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Editorial

Recent Advances in Graphene and Other
Two-Dimensional Materials

Grazia Giuseppina Politano 1,* and John Parthenios 2,*

1 Department of Environmental Engineering, University of Calabria, 87036 Rende, Italy
2 Institute of Chemical Engineering Sciences (ICE-HT), Foundation for Research and

Technology-Hellas (FORTH), 26504 Patras, Greece
* Correspondence: grazia.politano@unical.it (G.G.P.); jparthen@iceht.forth.gr (J.P.)

1. Introduction

Research on breakthroughs in the synthesis and characterization of graphene [1],
graphene oxide (GO) and reduced graphene oxide (rGO) [2], Molybdenum Disulfide
(MoS2) [3], and two-dimensional (2D) topological materials [4] has emerged as a critical
area due to their unique electronic, optical, and mechanical properties, which enable
transformative applications in electronics, energy storage, and quantum technologies [5].

Despite remarkable progress over the past two decades, the transition from fundamen-
tal discoveries to practical applications remains challenging. It has become increasingly
evident that the key obstacles facing research in graphene and 2D materials lie not merely
in understanding their intrinsic properties, but in developing the capability to reliably
synthesize, characterize, model, and seamlessly integrate these materials into functional
architectures at scale. Critical challenges persist in several interconnected areas: the lack of
predictive theoretical models that can guide experimental design; the profound complexity
introduced by structural disorder, edge effects, and chemical functionalization; the diffi-
culties in achieving large-area synthesis with controlled quality, and the integration of 2D
materials into practical electronic, optoelectronic, energy, and environmental applications
while maintaining their exceptional properties.

This Special Issue (SI), titled Recent Advances in Graphene and Other Two-Dimensional
Materials, brings together cutting-edge research that directly addresses these fundamental
challenges. The collection showcases innovative approaches spanning advanced theoret-
ical modeling, novel synthesis and fabrication strategies, comprehensive spectroscopic
characterization, and demonstration of functional devices and applications. By bridging
the gap between fundamental understanding and technological implementation, these
contributions collectively advance the field toward realizing the full potential of graphene
and other 2D materials in next-generation technologies.

2. An Overview of Published Articles

This SI attracted a number of submissions on graphene and other 2D materials. Nine
high-quality papers were accepted following the peer-review process.

These contributions span a broad spectrum of topics, yet they naturally converge into
four coherent thematic areas that capture the current frontiers of the field:

• From Modeling to Functional Graphene Nanoribbon Devices;
• Properties and Applications of Graphene Oxide and Reduced Graphene Oxide;
• Graphene-Based Silicon Heterostructures for Optoelectronic Applications;
• Two-Dimensional Materials Beyond Graphene.

Crystals 2026, 16, 112 https://doi.org/10.3390/cryst16020112
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Together, these thematic clusters provide a comprehensive overview of recent ad-
vances while highlighting promising directions for future research. In the following sec-
tions, we present each thematic area and discuss the individual contributions within their
broader scientific context.

3. From Modeling to Functional Graphene Nanoribbon Devices

Graphene nanoribbons (GNRs) [6] have emerged as key building blocks for plasmonic
and photonic technologies, owing to their reduced dimensionality, tunable electronic
structure, and strong light–matter interaction. Recent advances [7] highlight the importance
of combining accurate theoretical modeling with device-oriented design strategies to fully
exploit their plasmonic response across different frequency regimes. Within this context,
two contributions in this SI address complementary aspects of plasmonic engineering in
GNRs, spanning from fundamental modeling to functional device implementation.

The article “Modeling 2D Arrangements of Graphene Nanoribbons” (contribution 3)
focuses on GNRs. Owing to their sizeable bandgaps and tunable electronic properties,
GNRs represent promising platforms for photonic and plasmonic applications. While sig-
nificant experimental progress has been achieved in the synthesis of GNRs, the theoretical
description of their electronic and optical properties has largely relied on ab initio methods,
which become impractical for wide systems due to the large number of atoms involved.
The authors present a semi-analytical model based on the Dirac cone approximation to
describe the electronic and plasmonic properties of widely and experimentally relevant
GNRs, considering both freestanding and non-freestanding configurations.

The results show that, in the terahertz regime, the plasmon–momentum dispersion is
highly sensitive to variations in ribbon width and charge carrier concentration. The model
successfully reproduces the electronic properties of GNRs on Ge(001) and Au(111), as well
as the plasmon spectra of graphene microribbon arrays (4 μm wide) on Si/SiO2 and GNR
arrays on Si, in good agreement with experimental observations. Finally, the potential
application of GNRs for molecular sensing is discussed by considering chlorpyrifos-methyl
as a test molecule, showing that the plasmon resonances of all investigated GNR systems
occur at the same frequency (0.95 THz).

Main Message: Terahertz plasmon dispersion in graphene nanoribbons is highly
sensitive to ribbon width and charge carrier concentration, and the model reliably matches
experimental plasmon spectra across multiple substrates. These results also support GNR-
based molecular sensing, with all systems showing a common resonance at ~0.95 THz
using chlorpyrifos-methyl as a test molecule.

In the article “A Novel High-Performance 2-to-4 Decoder Design Utilizing a Plasmonic
Well and Suspended Graphene Nanoribbon” (contribution 8), the authors present a compact
2-to-4 optical decoder based on a plasmonic well structure incorporating suspended GNRs.
The device exploits the tunability of graphene chemical potential to dynamically control
the propagation and confinement of surface plasmon polaritons, enabling efficient routing
of optical signals toward the output ports. Finite-difference time-domain simulations
are used to investigate the effects of channel geometry and graphene chemical potential
on surface plasmon polariton propagation, refractive index, and transmission loss. The
proposed structure, consisting of a plasmonic well 30 nm wide and 10 nm high, exhibits
a low propagation loss of 0.188 dB/μm and a high figure of merit of 1950 at 40 THz. The
decoder achieves a contrast ratio of 36.93 dB and crosstalk suppression of −36.93 dB, while
occupying a footprint of 0.05 μm2. These results demonstrate the high optical performance
and compactness of the proposed plasmonic well-based decoder.

Main message: Tunable graphene’s chemical potential enables dynamic control of
surface plasmon polariton propagation, resulting in low loss, high contrast ratio, strong

https://doi.org/10.3390/cryst16020112
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crosstalk suppression, and an ultra-compact footprint, demonstrating excellent potential
for integrated plasmonic logic and signal-routing applications.

4. Properties and Applications of Graphene Oxide and Reduced
Graphene Oxide

GO and rGO have attracted considerable attention as versatile graphene-derived
materials, owing to their tunable chemical composition and surface functionality [8]. The
presence of oxygen-containing groups and structural defects not only influences their
optical and electronic behavior, but also enables a wide range of practical applications.
In this SI, three contributions address GO- and rGO-based systems from complemen-
tary perspectives, spanning fundamental modeling, spectroscopic characterization, and
application-driven studies.

The article “Modelling the Structure and Optical Properties of Reduced Graphene
Oxide Produced by Laser Ablation: Insights from XPS and Time-Dependent DFT” (contribu-
tion 5) investigates graphene derivatives, specifically rGO and graphene-based composites,
which are regarded as promising materials for optoelectronic and photodetection applica-
tions. Motivated by the growing interest in simple and environmentally friendly graphene
production methods, the study addresses unresolved fundamental issues related to the
structure of these materials and the interactions between their components.

