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Abstract: This research work presents our recent advancements in the study of graphene and other
two-dimensional (2D) materials. This review covers studies on graphene oxide (GO) thin films
deposited on various substrates, including titanium and silver thin films. The analysis reveals the role
of surface-enhanced Raman scattering (SERS) and the influence of film thickness and laser intensity
on the observed Raman peaks. Investigations of a silver/GO/gold sandwich structure demonstrate
the presence of sharp Raman modes attributed to localized surface plasmon resonances. This review
also discusses the characterization of exfoliation-synthesized graphene nanoplatelet (GNPs) thin
films and of single-layer graphene deposited via chemical vapor deposition (CVD). The optical
properties of molybdenum disulfide (MoS2) films are also explored. The utilization of micro-Raman
spectroscopy provides valuable insights into the structural and optical properties of graphene and
other 2D materials. These results hold the potential to drive advancements in various applications,
such as electronics, photonics, and nanocomposites.
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1. Introduction

Graphene and other two-dimensional (2D) materials display exceptional characteris-
tics, making them highly advantageous for a diverse range of applications across various
fields [1–8], including flexible nanoelectronics, sensors, and photodetectors [9–17].

Graphene exhibits special physical and electrical properties. It demonstrates broad
light absorption, a linear dispersion band structure, significant charge-carrier mobility, and
remarkable optical qualities. For instance, it offers high transparency within the visible
spectrum [18], photo-response capabilities extending into the Terahertz frequency range,
and customizable infrared optical absorbance [19]. Furthermore, its unique band structure
and electron transport properties make it a promising candidate for developing high-
performance modulators, sources, and detectors designed for operation in the infrared (IR)
segment of the electromagnetic spectrum [20]. The optical characteristics of graphene films
vary significantly depending on the fabrication method used, whether it is exfoliation or
chemical vapor deposition (CVD) [14]. CVD, a method intended for producing high-quality
few-layer graphene, has been successfully applied in ultradense photonic, optoelectronic,
and electronic devices, as described in previous research [21,22].

Recently, there has been growing interest in combining the unique properties of
graphene-based materials with silver nanostructures, aiming for their utilization in the
fields of plasmonics and metamaterials applications [23–25]. Silver nanoparticles and
nanostructures, with localized surface plasmonic resonance spanning from the visible
to the near-infrared range, find utility in various applications, particularly in surface-
enhanced Raman scattering (SERS) [26]. In this context, materials based on graphene, for
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instance, graphene oxide (GO) and reduced graphene oxide (RGO), have demonstrated
their potential as SERS substrates by generating strong chemical enhancement [27].

Nevertheless, even with substantial endeavors by the scientific community, attaining
widespread accessibility to graphene samples remains a considerable obstacle, hindering
the exploitation of its exceptional application capabilities [28]. Consequently, while single-
layer graphene is not readily accessible for large-scale bulk applications, materials related
to graphene, including RGO, few-layer graphene, multilayer graphene, and graphene
nanoplatelets (GNPs), have emerged as pioneering materials with numerous potential
applications [29].

GO has emerged as a novel nanomaterial based on carbon that provides a different
pathway to graphene [30]. By utilizing robust oxidizing agents in processes like the
Hummers method, graphite undergoes oxidation, leading to the incorporation of diverse
oxidized functional groups, such as epoxide, carbonyl, carboxyl, and hydroxyl groups,
into its molecular framework [31–33]. This process widens the gaps between layers and
imparts hydrophilic properties to the material. As a result, graphite oxide can be effectively
dispersed in water via ultrasonic treatment, ultimately yielding the fabrication of individual
or a limited number of GO layers [34].

GNPs, which are another graphene-based material, possess several advantageous char-
acteristics akin to those of monolayer graphene [35,36]. When comprised of a monolayer to
a small number of layers, these sheets consist of sp2-bonded carbon atoms that interlock,
forming particles with a 2D nanoarchitecture on the scale of nanometers. These particles are
realized through the exfoliation of low-cost graphite flakes, followed by chemical treatment
and the reduction of graphite oxide nanoplatelets [37–39].

Recent advancements have also been reported in the field of metal dichalcogenides
(WS2, MoS2, MoSe2, WSe2) films [40]. Transition metal dichalcogenide (TMD) materials,
because of their exceptional optoelectronic characteristics, hold various potential applica-
tions when combined with conducting materials [41]. Some of these applications include
hydrogen evolution, Li-ion batteries, solar cells, and supercapacitors [42,43].

