and weaker wavelength dependence.

Raman spectroscopy demonstrated that substrate induced effects significantly
modify graphene properties. Graphene supported on SiO, presented predominant
p-type doping, whereas graphene on NaCl exhibited a tendency toward n-type
doping with important strain contributions.

Overall, these findings underscore the importance of substrate selection in gra-
phene-based devices and reveal NaCl single crystals as a promising platform for
studying substrate-induced electrostatic effects in two-dimensional materials. In
addition, the successful deposition and characterization of mechanically exfoli-
ated graphene on NaCl validate the feasibility of this approach and establish a
methodology that, to the best of our knowledge, has not been systematically re-

ported previously.
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