The authors propose several atomistic models of oxidized graphene fragments based
on X-ray photoelectron spectroscopy compositional analysis and density functional theory
calculations, representing rGO produced by laser irradiation. Using these models, they
determine the composition of oxygen-containing functional groups, their equilibrium
configurations, and their influence on the electronic and optical properties of graphene
sheets. The nature of the low-lying excited states and the photoactive regions is also
examined. Finally, the calculated absorption spectra of the graphene sheets are compared
with the experimental UV–Vis spectrum of rGO obtained by laser ablation.

Main message: The work clarifies the role of oxygen functional groups in electronic
structure, low-energy excited states, and optical absorption, showing good agreement
between calculated spectra and experimental UV–Vis data and providing insight into
photoactive regions of rGO.

The article “Unleashing the Power of Graphene-Based Nanomaterials for Chromium(VI)
Ion Elimination from Water” (contribution 6) studies GO-based nanomaterials for heavy
metal removal from water. GO and graphene-oxide-coated silica nanoparticles (GO/SiO2)
are synthesized and evaluated for the removal of Cr(VI) ions. The prepared nanosorbents
are characterized using FTIR, Raman spectroscopy, and transmission electron microscopy.
The effects of pH and Cr(VI) ion concentration on the adsorption process are examined
through batch experiments for both GO and GO/SiO2. The results show that the highest
removal efficiency occurs at pH 3 for both adsorbents. At a Cr(VI) concentration of 50 ppm,
GO/SiO2 exhibits a higher removal percentage (92.28%) compared to GO (86.15%). The
study confirms that Cr(VI) removal is strongly dependent on both pH and ion concentration
and demonstrates that both GO and GO/SiO2 are effective adsorbents, with GO/SiO2

showing enhanced performance relative to GO for Cr(VI) removal from water.
Main message: This study investigates GO and GO-coated silica nanoparticles for

Cr(VI) removal from water. Batch adsorption experiments show strong pH and concentra-
tion dependence, with optimal performance at pH 3. GO/SiO2 achieves higher removal
efficiency (92.28% at 50 ppm) than GO (86.15%), demonstrating enhanced adsorption
capability for water remediation applications.

The review “Recent Advances in the Raman Investigation of Structural and Optical
Properties of Graphene and Other Two-Dimensional Materials” (contribution 1) summa-

https://doi.org/10.3390/cryst16020112
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rizes recent progress in the investigation of graphene and other 2D materials. The review
includes studies on GO thin films deposited on different substrates, such as titanium and
silver thin films. Particular attention is devoted to the role of surface-enhanced Raman
scattering (SERS) and to the effects of film thickness and laser power on the Raman re-
sponse. Studies on a silver/GO/gold sandwich configuration reveal the appearance of
sharp Raman modes associated with localized surface plasmon resonances.

Main message: Recent progress in the investigation of graphene and other 2D materi-
als is summarized.

5. Graphene-Based Silicon Heterostructures for
Optoelectronic Applications

The interaction between graphene-based materials and silicon (Si) has attracted grow-
ing interest for applications in optoelectronics, photovoltaics, and sensing [9]. A detailed
understanding of charge transport, interfacial effects, and defect-related phenomena is
essential to fully exploit the potential of these hybrid systems. Accordingly, two studies
in this SI investigate graphene-based layers on Si substrates, providing insights into their
electrical performance and transport mechanisms.

In the paper “Low-Frequency Noise Characteristics of Graphene/h-BN/Si Junctions”
(contribution 7), the authors investigate graphene/h-BN/Si heterostructures, which are
considered promising for infrared detection and photovoltaic applications due to their
tunable electrical properties and well-matched interfaces. The near lattice matching be-
tween graphene and hexagonal boron nitride (h-BN) enables the growth of graphene layers
with low defect density on h-BN substrates. The study provides a detailed analysis of the
low-frequency electrical noise behavior of graphene/h-BN/Si heterojunctions under both
forward and reverse bias at room temperature. Graphene nanolayers are directly grown on
h-BN films by microwave plasma-enhanced chemical vapor deposition, while the h-BN
layers are deposited by reactive high-power impulse magnetron sputtering (HiPIMS). Four
different h-BN thicknesses (1 nm, 3 nm, 5 nm, and 15 nm) are examined, together with a
reference graphene/Si junction fabricated under the same conditions without the h-BN
interlayer. Low-frequency noise measurements are used to identify the dominant charge
transport mechanisms in the different structures. The results show that grain boundaries
act as major defects leading to increased noise levels under high forward bias. A statis-
tical analysis of the voltage noise spectral density over multiple devices, supported by
Raman spectroscopy, indicates that hydrogen-related defects play a significant role in the
1/f noise observed in the linear region of the current–voltage characteristics. This work
provides a detailed assessment of the influence of h-BN interlayers on low-frequency noise
in graphene/Si heterojunctions.

Main message: Graphene/h-BN/Si junctions are investigated to understand how
electrical noise affects their performance in optoelectronic applications. By comparing
different h-BN thicknesses, the authors show that defects at grain boundaries and hydrogen-
related imperfections strongly influence low-frequency noise, highlighting the role of
material quality in improving device reliability.

In the paper “Cyclic Voltammetry and Impedance Measurements of Graphene Oxide
Thin Films Dip-Coated on n-Type and p-Type Silicon” (contribution 2), the authors address
a comparatively less explored aspect of graphene research, namely the enhancement of sili-
con performance through interaction with graphene-based materials. Cyclic voltammetry
and electrical impedance measurements are carried out on GO dip-coated on both n-type
and p-type Si substrates. The results show a significant improvement in the electrical
properties of GO on n-type Si, with a marked increase in conductivity and photocurrent
compared to bare n-type Si. These findings highlight the potential of GO to enhance

https://doi.org/10.3390/cryst16020112
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silicon-based devices and suggest possible applications in optoelectronics, contributing to
the future integration of GO within the silicon semiconductor industry.

Main message: This work highlights the potential of GO to enhance silicon-based
devices and outlines possible optoelectronic applications, supporting the future integration
of GO within the silicon semiconductor industry.

6. Two-Dimensional Materials Beyond Graphene

Beyond graphene, a broad class of 2D materials has emerged, exhibiting physical prop-
erties that differ markedly from their bulk counterparts and enable novel functionalities. In
this SI, two contributions address two-dimensional materials beyond graphene.

The article “The Pressure Response of Bulk and Two−Dimensional MoS2 Crystals
Studied by Raman and Photoluminescence Spectroscopy: Dimensionality and Pressure
Transmitting Medium Effects” (contribution 9) investigates the pressure response of bulk
and 2D MoS2 crystals, including monolayer, bilayer, and multilayer samples, directly
transferred onto the diamond surface of a diamond anvil cell (DAC). Raman and photolu-
minescence (PL) spectroscopy are employed to probe the pressure-induced changes. For
high-pressure experiments on 2D MoS2, Daphne 7474 oil and a 4:1 methanol–ethanol mix-
ture are alternatively used as pressure-transmitting media (PTM), while Daphne 7474 oil is
also used in the case of bulk MoS2. The authors observe distinct differences in the pressure
evolution of the Raman spectral features and in the pressure coefficients of the vibrational
modes between bulk and 2D MoS2 crystals of different thicknesses, with an additional
dependence on the PTM employed.