In this review, we offer a comprehensive analysis of the recent advancements in the
optical and structural properties of graphene and other 2D materials based on the authors’
research [44–49].

2. Structure of Graphene, Graphene Oxide, and Reduced Graphene Oxide

Graphene consists of a single layer of carbon atoms arranged in a hexagonal lattice
and originates from graphite [50]. Its unique properties include sp2 hybridization and an
incredibly slim atomic thickness measuring 0.345 nm [51]. A perfect graphene sheet has a
flat structure with minor ripples, and its carbon atoms form a trigonal pattern [52]. Various
methods have been developed to fabricate graphene, including CVD [53], epitaxial growth [54],
micromechanical exfoliation [55], and epitaxial growth on insulating surfaces like SiC [56].
These techniques have significantly advanced research on monolayer graphene.

GO, on the other hand, is a derivative of graphene that contains oxygen-functional
groups like epoxide, carbonyl, carboxyl, and hydroxy [57]. These groups render GO sheets
water-soluble; their removal leads to flocculation and precipitation. GO features a complex
structure with oxygen-rich domains interspersed among areas where carbon atoms retain
their sp2 hybridization [58].

Graphite and graphite oxide, although related, have distinct properties [59]. Graphite
oxide is created by oxidizing graphite, which introduces oxygen functionalities that increase
the distance between layers and make the material water-dispersible [60]. Exfoliation of
graphite oxide through sonication in water results in the formation of GO [61]. The primary
difference between graphite oxide and GO is in the number of layers: graphite oxide
is multilayered, while GO dispersions mainly consist of monolayer flakes, with some
multilayer flakes present [62].

Zeta potential measurements show that GO sheets in water carry negative charges [63],
which leads to electrostatic repulsion among the sheets and results in a stable aqueous
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suspension. The utilization of organic compounds in chemically altering GO sheets can
lead to the attainment of uniform dispersions in organic solvents [64].

A widely employed technique for synthesizing GO is the adapted Hummers method,
which relies on oxidizing graphite by using a blend of concentrated sulfuric acid, sodium
nitrate, and potassium permanganate [65]. While the exact chemical arrangement of GO
remains not entirely comprehended, it is considered partially amorphous, with proposed
structural models consisting of hydroxyl and epoxy functional groups [66]. Analysis
conducted using atomic force microscopy has unveiled that the thickness of a single-layer
GO sheet can exhibit fluctuations ranging from 0.7 to 1.4 nm, notably surpassing the
thickness of an ideal graphene monolayer [67].

Various techniques, such as drop-casting [68], dip-coating [69], spraying [70], spin-
coating [71], and electrophoresis [72], can be used to deposit GO sheets as thin films on
different substrates.

GO and graphene have also been extensively used to obtain composite coatings,
enhancing the wear behavior and other mechanical properties of the substrate. For example,
in Ref. [73], an enhanced wear behavior in nickel/graphene composite coatings is reported.
Similarly, in Ref. [74], the properties of nickel-based composite coatings modified with GO
are investigated.

The electrical properties of GO sheets differ significantly from those of pristine
graphene. As a consequence, films composed of GO tend to manifest resistance values that
commonly exceed 1012 Ω/sq [75].

A partial reduction of GO can yield sheets resembling graphene by eliminating oxygen-
related groups [76]. Chemical reduction methods typically use reducing agents such as
hydrazine or involve creating highly alkaline conditions [77]. Ascorbic acid has emerged
as a promising alternative to hydrazine [78]. The thermal reduction process for GO is com-
monly conducted at temperatures exceeding 200 ◦C within inert or reducing surroundings,
with an enhanced efficacy observed at elevated temperatures [79].

Understanding the methods of reducing GO is pivotal, as the process not only alters
its hydrophilicity but also has a profound impact on its electrical conductivity, thereby
influencing its suitability for various applications.

These reduced GO sheets exhibit reduced hydrophilicity and display a propensity to
aggregate within the solution, stemming from the absence of oxygenated functionalities [80].
The chemical reduction of GO partially restores its conductivity [81], yet it remains signifi-
cantly inferior by several orders of magnitude when compared to the pristine graphene
counterpart. The degree of this reduction determines the conductivity of the resulting
RGO, which can range from 0.05 to 500 S/cm and is intricately linked to the proportion of
graphitic (sp2) to oxidized (sp3) zones [82].

It remains a significant challenge to develop a production method for RGO that closely
mimics the properties of pristine graphene. However, due to its moderate conductivity and the
ability to be produced into a thin film through an aqueous solution, RGO is attractive for use in
electronic devices. Additionally, GO and RGO find applications in nanocomposite materials,
polymer composites, energy storage, and biomedical uses like drug delivery and catalysis [83].