Main message: Distinct pressure-dependent vibrational and optical behaviors are
observed between bulk and mono-, bi-, and multilayer MoS2, with additional sensitivity to
the pressure-transmitting medium, highlighting the combined effects of dimensionality
and experimental conditions on MoS2 under compression.

In the article “Double-Heterostructure Resonant Tunneling Transistors of Surface-
Functionalized Sb and Bi Monolayer Nanoribbons” (contribution 4), the authors inves-
tigate zigzag nanoribbons derived from chemically surface-modified antimony (Sb) and
bismuth (Bi) monolayers, which are two-dimensional topological materials, using first-
principles electronic-structure calculations. Surface functionalization with methyl, amino,
or hydroxyl groups is considered to assess their potential for applications in topological
transport nanoelectronics. The presence of Dirac-point-like energy dispersion near the
Fermi level confirms that the scattering-forbidden edge states in these nanoribbons pro-
vide topological conductive channels with extremely high electron mobility. Based on
these properties, Sb/SbXHn/Sb and Bi/BiXHn/Bi nanoribbon double heterostructures
(XHn = CH3, NH2, OH) are designed as resonant tunneling transistors. Their electron
transport characteristics are evaluated using nonequilibrium Green’s function methods
combined with first-principles calculations. The calculated ballistic equilibrium conduction
spectra and current–voltage characteristics demonstrate that the quantum conductance
arises from resonant electron tunneling between the topological edge states of the two Sb or
Bi monolayer nanoribbons through the central SbXHn or BiXHn barrier. This mechanism
leads to pronounced resonant current peaks accompanied by strong negative differential
conductance, highlighting the suitability of these nanoribbon heterostructures for zero-loss
and ultrahigh-frequency resonant tunneling applications.

Main message: This article explores antimony and bismuth nanoribbons as promising
building blocks for future nanoelectronic devices. By modifying their surfaces, the authors
show that these materials can efficiently control electron flow, enabling resonant tunneling
behavior with high performance.

https://doi.org/10.3390/cryst16020112
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7. Conclusions

The nine papers collected in this SI exemplify the versatility and transformative
potential of graphene and other 2D materials in addressing fundamental scientific questions
and practical technological challenges.

Looking forward, the continued advancement of research on this topic will require
sustained efforts in several key areas: the development of scalable synthesis methods
that maintain high material quality; the refinement of theoretical and computational tools
that can handle the complexity of real-world systems, including defects, disorder, and
environmental effects; and the engineering of robust integration strategies that bridge the
gap between laboratory demonstrations and commercial technologies.

The integration of experimental advancements with theoretical insights, as demon-
strated throughout this SI, will undoubtedly drive future breakthroughs in the field. The
diverse approaches, innovative methodologies, and significant findings presented here
provide both inspiration and practical guidance for the next generation of investigations.
We sincerely hope that the insights and advances reported in this SI will stimulate further
research and contribute to the second Volume of the SI (https://www.mdpi.com/journal/
crystals/special_issues/4824H80143, accessed on 2 February 2026).
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7. Glemža, J.; Pliaterytė, I.; Matukas, J.; Gudaitis, R.; Vasiliauskas, A.; Jankauskas, Š.; Meškinis, Š.
Low-Frequency Noise Characteristics of Graphene/h-BN/Si Junctions. Crystals 2025, 15, 747.
https://doi.org/10.3390/cryst15090747.

8. Maleki, M.J.; Soroosh, M. A Novel High-Performance 2-to-4 Decoder Design Utilizing a Plas-
monic Well and Suspended Graphene Nanoribbon. Crystals 2025, 15, 988. https://doi.org/10.3
390/cryst15110988.

9. Sorogas, N.; Tersis, K.; Michail, A.; Ves, S.; Papagelis, K.; Christofilos, D.; Arvanitidis, J. The
Pressure Response of Bulk and Two−Dimensional MoS2 Crystals Studied by Raman and
Photoluminescence Spectroscopy: Dimensionality and Pressure Transmitting Medium Effects.
Crystals 2025, 15, 1056. https://doi.org/10.3390/cryst15121056.

References

1. Geim, A.K.; Novoselov, K.S. The rise of graphene. Nat. Mater. 2007, 6, 183–191. [CrossRef] [PubMed]
2. Wu, J.; Lin, H.; Moss, D.J.; Loh, K.P.; Jia, B. Graphene oxide for photonics, electronics and optoelectronics. Nat. Rev. Chem. 2023, 7,

162–183. [CrossRef] [PubMed]
3. Samy, O.; Zeng, S.; Birowosuto, M.D.; El Moutaouakil, A. A Review on MoS2 Properties, Synthesis, Sensing Applications and

Challenges. Crystals 2021, 11, 355. [CrossRef]
4. Hsu, C.-H.; Huang, Z.-Q.; Crisostomo, C.P.; Yao, L.-Z.; Chuang, F.-C.; Liu, Y.-T.; Wang, B.; Hsu, C.-H.; Lee, C.-C.; Lin, H.; et al.

Two-dimensional Topological Crystalline Insulator Phase in Sb/Bi Planar Honeycomb with Tunable Dirac Gap. Sci. Rep. 2016, 6,
18993. [CrossRef] [PubMed]

5. Shanmugam, V.; Mensah, R.A.; Babu, K.; Gawusu, S.; Chanda, A.; Tu, Y.; Neisiany, R.E.; Försth, M.; Sas, G.; Das, O. A Review of
the Synthesis, Properties, and Applications of 2D Materials. Part. Part. Syst. Charact. 2022, 39, 2200031. [CrossRef]

6. Wang, H.; Wang, H.S.; Ma, C.; Chen, L.; Jiang, C.; Chen, C.; Xie, X.; Li, A.-P.; Wang, X. Graphene nanoribbons for quantum
electronics. Nat. Rev. Phys. 2021, 3, 791–802. [CrossRef]

7. Zakharova, O.V.; Mastalygina, E.E.; Golokhvast, K.S.; Gusev, A.A. Graphene Nanoribbons: Prospects of Application in
Biomedicine and Toxicity. Nanomaterials 2021, 11, 2425. [CrossRef] [PubMed]

8. Razaq, A.; Bibi, F.; Zheng, X.; Papadakis, R.; Jafri, S.H.; Li, H. Review on Graphene-, Graphene Oxide-, Reduced Graphene
Oxide-Based Flexible Composites: From Fabrication to Applications. Materials 2022, 15, 1012. [CrossRef] [PubMed]

9. Singh, Y.; Subbaraman, H. Recent Advances in Graphene-Enabled Silicon-Based High-Speed Optoelectronic Devices—A Review.
Photonics 2023, 10, 1292. [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/10.3390/cryst16020112
7



Article

The Pressure Response of Bulk and Two−Dimensional MoS2

Crystals Studied by Raman and Photoluminescence
Spectroscopy: Dimensionality and Pressure Transmitting
Medium Effects

Niki Sorogas 1, Krystallis Tersis 1, Antonios Michail 2, Sotirios Ves 1, Konstantinos Papagelis 1,2,

Dimitrios Christofilos 3 and John Arvanitidis 1,*

1 Physics Department, Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece;
nsorogka@physics.auth.gr (N.S.); ktersis@physics.auth.gr (K.T.); ves@auth.gr (S.V.);
kpapag@physics.auth.gr (K.P.)