3. State of the Art

Raman spectroscopy has become an indispensable tool for comprehensively charac-
terizing graphene and its derivatives like GO and RGO [84,85]. The technique’s ability
to identify characteristic vibrational modes in materials offers an understanding of the
structural and chemical compositions of these graphene-based materials [86]. For example,
Neeraj Sharma and colleagues [87] showed that the presence or absence of functional
groups significantly alters the material’s vibrational modes, evident from changes in the Ra-
man spectra [86]. This is particularly valuable for researchers aiming to tailor the properties
of graphene-based materials for specific applications, such as optoelectronics or sensing.

The G and D peaks in the Raman spectra serve as critical markers for the structural
integrity and chemical modifications of graphene-based materials [84]. The G peak, a
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fundamental graphitic peak, is ubiquitous in all hexagonal graphitic structures, while the
D peak arises due to imperfections and impurities introduced by functional groups [84].

Jiang-Bin Wu and colleagues [88] further elaborate on how Raman spectroscopy can
study the impact of various external factors like doping agents, mechanical forces, and
environmental conditions on single-layer graphene. Additionally, the authors provide insights
into the identification of material defects and layer counts through Raman spectral features.

K. Kanishka H. De Silva et al. [89] further extend this discussion by emphasizing the
challenges posed by the abundant lattice defects in GO and RGO. Their work provides new
insights into the optical visibility and Raman signals of these materials when deposited on
different Si-based substrates. They found that dielectric substrates with lower reflectance
in the visible range offer better optical contrast and more intense Raman signals. This
advancement is significant because it implies that substrate choice can affect the quality of
Raman spectroscopic data and, consequently, our understanding of the material’s structural
and optical properties. Moreover, De Silva et al. [89] introduced the importance of the
D’ band in the Raman spectra for a more comprehensive understanding of the structural
variations in monolayer flakes of GO and RGO.

The existing literature on Raman spectroscopy for characterizing graphene and 2D
materials is extensive [90]; however, our review introduces several unique contributions
that set it apart from previous works.

A standout feature of our review explores magnetron sputtering as a deposition tech-
nique and its implications for SERS. While SERS is a well-known technique for enhancing
Raman signals, its application in 2D materials deposited via magnetron sputtering is less
commonly discussed. Our review delves into how magnetron sputtering can influence
the SERS properties of 2D materials, offering new avenues for highly sensitive detection
methods in both industrial and research settings.

Another unique aspect of our review is the focus on solution-based MoS2. While MoS2
has been extensively studied, few works have addressed the unique challenges and opportuni-
ties presented by solution-based methods. Our review fills this gap by discussing the Raman
characterization of solution-based MoS2, offering a more comprehensive understanding of
this material in liquid-phase environments. This is particularly relevant for applications where
solution-based methods offer advantages in terms of scalability and cost-effectiveness.

4. Materials and Methods

Micro-Raman spectra [44–49] were obtained using a Horiba-Jobin Yvon micro-probe
instrument with an approximate spectral resolution of 2 cm−1. This setup incorporated a CCD
detector boasting dimensions of 256× 1024 pixels, cooled to −70 ◦C, and was coupled with
a diode laser emitting a 532 nm line, generating an output power of 50 mW. A 50×Mplan
Olympus objective was used to focus the laser, yielding a laser spot with an apparent diameter
of approximately 2–3 µm. To avert the structural modifications stemming from laser-induced
heating, an OD2 filter with a 1% transmission rate was deployed.

The GO dispersions of the GO discussed were sourced from Sigma Aldrich (St. Louis,
MO, USA) and Punto Quantico (Roma, Italy). The dispersion of MoS2 was bought from
Sigma Aldrich (St. Louis, MO, USA). Monolayer graphene samples, grown via CVD, were
procured from Graphenea Co. (San Sebastián, Spain).

5. Results and Discussion

This section provides a comprehensive analysis of graphene and other 2D materials,
employing micro-Raman spectroscopy as the principal investigative tool. The focus spans
from the electrophoretic deposition techniques of GO to the complex Ag/GO/Au sandwich
structure. Each subsection aims to elucidate the unique structural and spectral charac-
teristics of these materials, thereby contributing to the understanding of their potential
applications and underlying mechanisms.
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5.1. Thin Films of Graphene Oxide and Reduced Graphene Oxide Deposited by Electrophoresis

The electrophoretic deposition (EPD) method is highly adaptable for creating GO-
based thin films. Charged GO platelets in a suspension move toward an electrode with
an opposing charge under an applied electric field, forming a compact film. EPD offers
advantages like a rapid deposition rate, controllable thickness, uniformity, and scalability.
It requires electrically conductive substrates like Cu, Ni, Al, stainless steel, and Ti [91].