2 Institute of Accelerating Systems and Applications, National Kapodistrian University of Athens,
15784 Athens, Greece; antmichail@upatras.gr

3 School of Chemical Engineering & Laboratory of Physics, Faculty of Engineering, Aristotle University of
Thessaloniki, 54124 Thessaloniki, Greece; christop@cheng.auth.gr

* Correspondence: jarvan@physics.auth.gr; Tel.: +30-2310998213

Abstract: The pressure response of bulk and two−dimensional (2D) MoS2 crystals (mono-
layer, bilayer, and many–layered), directly transferred to the diamond surface of the
diamond anvil cell (DAC) used for high−pressure application, is examined by means of
Raman and photoluminescence (PL) spectroscopy. For the high–pressure experiments
of 2D MoS2, the Daphne 7474 oil and the 4:1 methanol–ethanol mixture are alternatively
used as pressure-transmitting media (PTM), while the former is also used as PTM in the
case of bulk MoS2. Characteristic differences are observed in the pressure evolution of
the Raman spectral profile and the pressure coefficients of the peak frequencies between
the bulk and the 2D MoS2 crystals of various thicknesses, which also depend on the PTM
used. These observations, along with the pressure evolution of the PL spectrum of 2D
MoS2, are ascribed to the different stress conditions in each case (hydrostatic vs. uniaxial
compression perpendicular to the MoS2 layers), the adhesion of the 2D MoS2 crystals on
the diamond anvil, as well as the nature of the particular PTM used and its interaction with
the studied system.

Keywords: MoS2; two–dimensional (2D); Raman spectroscopy; photoluminescence
spectroscopy; high pressure

1. Introduction

Molybdenum disulfide (MoS2) is an important member of the transition metal dichalco-
genides (TMDs) family with the general formula MX2 (where M is a transition metal, such
as Mo, W, Ti, Zr, Hf, Nb or Ta, and X a chalcogen, such as S, Se or Te), having a wide range of
current and potential applications both in its bulk and two–dimensional (2D) variant [1–6].
In the bulk form, it exhibits different structural polytypes (trigonal–T, hexagonal–H, and
rhombohedral–R), with the most common one being the hexagonal 2H due to its stabil-
ity [1,2,7,8]. It consists of triple atomic layers (S–Mo–S) with strong covalent bonding
between Mo and S atoms. Each Mo atom is surrounded by six S atoms in a trigonal
prismatic coordination around Mo, with the S atoms in the upper layer located directly
above those of the lower layer. These MoS2 layers are stacked along the c–axis with weak

Crystals 2025, 15, 1056 https://doi.org/10.3390/cryst15121056
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van der Waals interlayer interactions, facilitating their easy mechanical separation into
2D sheets [1,2,7–9].

The 2D MoS2 crystals have attracted intense scientific interest due to their remark-
able mechanical and electronic properties, including a thickness−dependent energy
bandgap [1,2,10–12]. Namely, the bulk and few–layered (FL) hexagonal MoS2 have an indi-
rect energy gap of 1.2–1.6 eV, which turns into a direct one of 1.8–1.9 eV in the case of mono-
layer (1L) MoS2 [12,13]. This indirect–to–direct bandgap transition causes the dramatic
photoluminescence (PL) signal increase in the visible spectral region for 1L MoS2 [2,12,14],
while the bandgap can be tuned by mechanical strain and pressure application [15–17].
Apart from being an effective technique to modify the lattice and electronic structure of
bulk and 2D materials, pressure application also enables the continuous increase in the
interaction between a 2D system and its environment, thus constituting a method of choice
to investigate such effects [18].

Because of their extreme sensitivity and ease of application, optical spectroscopic
techniques are versatile tools for scientific investigations in the 2D materials field, both
at ambient and high–pressure conditions. Therefore, apart from their common use for
identifying the samples thickness at ambient conditions (see Section 3.2), there are several
reports in the literature during the last decade dealing with the study of the pressure
response of 2D MoS2 crystals by means of PL and/or Raman spectroscopy [16,19–29].
These reports provided different results—contradictory in some cases—regarding the
pressure evolution of the PL and the Raman peak energies and their interpretation. This
is mainly due to the different conditions of the studied 2D crystals inside the diamond
anvil cells (DACs) used for high pressure application, deposited on different substrates,
usually on thinned SiO2/Si, or even directly on the diamond anvil of the DAC (to eliminate
the contribution of the additional substrate in the pressure response of the crystals) and
different fluids as pressure transmitting media (PTM). Moreover, in some cases, the reported
pressure coefficients of the Raman peak frequencies were extracted from the corresponding
frequency vs. pressure data up to very high pressures (20–30 GPa), assuming a linear
dependence. Additionally, for some of the PTMs used, the deviation from linearity is
further enhanced because of the solidification of the PTM at much lower pressures, causing
non-hydrostatic conditions inside the DAC.

Here, we report on a systematic high–pressure study of bulk and 2D MoS2 crystals of
various thicknesses, deposited directly on the diamond anvil of the DAC (the so–called
‘substrate–free’ 2D crystals), by means of Raman spectroscopy, alternatively using two
different fluids as PTM in the case of the 2D crystals. In contrast to previous works
that often extended to much higher pressures, our analysis is restricted to the low–to–
moderate pressure regime, using only data collected before the solidification of the PTM
and before the onset of structural/electronic transitions, so as to obtain reliable pressure
coefficients and to unveil the effects of dimensionality, 2D crystal–substrate adhesion
and PTM properties on the Raman response. The pressure evolution of the PL peaks
of monolayer and bilayer MoS2 is also examined under carefully controlled excitation
conditions, with the laser power kept as low as possible and the signal averaged over a
scanned area to minimize sample heating. Our approach reveals non–trivial layer– and
PTM–dependent trends and is expected to shed light on the pressure response of 2D MoS2

systems, contributing to a clearer interpretation of the existing literature.

2. Materials and Methods

The bulk hexagonal 2H–MoS2 crystals (purity > 99.9%) used in the present work
were purchased from HQ Graphene (Groningen, the Netherlands). The 2D (single– and
few–layered) MoS2 crystals were grown by chemical vapor deposition (CVD) on SiO2/Si
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substrates, through the reaction between sulfur vapors and pre–deposited sodium molyb-
date (Na2MoO4) in solution at high temperature (800 ◦C) and atmospheric pressure. The
concentration of the precursor Na2MoO4 solution was 10 mg·mL−1, yielding a continu-
ous MoS2 film with single–, bi–, and few–layered domains epitaxially fabricated on the
substrate. Further details can be found in the corresponding article by Michail et al. [30].

Raman and PL spectra were collected in the backscattering geometry by a LabRAM
HR spectrometer equipped with a DuoScanTM mapping system (HORIBA, Kyoto, Japan).
The excitation laser beam (λexc = 514 nm) of a diode–pumped solid-state laser (Cobolt
FandangoTM, HÜBNER Photonics, Kassel, Germany) was focused on the sample by means
of a 50× super long working distance objective (focusing spot diameter: ~2 μm). The
elastically scattered light is eliminated by means of an appropriate edge filter. The laser
power was set either to 1 mW (Raman measurements) or 10 and 100 μW (PL measurements),
to minimize any laser–heating effects. To further reduce the heating of the samples by the
excitation laser beam in the case of the PL measurements, the signal from the studied sample
was averaged by continuously scanning a square area of 5 × 5 μm2, taking advantage of
the DuoScanTM mapping system.