Figure 1a presents the Raman spectrum of electrophoretically deposited GO on a
titanium layer before the annealing treatment.
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Figure 1. Raman spectra of electrophoretically deposited graphene oxide on a titanium layer
(a) prior to annealing and (b) after annealing at 400 ◦C. This content has been reproduced from
reference [44] with permission granted by AIP Publishing. Copyright 2016, AIP Publishing.

The Raman spectrum shows characteristic peaks, specifically at 1329 cm−1 for the
D band and 1592 cm−1 for the G band of GO. Additionally, the 2D band (≈2640 cm−1)
and the second-order band, D+G (≈2912 cm−1), can be observed. These spectral features
suggest a considerable level of disorder in the GO.

Figure 1b illustrates the GO film deposited on a titanium layer after the annealing at
400 ◦C. In this case, the D band is detected at about 1343 cm−1, indicating either a different
level of carbon layer oxidation or varying mechanical stresses on the graphene layer.

5.2. Graphene Oxide on Magnetron-Sputtered Silver Thin Films for Surface-Enhanced Raman
Spectroscopy Applications

GO’s potential in SERS is increasingly recognized. In this section, we look at how GO
behaves when deposited on silver substrates deposited through magnetron sputtering.

Visual examination reveals two distinct types of GO deposition on the magnetron-
sputtered silver substrate, as evident in Figure 2’s optical microscopy image.

The first type maintains optical properties like color and reflectivity, similar to the
unaltered silver surface. These “bright” areas indicate the presence of a single or a few
layers. Conversely, the remaining areas, referred to as “dark”, appear brown and show
reduced reflectivity compared to the original silver surface.

The spectrum in Figure 3b comes from a “medium dark zone”, where GO is dip-coated
on a 10 nm magnetron-sputtered silver substrate using low laser intensity (OD2). It reveals
that the D and G Raman bands align with the frequencies observed in Figure 3a, where GO
was dip-coated on untreated glass using the same experimental parameters. Significantly,
the intensities of the D and G bands are markedly increased.
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Figure 3. Raman spectra of graphene oxide films dip-coated on bare glass at low laser intensity (OD2)
(a) and graphene oxide films dip-coated on a 10 nm magnetron-sputtered silver/glass substrate
at low laser intensity (OD2) (b). This content has been reproduced from reference Ref. [45] with
permission granted by Elsevier. Copyright 2018, Elsevier.

In Figure 3b, we observe distinct peaks at 235 cm−1, 967 cm−1, 1793 cm−1, and
2033 cm−1. These distinctive peaks were mostly pronounced in the “medium dark zones”
compared to the “bright zones” and “dark zones.” Specifically, the peaks at 1793 cm−1

and 2033 cm−1 can be attributed to oxygen functionalities on the GO surface, likely C=O
stretching vibrations from the carbonyl and carboxylic groups. The peaks at 235 cm−1

and 967 cm−1 can be associated with the existence of oxide in the silver thin films. This
interaction between oxygen and silver thin films could result from the subsequent reactions
occurring after deposition in ambient conditions.
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Figure 4 presents the Raman spectrum from the same spot in the “medium dark zone”,
as indicated in Figure 3b. However, this measurement uses the full laser intensity without
any filtering.
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from Ref. [45] with permission granted by Elsevier. Copyright 2018, Elsevier.

Figure 4 shows a shift to lower frequencies in the D band, around 1343 cm−1, compared
to Figure 3b. This could indicate a different level of oxidation in the GO layer. Meanwhile, the
G band remained at the identical frequency of 1595 cm−1, as shown in Figure 3b. Moreover,
a prevalent reduction in the intensity of the features at 235 cm−1, 967 cm−1, 1793 cm−1, and
2033 cm−1 is evident when compared with the spectrum presented in Figure 3b. These
observations suggest a significant variation in the coupling between GO and silver when
subjected to full laser power irradiation, leading to irreversible damage to the GO layer.

5.3. Micro-Raman Spectroscopy Measurements of Spin-Coated MoS2 Films

In this subsection, we explore the properties of spin-coated MoS2 films on Si/SiO2
substrates using micro-Raman spectroscopy.

The primary Raman modes of MoS2 include E1g (286 cm−1), E2g
1 (383 cm−1),

A1g (408 cm−1), and E2g
2 (32 cm−1). The E1g, E2g

1, and E2g
2 modes are indicative of

in-plane Raman activity, whereas the A1g mode signifies out-of-plane vibrations. Figure 5
shows typical Raman spectra from MoS2 films spin-coated onto Si/SiO2 substrates. These
spectra originate from distinct locations on the samples.

In Figure 5a, only the E2g
1 and A1g modes are present, appearing at approximately

380 cm−1 and 405 cm−1, correspondingly.
The location of the higher-frequency mode signifies the presence of a monolayer MoS2

specimen, whereas the alternate mode implies a structure composed of multiple layers.
These results strongly suggest that the content depicted in Figure 5a pertains to 2H-MoS2.

In Figure 5b, besides the features seen in Figure 5a, distinct peaks around 290 cm−1 and
299 cm−1 are clearly visible. While the E1g mode is typically disallowed in backscattering
geometry for Raman scattering, these two modes have been designated as E1g. Specifically,
the mode at 299 cm−1 might be linked to 1T-MoS2, while the signal at 290 cm−1 could be
ascribed to the amorphous phase of MoS2. The capacity to detect the E1g mode, even in a
backscattering arrangement, is attributed to the inherent disorder in the amorphous phase.
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5.4. Micro-Raman Spectroscopy Measurements of Graphene Nanoplatelets

GNPs are increasingly recognized for their unique properties in the field of graphene-
based materials. Herein, we examine thin films of GNPs on Si/SiO2 substrates to under-
stand their structural features.

GNPs exhibit characteristic Raman bands, including the G band (resulting from
phonons at the Brillouin zone center) and the D band (associated with amorphous regions),
as well as the overtone 2D band and smaller bands originating from the second/third
order modes. Analyzing these Raman bands provides insights into various properties of
graphene systems, such as thickness, lattice order, mechanical strain, and chemical doping.

Visual examination of GNP thin films on Si/SiO2 substrates, as shown in Figure 6
(panels a–h), reveals a mostly uniform surface with some thicker areas called “islands”.
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A representative Raman spectrum obtained from these “islands” is illustrated in Figure 7.
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Figure 7. Representative Raman spectrum acquired from the islands of graphene nanoplatelet thin
films on Si/SiO2. This content has been reproduced from Ref. [47] with permission granted by IOP
Publishing. Copyright 2019, IOP Publishing.

In addition to the silica substrate signals at 518 cm−1 and 964 cm−1, which are not
shown in Figure 7, unique characteristics associated with the GNPs become evident. Specif-
ically, the D, G, and 2D bands appear at 1346 cm−1, 1582 cm−1, and 2719 cm−1, correspond-
ingly. Situated around 1620 cm−1 is the D′ band. Furthermore, combination bands like
D + D′′ (~2462 cm−1), D + G (~2951 cm−1), 2D + G (4300 cm−1), and 2D′ (3249 cm−1) can be
identified. These spectral features indicate the existence of irregular graphene structures.

5.5. Micro-Raman Spectroscopy Measurements of CVD-Grown Monolayer Graphene

CVD is commonly employed as the preferred method for synthesizing high-quality
monolayer graphene. This subsection delves into how micro-Raman spectroscopy serves
as a powerful tool for characterizing this type of graphene.

In Figure 8, we present two typical micrographs. Figure 8a exhibits a central segment
of the specimen, where the relatively darker portions are marked as “A”, while a more
luminous stripe is identified as “C”.
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Figure 8. Micrographs illustrating the central zone (A zone) and the border zone (B zone) of the
sample. Darker regions and a brighter stripe are observed in the central zone (a), while a homogeneous
region is visible in the border zone (b). This content has been reproduced from Ref. [49] with
permission granted by Elsevier. Copyright 2019, Elsevier.
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Figure 8b highlights an edge section of the specimen, designating a uniform area as “B”.
Spectral features collected from zone A are shown in Figure 9, covering the wavenum-

ber range of 400 cm−1 to 1100 cm−1 (a) and 1200 cm−1 to 3400 cm−1 (b).
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Figure 9. Illustrative Raman spectra from the central zone (designed as zone A) of the graphene/Si
samples. Spectra range from 400 cm−1 to 1100 cm−1 (a) and 1200 cm−1 to 3400 cm−1 (b). This content
has been reproduced from Ref. [49] with permission granted by Elsevier. Copyright 2019, Elsevier.