High pressure was generated by means of a gas membrane-type diamond anvil cell
(DAC, Almax–easyLab, Diksmuide, Belgium) using a ~100 μm–thick drilled (~150 μm hole
diameter) stainless steel gasket. Pressure was calibrated using the ruby fluorescence
method [31,32]. To eliminate the effect of the SiO2/Si substrate on the pressure response
of the 2D MoS2, the crystals were transferred directly onto the diamond anvil of the DAC
(‘substrate–free’ 2D MoS2 crystals), utilizing the ‘surface–energy’ assisted methodology
with polydimethylsiloxane (PDMS) stamps [33]. The experimental setup and schematic
representations of the diamond anvil cell and the crystalline structures of the studied
2D MoS2 (monolayer—1L, bilayer—2L, and many–layered—mL [34,35]) are depicted in
Figure S1 in the Supplementary Materials. In this study, two different fluids served as a
pressure-transmitting medium to ensure hydrostaticity inside the sample chamber. Firstly,
the high viscosity, non–polar Daphne 7474 oil, comprising large–sized molecules and
solidifying above 3.7 GPa [36,37]. In order to exclude any sample–related strain and doping
effects on the high–pressure response of the Raman spectrum, two different experiments
were conducted in this case. Secondly, the low viscosity, polar 4:1 methanol–ethanol
mixture, comprising small molecules with a solidification pressure of 10.4 GPa [38,39]. The
choice of these two fluids was based not only on their distinct properties and hydrostatic
behavior but also on their availability, ease of application, and widespread use (especially
the alcohol mixture) for high−pressure experiments.

3. Results and Discussion

3.1. High-Pressure Raman Study of Bulk MoS2

Firstly, we have examined, during the same experiment, the pressure response of the
Raman spectrum of two bulk hexagonal MoS2 crystals with slightly different orientations
with respect to the incident excitation laser beam (bulk1 and bulk2 crystals in Figure 1a,
where representative Raman spectra at various pressures are illustrated), utilizing Daphne
7474 oil as PTM. It is well–known that the number and the symmetry of the Raman active
modes depend on the number of layers comprising the MoS2 crystal (bulk, even– or
odd–numbered few–layered and monolayer) and the corresponding point/space group
symmetry [40,41]. The hexagonal bulk 2H–MoS2, belonging to the P63/mmc space group
(D6h point group symmetry) [41,42], has four Raman active modes at the Γ point of the
Brillouin zone with symmetries E1g, E2g (E1

2g and E2
2g) and A1g [43,44]. Except for the E2

2g
mode, which is assigned to relative displacements of two adjacent rigid MoS2 layers (it
appears at very low frequency, below 40 cm−1, and is inaccessible due to the edge filter
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cut–off used in the present study), the other Raman modes are associated with intralayer
vibrations [41,45]. The E1g mode (in–plane motion of the S atoms) at ~287 cm−1 is symmetry
forbidden in the backscattering geometry perpendicular to the MoS2 layers and appears
only in the case of different crystal orientations with respect to the incident laser beam
(bulk2 crystal in Figure 1a). Hence, the Raman spectrum of bulk MoS2 is dominated by the
E1

2g (in–plane motions of the S and Mo atoms to opposite directions) and the A1g mode
(out–of–plane motions of the S atoms) at ~384 and ~409 cm−1, respectively [41,43,44].
Furthermore, a weak second-order Raman band, marked as 2LA in Figure 1a, also appears
in the spectra in the frequency range 440–475 cm−1 [46].

Figure 1. (a) Representative Raman spectra of bulk MoS2, obtained from two crystals (bulk1 and
bulk2) having slightly different orientations with respect to the incident excitation beam, at various
pressures using the Daphne 7474 oil as pressure-transmitting medium (PTM). (b) Frequencies of the
Raman active modes of the studied MoS2 crystals as a function of pressure. Up (down) triangles
represent data obtained from the bulk1 (bulk2) crystal, open (solid) symbols correspond to data
obtained upon pressure increase (decrease), red lines through the experimental data are their linear
or parabolic least–squares fits, while numbers refer to the linear pressure coefficients of the corre-
sponding Raman peak frequencies. The linear pressure coefficients of the parabolic fits are given
in parentheses.

With increasing pressure, the observed first-order Raman peaks shift to higher fre-
quencies, reflecting the bond hardening upon volume reduction. At the same time, pressure
application also causes the reversible gradual intensity attenuation and moderate broad-
ening of the in–plane E1

2g with respect to the out–of–plane A1g Raman peak, without the
appearance of any additional Raman peak (Figure 1a). The pressure evolution of the Raman
peak frequencies for the two bulk MoS2 crystals is illustrated in Figure 1b. All these pres-
sure dependencies are quite smooth in the whole pressure range investigated (up to ~8 GPa)
and fully reversible upon pressure release (solid symbols in the Figure). Note that previous
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Raman studies of bulk MoS2 up to much higher pressures have shown the appearance
of a new band on the high frequency side of the in–plane mode and/or changes in the
pressure coefficients for both first–order Raman peak frequencies for P > 15 GPa [47–50].
These observations have been attributed to the beginning of a structural phase transition
from 2Hc to 2Ha, caused by the interlayer sliding upon compression as suggested by the
corresponding synchrotron XRD explorations for P > 20 GPa [51,52]. However, as expected,
the experimental data presented in the current work do not show such anomalies because
of the much lower pressure range investigated.

Above the solidification pressure of the Daphne 7474 oil (~4 GPa) [36], the frequency
vs. pressure data is somewhat different (more pronounced for the in–plane). E1

2g mode)
between the two bulk crystals (up and down triangles in the Figure). This deviation reflects
the gradual development of non−hydrostatic pressure components in the sample chamber
inside the DAC after the solidification of the PTM used [36]. Therefore, only data obtained
up to 4 GPa were used for further analysis. The linear fit of the data yields the values of
2.1, 1.9, and 3.7 cm−1GPa−1 for the pressure coefficients of the E1g, E1

2g and A1g modes,
respectively. The larger pressure coefficient for the out–of–plane mode compared to those
of the in–plane ones suggests that the compression of MoS2 on the c–axis is more effective
compared to that of the a–axis [22,29]. Noticeably, the data for the main E1

2g and A1g

Raman peaks are better fitted by parabolic (sublinear) functions, resulting in linear pressure
coefficient values of 2.0 and 4.1 cm−1GPa−1, respectively. This sublinear behavior is more
pronounced for the out–of–plane A1g mode, reflecting the important role of the much
weaker van der Waals interlayer interactions compared to the strong intralayer covalent
bonds in the pressure response of bulk MoS2. The linear pressure coefficients obtained in
this work using Daphne 7474 as PTM are lying closer to the upper limit of the corresponding
values in the existing literature for bulk MoS2 using different PTM (4:1 methanol–ethanol
mixture, Silicone oil, NaCl, KBr, or Ar); 1.5–1.8 cm−1GPa−1 for the E1g, 1.3–1.9 cm−1GPa−1

for the E1
2g and 2.6–4.0 cm−1GPa−1 for the A1g mode, respectively [27,47–50,53,54].

3.2. Raman and PL Spectra of 2D MoS2 at Ambient Pressure

Unlike bulk and even–numbered few–layer (FL) MoS2, odd–numbered FL and
1L MoS2 possess the P6m2 space group (D3h point group symmetry) due to the lack of
inversion symmetry. Hence, the symmetry of the Raman active modes E1g, E1

2g and A1g

becomes E”, E’ and A’
1, respectively, with identical Raman tensors because of the correlation

between D3h and D6h [40,41,55]. Noticeably, as the number of layers in 2D MoS2 crystals
decreases, the frequency difference (Δω) between the out–of–plane A1g (A ’

1

)
and the main

in–plane E1
2g (E’) mode also decreases [40,41,44,56]. This Δω separation decrease is caused

by the simultaneous redshift (frequency downshift) of the out–of–plane and blueshift
(frequency upshift) of the in–plane mode with decreasing number of layers comprising a
2D MoS2 crystal. The redshift of the A1g (A ’

1

)
mode is attributed to the reduced restoring

forces on the S atoms, resulting from the lesser interlayer interactions with decreasing num-
ber of layers [40,44]. On the other hand, it has been shown that the ‘anomalous’ blueshift
of the E1

2g (E’) mode arises from the strengthening of the surface force constants for the
Mo–S intralayer interactions due to the loss of neighbors in adjacent layers in the case of
2D MoS2 [40,57]. Apparently, the particular Δω separation value can be exploited for the
thickness determination of a 2D MoS2 crystal. Figure 2a illustrates representative Raman
spectra of the ‘substrate–free’ 2D MoS2 sample inside the loaded DAC and prior to pressure
application (nearly ambient pressure), as obtained from the three different areas shown in
the optical image depicted in the inset of the Figure. The corresponding Δω values are also
given in the Figure. Taking into account the corresponding literature data [41,43,56], the
three areas examined can be identified as many–layered (mL), bilayer (2L), and 1L MoS2.
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Figure 2. (a) Representative Raman spectra of many–layered (mL), bilayer (2L), and monolayer
(1L) MoS2 crystals inside the diamond anvil cell (DAC) prior to pressure application (0 GPa). In
each case, the frequency separation (Δω) between the E1

2g (E′ for 1L) and A1g (A’
1 for 1L) Raman

peaks are indicated. A sketch of the E1
2g and the A1g phonon modes are also illustrated, where the

blue (orange) circles represent the Mo (S) atoms. Inset: Optical image of the studied 1L (yellow
dashed line), 2L (orange dashed line), and mL (red dashed line) crystals inside the DAC. (b) Typical
photoluminescence (PL) spectra of mL, 2L, and 1L MoS2 inside the DAC at nearly ambient pressure.
The intensity of each spectrum was normalized to the intensity of the corresponding Raman peaks
(R). Raman peaks indicated by asterisks and hash marks originate from the Daphne 7474 oil (PTM)
and the diamond (DAC), respectively. Inset: Schematic diagram showing the energy band structures
for 1L and 2L MoS2 around the K and Γ points of the Brillouin zone and the interband transitions
corresponding to the A and I peaks in the PL spectra.

Typical PL spectra obtained from the three aforementioned sample areas are illustrated
in Figure 2b. The indirect–to–direct bandgap transition on going from 2L to 1L MoS2 is
clearly reflected in the PL spectral profile and signal intensity, being compatible with the
assignment of the various sample regions to specific 2D MoS2 crystals on the basis of
the corresponding Raman spectra. In the 2L MoS2, two rather weak bands appear in the
spectrum. The lower energy broad one at ~1.52 eV, marked by ‘I’, is attributed to the
indirect K to Γ point transition, while the higher energy band of excitonic origin at ~1.86
eV, labeled as ‘A’, results from the direct interband transition between the conduction band
(CB) and the top of the valence band (VB) at the K point of the Brillouin zone (inset in the
Figure) [19]. On the other hand, only a significantly strong excitonic A–band appears in the
PL spectrum of 1L MoS2 at a similar energy to that of the 2L and in agreement with the
literature data [19,58].

3.3. High-Pressure Raman and PL Study of 2D MoS2

Next, we studied, using again Daphne 7474 as PTM, the pressure response of the
Raman spectra obtained from the three different regions of the ‘substrate–free’ 2D MoS2
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sample shown in the inset of Figure 2a, corresponding to 1L, 2L, and mL MoS2. Repre-
sentative Raman spectra of 1L (bottom panel) and 2L (top panel) MoS2 crystals at various
pressures up to 4 GPa, where the PTM still provides good hydrostatic conditions, are
illustrated in Figure 3a. Similarly to the case of the bulk crystals, both the in–plane (E’ or
E1

2g) and the out–of–plane (A’
1 or A1g) Raman peaks of the 2D MoS2 crystals gradually shift

to higher frequencies with increasing pressure. Contrary to the pressure evolution of the
Raman spectral profile for bulk MoS2, pressure application on 1L and 2L crystals causes a
significant broadening and peak height decrease in the out–of–plane peak, indicating the
gradual deformation of the crystals upon compression. This behavior, different from that of
the bulk MoS2, is an indication of the presence of non–hydrostatic compression components
on the ‘substrate–free’ 1L and 2L crystals and their good adhesion to the diamond surface
of the DAC (vide infra).

Figure 3. (a) Representative Raman spectra of monolayer (1L) and bilayer (2L) MoS2 crystals at
various pressures using the Daphne 7474 oil as PTM. (b) Frequencies of the E1

2g (E′ for 1L) and A1g

(A’
1 for 1L) Raman peaks of 2D MoS2 crystals as a function of pressure. Circles, squares, and rhombi

denote data obtained from 1L, 2L, and many–layered (mL) MoS2 crystals, respectively. Open (solid)
symbols correspond to data obtained upon pressure increase (decrease). Red, blue and green lines
through the experimental data for 1L, 2L and mL MoS2, respectively, are their linear least–square
fits, while numbers refer to the pressure coefficients of the corresponding Raman peak frequencies
in cm−1GPa−1.

As it can also be inferred from the same Figure, there is no apparent splitting of
the two first–order Raman peaks up to the highest pressure attained in our experiments,
contrary to the cases of uniaxial strain application along the MoS2 layer(s), resulting in
the splitting of the doubly degenerate E’/E1

2g mode, or to the presence of regions with
stronger and weaker layer–substrate interaction that can also cause the splitting of the
A’

1/A1g Raman peak [24,59–61]. In our case, the absence of splitting of the Raman peaks
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suggests that there is no significant differentiation in the in–plane strain and the MoS2

layer–substrate interaction. Upon pressure release, only a partial recovery of the width
and peak height of the out–of–plane peak in 1L and 2L MoS2 takes place (Figure S2 in the
Supplementary Materials), while pressure application has more detrimental effects and
stronger irreversibility in the case of 2L MoS2, possibly due to the additional presence
of the interlayer coupling. On the other hand, pressure application on mL MoS2 using
Daphne 7474 as PTM does not have any profound effect on the overall Raman spectral
profile (Figure S3 in the Supplementary Materials).

The pressure dependencies of the frequencies of the two Raman peaks observed for
each of the three ‘substrate–free’ 2D MoS2 crystals (1L, 2L, and mL) are illustrated in
Figure 3b. All of them are quasi–linear and reversible, precluding the occurrence of any
structural and/or electronic phase transition up to 4 GPa. The pressure coefficients of the
Raman peak frequencies are smaller than those of the corresponding modes in the bulk
crystals and increase with increasing number of layers for the out–of–plane mode (2.5, 3.2
and 3.6 cm−1GPa−1 for 1L, 2L and mL MoS2, respectively), whereas they decrease for the
in–plane mode (1.5, 1.2 and 1.0 cm−1GPa−1 for 1L, 2L and mL MoS2, respectively). To
understand the observed behavior, one should consider the stress/strain situation of the
studied 2D samples inside the DAC, taking into account the nature of the PTM used, as well
as the adhesion of the sample on the substrate, associated with their relative sliding [33,62].