The prominent Raman features in these spectra occur at 1345 cm−1, 1582 cm−1, 2689 cm−1,
and 3248 cm−1. The minor band at 1345 cm−1 corresponds to the graphene D band, while the
feature at 1582 cm−1 represents the G band. The signals detected at 2689 cm−1 and 3248 cm−1

correspond to the overtones 2D and 2D′, respectively.
Raman spectra obtained from “B” are depicted in Figure 10, spanning wavenumber

ranges from 400 cm−1 to 1100 cm−1 (a) and from 1200 cm−1 to 3400 cm−1 (b).
In these spectra, the D band at 1351 cm−1 and the G band at 1589 cm−1 show slight blue

shifts, while the 2D band at 2689 cm−1 and the 2D’ band at 3248 cm−1 remain at the same
frequencies as in Figure 9. Furthermore, within the spectrum of zone B, a discernible band at
2454 cm−1 emerges, labeled as D” + D’, with D” being apparent at around 1073 cm−1.

Figure 11 displays the Raman spectra from region C, covering wavenumbers from
400 cm−1 to 1100 cm−1 (a) and 1200 cm−1 to 3400 cm−1 (b).

In this case, a significant blue shift is observed in the G band at 1595 cm−1, while
the D band at 1346 cm−1, the 2D band at 2681 cm−1, and the 2D′ band at 3242 cm−1 all
show downward shifts. Additionally, within the spectrum of region C, the presence of the
D′′ + D′ band becomes evident.

The ratio between the intensity of the 2D band and the G band (I2D/IG) provides
information about the amount of graphene layers. An I2D/IG value exceeding 2 signifies
single-layer graphene, a value between 1 and 2 suggests bilayer graphene, and a value
lower than 1 signifies the presence of three or more layers.

For the samples being studied, the I2D/IG ratios in zones A and B, as shown in
Figures 9 and 10, are 1.04 and 1.68, respectively. In zone C (Figure 11), the I2D/IG ratio
value stands at 2.63. Consequently, while single-layer graphene predominantly prevails,
there are sections displaying bilayer graphene arrangements in both the central and border
zones. In contrast, single-layer graphene is discernible in the brighter stripes.
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5.6. Micro-Raman Spectroscopy Measurements of Ag/GO/Au Sandwich Structure

The Ag/GO/Au sandwich structure is an interesting configuration that combines
silver, GO, and gold.

For reference, Figure 12a presents the illustrative Raman spectrum collected from a
thin GO film (8 nm) dip-coated onto an untreated glass substrate. This measurement was
conducted using low laser intensity (OD2).

The characteristic traits of GO, represented by the D and G bands, become noticeable
at approximately 1365 cm−1 and 1595 cm−1, respectively. On the contrary, the spectrum
derived from the Ag/GO/Au sandwich structure displays a markedly different profile,
featuring several pronounced peaks that exceed the expected intensity levels of the GO
bands previously described in the reference spectrum. This unique spectral behavior is
often observed in areas of the sample that appear darker under microscopic examination,
generally indicative of the presence of multiple GO layers.
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Figure 12b illustrates a Raman spectrum acquired from a “dark” region within the
Ag/GO/Au sandwich structure. A low laser intensity setting (OD2) was used to highlight
this particular spectral behavior. Although the D and G bands typical of GO are clearly
visible at approximately 1365 cm−1 and 1595 cm−1, similar to the reference spectrum in
Figure 12a, the most notable observation is the appearance of multiple additional peaks
with sharp definitions. In some cases, these peaks are strikingly prominent, displaying an
even higher intensity than the GO bands.

The most noticeable peaks are found at 1077 cm−1, 1122 cm−1, 1240 cm−1, 1286 cm−1,
1478 cm−1, and 1976 cm−1. These distinctly sharp peaks are linked to localized vibrational
modes of molecular groups that attach themselves to the GO network and establish a close
interaction with metal particles or protrusions, commonly referred to as “hot spots.”
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Figure 12. Representative Raman spectra taken under low laser intensity (OD2 filter) condi-
tions, showcasing graphene oxide thin film dip-coated onto an untreated glass sample (a) and
an Ag/graphene oxide/Au sandwich structure (b). This content has been reproduced from Ref. [46]
with permission granted by IOP Publishing. Copyright 2019, IOP Publishing.

These supplementary Raman modes exhibit instability under heat treatment. Specifically,
under high laser intensities, the pronounced peaks associated with the “hot spots” disappear,
making the resulting Raman spectrum closely align with that shown in Figure 12a. This
change mainly shows the disordered features of the GO network. The disappearance of
these peaks can be understood as the result of either photolysis or thermolysis affecting the
molecular groups that were amplifying the Raman signals at the “hot spots”. Despite the
higher laser power, the fundamental carbon structure of GO remains unaffected.