In the case of the 2D MoS2 crystals stuck on the diamond surface, pressure acts more
or less—depending on their thickness—such as a piston along the c–axis, resulting in
a predominantly uniaxial compression of the samples. Under these circumstances, the
hydrostatic stress component acting on the sample (σH) is lower than that measured by the
ruby gauge (PR) [63,64]. Assuming pure uniaxial stress perpendicular to the sample surface
with perfect adhesion on the highly stiff diamond, the hydrostatic part of the applied
pressure is (Section S1 in the Supplementary Materials) [63–66]:

σH =
(2C13 + C33)

3C33
PR (1)

A rough estimation of σH can be obtained using Equation (1), the experimental bulk
MoS2 values for the elastic constants C13 and C33 [67], keeping in mind that this is not accu-
rate for 1L MoS2 because of the absence of weak van der Waals interlayer interactions [33].
Remarkably, this substitution yields σH = 0.63PR, in very good agreement with the reduced
linear pressure coefficients for the Raman peak frequencies of 1L (Figure 3b) with respect
to those of the bulk crystals (Figure 1b).

As the number of layers increases, going from 1L to 2L and eventually to mL in
the 2D MoS2 crystals, the pressure will be applied more and more hydrostatically on
the samples. This leads to an increase in the σH/PR ratio and could explain the gradual
increase in the pressure coefficient of the out–of–plane A1g mode frequency observed in
Figure 3b with increasing number of layers. On the other hand, the increase in the number
of layers comprising a 2D MoS2 crystal is also expected to cause its unbinding from the
substrate due to the increase in its bending modulus [24,68,69]. The reduced adhesion of
the sample to the substrate promotes their relative sliding, leading to a decrease in the
pressure coefficient of the in–plane E1

2g mode frequency as long as pressure is applied
predominantly perpendicular to the MoS2 layers.

The pressure evolution of the PL peak energies in 1L and 2L ‘substrate–free’ MoS2

crystals is also examined, reducing as much as possible the heating of the samples by
the excitation laser beam (see Section 2). We stress that the pressure evolution of the PL
spectrum is generally expected to be more complicated than that of the Raman peaks. Apart
from the exact strain conditions of the sample in the DAC, it is affected by the different
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pressure dependence of the VB and the CB and their splitting, the possible electronic
transitions, the presence of pressure–induced defects, and the sample heating by the
excitation beam. As can be inferred from Figure 4, with 100 μW excitation power, the PL
bands for both 1L and 2L shift initially with pressure (up to ~1.5 GPa) to lower energies
at a rate of 13–15 meV·GPa−1 for the A– and ~66 meV·GPa−1 for the I–band, respectively.
Subsequently, the position of the A–band for both 2D crystals remains nearly constant with
further pressure increase up to ~4 GPa (the solidification pressure of Daphne 7474 used
as PTM), while the weak I–band cannot be followed above 1.5 GPa because of its broad
lineshape and its further intensity reduction with pressure.

Figure 4. (a) Representative photoluminescence (PL) spectra of monolayer (1L) and bilayer (2L) MoS2

crystals at various pressures using the Daphne 7474 oil as PTM. Two different laser powers, 10 (1L
and 2L) and 100 μW (2L), were used for excitation. (b) PL peak energies as a function of pressure for
1L (A peak) and 2L (I and A peak) MoS2. Circles, squares, and rhombi denote data obtained from
1L (10 μW), 1L (100 μW), and 2L (100 μW) MoS2 crystals, respectively. Red, orange, and blue lines
through the experimental data for 1L (10 μW), 1L (100 μW), and 2L (100 μW) MoS2, respectively, are
their linear least–squares fits, while numbers refer to the pressure coefficients of the corresponding
PL peak energies in meV·GPa−1.

In the case of the 2L MoS2, the red shift in the I–band is compatible with the correspond-
ing literature, where the decrease in the Γ–K energy gap is attributed to the large band split-
ting at the Γ point due to the interlayer electronic coupling upon compression [19,28,29,70].
On the other hand, the overall pressure evolution of the A–band in 2L MoS2 deviates
from the corresponding findings by Dou et al. and Li et al. [19,28]. Dou et al. used
thinned SiO2/Si substrates to support 2L MoS2 inside the DAC, a 4:1 methanol–ethanol
mixture as PTM, and much higher laser power for excitation compared to the present
study (~20 times). They reported a blueshift of the A–band up to 1.5 GPa and a redshift at
higher pressures, and they ascribed this discontinuity to a pressure–induced modification
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from a direct interband K–K to an indirect interband Λ–K transition at ~1.5 GPa [19]. On
the contrary, Li et al. studied ‘substrate–free’ 2L MoS2 with Ar or He as PTM and laser
power ~10 times higher than the one used here [28]. They reported a continuous redshift of
the A–band up to ~6 GPa at a much smaller rate (−1.6 meV·GPa−1), accompanied by an
intensity decrease. At higher pressures, they observed an increase in the redshift rate (–3.8
meV·GPa−1), which they attributed to the same direct–to–indirect electronic transition
reported by Dou et al. at ~1.5 GPa [19,28].

In the case of the 10 μW excitation power, which is more than two orders of magnitude
lower than that typically used in the literature so far [16,19–21,24,25,28], the A–band for
1L MoS2 does not practically shift with pressure in the whole pressure range investigated
(0–4 GPa). Despite the special precautions taken in the present study, already using 100 μW
for excitation (much lower power compared to that in the literature, and beam scanning
on the sample), the different pressure response of the PL peak energy for the 10 μW laser
power underlines its extreme sensitivity to the sample heating. The increase in pressure
causes only the strong intensity reduction of this band, in agreement with other literature
reports [19,20,25]. This intensity suppression could be ascribed to the pressure–induced
intralayer hybridization between Mo d orbitals and the S p orbitals that could eventually
lead to a crossover from direct to indirect transition at higher pressures and/or the pressure–
induced increase in defects, as proposed in the literature [19–21,71]. The latter possibility
is also compatible with the gradual deformation of the 1L and 2L MoS2 crystals upon
compression, inferred from the strong broadening and peak height decrease in the out–of–
plane Raman peak (vide supra).

The essentially zero pressure shift in the A–band energy in ‘substrate–free’ 1L MoS2

is in contrast to what was earlier reported in the literature for 1L MoS2 on SiO2/Si sub-
strates [19–21,25] or transferred to the diamond anvil of the DAC using Ar or He as
PTM [28]. In these studies, a rather strong blueshift of the A–band up to 4 GPa (the maxi-
mum pressure attained in our experiments) with rates 20–50 meV·GPa−1 was observed.
Intriguingly, Fu et al. reported an alteration from blueshift to redshift (−15.3 meV·GPa−1)
above ~2 GPa for the PL peak of 1L MoS2 on SiO2/Si with Silicone oil as PTM, which they
attributed to a K–Λ crossover in the CB [25]. The pressure–induced blueshift of the A–band
in 1L MoS2 has been ascribed to the fact that both the VB and the CB mainly originate from
the dx

2
–y

2, dz
2 orbitals of Mo and the px, py orbitals of S, which may move away from the

Fermi level by compression, leading to an increase in the energy band gap [28,72]. However,
in these studies, either the substrate determines the strain of 1L MoS2 upon compression,
and hence the response of the PL peak energy [19–21,25], or the small–sized molecules of
Ar and He allow for a more efficient lateral compression of the ‘substrate-free’ sample [28].
Our work reveals that uniaxial stress application—according to the high–pressure Raman
data—up to 4 GPa in ‘substrate–free’ 1L MoS2 with minimum sample heating does not
practically affect the A–band energy.