6. Conclusions, Applications, and Outlook
6.1. Conclusions

This review outlines our recent research on graphene and other 2D materials, focusing
on the use of micro-Raman spectroscopy for characterization. Among the key findings:

• GO Thin Films on Ti/Glass Substrates: We used micro-Raman spectroscopy to study
the properties of GO layers that were deposited on titanium substrates through elec-
trophoretic deposition. This technique proved invaluable for gaining insights into the
structural and optical characteristics of the GO layers.

• GO Thin Films on Magnetron-Sputtered Silver: A significant portion of the review is
dedicated to the study of GO thin films fabricated by dip-coating onto magnetron-sputtered
silver substrates. Micro-Raman analysis reveals that these films exhibit SERS activity.

• Optical Properties of MoS2: This review also includes an exploration of the optical
properties of solution-based MoS2, with micro-Raman spectroscopy employed for
its characterization.

• Investigation of GNPs: This review includes a section on the investigation of GNPs.
• Monolayer Graphene on SiO2/Si Substrates: The optical properties of monolayer

graphene samples grown via CVD on SiO2/Si substrates are discussed.
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• Silver/GO/Gold Sandwich Structure: The review reports on the micro-Raman investi-
gation of a silver/GO/gold sandwich structure. Notably, sharp Raman modes have
been observed, sometimes even exhibiting greater intensity than typical GO bands,
particularly under low laser power conditions.

6.2. Applications of Graphene and Other Two-Dimensional Materials

Raman spectroscopy is a critical tool for characterizing the properties of graphene, es-
pecially in the development of graphene-based field-effect transistors (FETs). By identifying
the doping levels, Raman spectroscopy enables the fine-tuning of the electronic properties
of these transistors, directly affecting their speed and energy efficiency. Additionally, the
technique provides valuable data on heat generation and dissipation within the FETs,
contributing to their long-term stability and performance [92–95].

The technique also plays a significant role in advancing energy storage devices. Specif-
ically, it helps researchers understand the distortion of electrode material during charge
and discharge processes. This understanding is vital for enhancing both the efficiency and
longevity of batteries and other energy storage systems based on graphene [96].

In optoelectronic applications like solar cells and organic light-emitting diodes
(OLEDs) [97], graphene’s high optical transparency, electrical conductivity, and mechanical
flexibility make it a material of choice. Raman spectroscopy aids in the identification of
interlayer coupling and the number of graphene layers in these devices, which is crucial
for optimizing their performance.

Moreover, in nanoelectromechanical systems (NEMS), the technique is used to probe
the local stress within multilayer graphene cantilevers [98].

Raman spectroscopy is also instrumental in the study of van der Waals 2D heterostruc-
ture devices, such as those combining graphene and MoS2 [99]. The method allows for the
in situ examination of charge transfer within these heterostructures, providing essential
insights into the electronic interplay between the various layers.

While the applications of Raman spectroscopy in areas like FETs, energy storage,
and optoelectronics are well-established, its potential in sensing technologies is gaining
increasing attention [100].

It is worth noting that MoS2, a prominent member of the transition metal dichalco-
genides family, has demonstrated significant applicability across various technological
domains. Notably, MoS2 has been studied for its role as a spin-valley filter, as outlined
in [101]. Additionally, its intrinsic optoelectronic characteristics make it suitable for pho-
totransistor devices, as detailed in [102]. MoS2 has also been explored for its potential
in rectifying contacts, as reported in [103], and in tunneling field-effect transistors, as
described in [104].

The study of transition metal dichalcogenide monolayers (MX2), including MoS2, has
revealed the importance of metal-induced gap states (MIGS) in spin-valley filters [101].
These MIGS are predicted to mediate valley- and spin-resolved charge transport near
the ideal electrode/MX2 interface, thus initiating filtering. This insight is particularly
crucial when the channel length is diminished as MIGS begin to govern the overall valley-
spin transport in the tunneling regime. The findings offer design guidelines for efficient
valley-spin filter devices, which could revolutionize information processing technologies.

In addition to its role in valley-spin filtering, MoS2 has been extensively studied for
its intrinsic optoelectronic characteristics [102]. Raman spectroscopy serves as a vital tool
for understanding these properties, especially when MoS2 is integrated into functional
devices like phototransistors. Utilizing a fully transparent van der Waals heterostructure,
researchers have been able to reveal the intrinsic photoresponsivity characteristics of
monolayer MoS2, including its internal responsivity and quantum efficiency.

Similarly, transition metal dichalcogenides (TMDs), particularly MoS2, have garnered
attention for their semiconducting applications at the nanoscale. These materials exhibit
direct band gaps and high charge mobilities, making them ideal for use in nanoscale
devices. One of the critical aspects of TMDs is the understanding of Schottky barrier heights
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(SBHs) [103], which are crucial for efficient charge injection into these semiconductors.
These theoretical models help in estimating the charge neutrality levels and canonical
Schottky barrier heights, which are pivotal for the device’s performance.

Further exploring the potential of MoS2, tunneling field-effect transistors (TFETs) using
monolayer MoS2 as the channel have emerged as promising contenders for low-energy elec-
tronics. These MoS2-TFETs [104] are compatible with silicon CMOS technology and exhibit a
lower off-state leakage current and subthreshold swing compared to traditional MOSFETs.

6.3. Outlook

Future research on GO and RGO should focus on gaining a deeper understanding of
the reduction mechanisms, as well as developing strategies to control both the oxidation
of graphite and its subsequent reduction. After producing RGO, it can be chemically
functionalized or paired with other 2D materials to tailor its properties for specialized
commercial uses. For instance, the fabrication of nanocomposites, including RGO and
TMDs, such as MoS2, holds promise for supercapacitor applications.

Moreover, one of the critical areas requiring more in-depth study is the understanding
of strain in graphene [105], especially when grown on transition metals via CVD or when
mechanically transferred in the case of exfoliated graphene. The methods used for deposition or
synthesis can have a significant impact on how graphene interacts with its substrate. Therefore,
future studies should aim to establish a connection between the strength of this interaction and
the thermal evolution of graphene’s Raman spectra. Although some efforts have been made
to correlate strain with structural features, such as surface morphology, additional research
is needed to establish connections between the strain and graphene’s electrical, optical, and
thermal properties. Since doping has an impact on the strain in thin films, more research is also
essential to explore its specific effects on the strain in graphene films.
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103. Szczęśniak, D.; Hoehn, R.D.; Kais, S. Canonical Schottky barrier heights of transition metal dichalcogenide monolayers in contact
with a metal. Phys. Rev. B 2018, 97, 195315. [CrossRef]

104. Lan, Y.-W.; Torres, C.M., Jr.; Tsai, S.-H.; Zhu, X.; Shi, Y.; Li, M.-Y.; Li, L.-J.; Yeh, W.-K.; Wang, K.L. Atomic-Monolayer MoS2
Band-to-Band Tunneling Field-Effect Transistor. Small 2016, 12, 5676–5683. [CrossRef] [PubMed]

105. Ferralis, N. Probing Mechanical Properties of Graphene with Raman Spectroscopy. J. Mater. Sci. 2010, 45, 5135–5149. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1002/smll.202302920
https://www.ncbi.nlm.nih.gov/pubmed/37267934
https://doi.org/10.1038/s41378-019-0128-4
https://www.ncbi.nlm.nih.gov/pubmed/34567632
https://doi.org/10.1126/sciadv.adf4571
https://doi.org/10.1021/acsomega.1c04863
https://doi.org/10.1103/PhysRevB.101.115423
https://doi.org/10.1021/acsnano.9b04829
https://doi.org/10.1103/PhysRevB.97.195315
https://doi.org/10.1002/smll.201601310
https://www.ncbi.nlm.nih.gov/pubmed/27594654
https://doi.org/10.1007/s10853-010-4673-3

	Introduction 
	Structure of Graphene, Graphene Oxide, and Reduced Graphene Oxide 
	State of the Art 
	Materials and Methods 
	Results and Discussion 
	Thin Films of Graphene Oxide and Reduced Graphene Oxide Deposited by Electrophoresis 
	Graphene Oxide on Magnetron-Sputtered Silver Thin Films for Surface-Enhanced Raman Spectroscopy Applications 
	Micro-Raman Spectroscopy Measurements of Spin-Coated MoS2 Films 
	Micro-Raman Spectroscopy Measurements of Graphene Nanoplatelets 
	Micro-Raman Spectroscopy Measurements of CVD-Grown Monolayer Graphene 
	Micro-Raman Spectroscopy Measurements of Ag/GO/Au Sandwich Structure 

	Conclusions, Applications, and Outlook 
	Conclusions 
	Applications of Graphene and Other Two-Dimensional Materials 
	Outlook 

	References