The results of the present study are better correlated with the findings of Francisco–
López et al., who studied the pressure response of the A and B excitons in ‘substrate–free’
1L WSe2 in comparison with that encapsulated into hexagonal boron nitride layers [33].
They observed that upon compression, the A and B exciton energies for the former sample
decrease with rates −3.1 and −1.3 meV·GPa−1, respectively, whereas for the latter sample,
they increase with rates 3.5 and 3.8 meV·GPa−1, respectively. They have ascribed these
contradictory results to the essentially uniaxial stress situation, with the compressive stress
component in the direction perpendicular to the plane of the ‘substrate–free’ WSe2, with
respect to the hydrostatic compression of the substantially thicker encapsulated sample [33].
In this context, Zhao et al. investigated the pressure response of ‘substrate–free’ 2D InSe
crystals of various thicknesses [73]. They reported that for N > 20 layers of InSe, the lattice is
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compressed in all directions, and the intralayer compression leads to widening of the band
gap, resulting in the blue shift in PL. In contrast, for N ≤ 15, they observed a redshift of PL,
which is also attributed to the predominantly uniaxial interlayer compression because of
the high strain resistance along the InSe–diamond interface [73].

3.4. The Effect of the Pressure Transmitting Medium

The aforementioned findings concerning the pressure evolution of the Raman spectral
profile and the pressure coefficients of the Raman peak frequencies of ‘substrate–free’ 2D
MoS2 crystals (1L, 2L and mL) using Daphne 7474 as PTM have been further confirmed by
another, independent high–pressure experiment (Run 2) on different 2D crystals (different
local strain and doping [74]). Indeed, from this second experiment, very similar results
to those of the first experiment are obtained (Figures S3 and S4 in the Supplementary
Materials). In order to investigate the effect of the PTM on the observed behavior, we
have also studied the pressure response of ‘substrate–free’ 2D MoS2 crystals by Raman
spectroscopy using the 4:1 methanol–ethanol mixture as PTM. Representative Raman
spectra of 1L (bottom panel) and mL (top panel) MoS2 crystals at various pressures up to
7 GPa are illustrated in Figure 5a.

Figure 5. (a) Representative Raman spectra of monolayer (1L) and many–layered (mL) MoS2 crystals
at various pressures using the 4:1 methanol–ethanol mixture as PTM. (b) Frequencies of the E1

2g (E′

for 1L) and A1g (A’
1 for 1L) Raman peaks of 2D MoS2 crystals as a function of pressure. Circles,

squares, and rhombi denote data obtained from 1L, bilayer (2L), and mL MoS2 crystals, respectively.
Open (solid) symbols correspond to data obtained upon pressure increase (decrease). Red, blue and
green lines through the experimental data for 1L, 2L and mL MoS2, respectively, are their linear
least–square fits, while numbers refer to the pressure coefficients of the corresponding Raman peak
frequencies in cm−1GPa−1.

In this case, pressure application on 1L and 2L causes a considerably smaller broad-
ening and relative peak height decrease in the out–of–plane A’

1 or A1g peak, while the
pressure evolution of the Raman spectral profile for mL MoS2 is very similar to that of
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the bulk crystals (gradual intensity attenuation and moderate broadening of the in–plane
E1

2g with respect to the out–of–plane A1g Raman peak). Moreover, as can be inferred from
Figure 5b, the pressure coefficients for the corresponding modes are similar, independently
of the sample thickness (1L, 2L, or mL).

Overall, the high–pressure Raman results for the studied 2D MoS2 samples using the
alcohol mixture as PTM, the molecules of which are much smaller compared to those of
Daphne 7474 [75] and can even penetrate with pressure the space between the sample and
the diamond anvil [24], along with its polar nature that could lead to its stronger interaction
with the samples [69], imply the more hydrostatic pressure conditions in this case. Thus,
it is evident that the choice of PTM is crucial for the pressure response of ‘substrate–free’
2D MoS2 systems. Note, however, that for 2D systems on a substrate, the nature of the
PTM does not appear to detectably affect its pressure response, at least in the hydrostatic
pressure regime of the PTM [62]. Instead, in that case, the strain transferred from the
substrate to the 2D material upon compression plays the dominant role [62,69,76].

4. Conclusions

In conclusion, we have presented our detailed high–pressure Raman and PL studies
of bulk (three–dimensional, 3D) and ‘substrate–free’ 2D MoS2 crystals using two different
PTM in their hydrostatic pressure range. In the case of the Daphne 7474 PTM, apart from
the different pressure evolution of the Raman spectral profile compared to that of the
bulk, a considerable reduction in the pressure coefficients of the Raman peak frequencies
in the ‘substrate–free’ 2D MoS2 crystals is observed. Intriguingly, as the number of the
MoS2 layers comprising the 2D crystals increases, the pressure coefficient for the out–of–
plane mode frequency increases, gradually approaching the corresponding value for the
bulk, whereas for the in–plane mode it decreases on going from 1L to 2L and eventually
to mL MoS2. Furthermore, minimizing the sample heating effects, the PL peak energy
in 1L MoS2 appears to be pressure independent up to 4 GPa (close to the solidification
pressure of the PTM). On the other hand, in the case of the alcohol mixture PTM, both
the pressure evolution of the Raman spectral profile and the pressure coefficients of the
Raman peak frequencies are more similar to those of the bulk, regardless of the number of
layers comprising the ‘substrate–free’ 2D MoS2 crystals. The present experimental findings
and deviations can be understood in terms of the degree of uniaxial or hydrostatic stress
application on going from 2D to 3D MoS2 crystals, the degree of adhesion of the 2D crystals
on the diamond surface of the high–pressure cell, as well as the properties of the PTM. It
would also be interesting to extend the methodology of this study to other important—in
terms of their potential applications—2D systems and/or their heterostructures, as long as
1L to FL sheets with satisfactory Raman and/or PL signal can be isolated and successfully
transferred to the diamond anvil of the high–pressure cell.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst15121056/s1, Figure S1: From left to right: the experimental
setup, the diamond anvil cell and the crystalline structures of the studied 2D MoS2 (monolayer—1L,
bilayer—2L and many–layered—mL [34,35]); Figure S2: Representative Raman spectra of monolayer
(1L) and bilayer (2L) MoS2 crystals at various pressures upon decompression and using the Daphne
7474 oil as PTM; Figure S3: Representative Raman spectra of many–layered (mL) MoS2 crystals
at various pressures obtained during two different high–pressure experiments (Run one and Run
two) using Daphne 7474 oil as pressure transmitting medium; Figure S4: (a) Representative Raman
spectra of monolayer (1L) and bilayer (2L) MoS2 crystals at various pressures during the second
high–pressure experiment (Run 2) using the Daphne 7474 oil as pressure transmitting medium.
(b) Frequencies of the E1

2g (E′ for 1L) and A1g (A’
1 for 1L) Raman peaks of 2D MoS2 crystals as a

function of pressure. Circles, squares, and rhombi denote data obtained from 1L, 2L, and many–
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layered (mL) MoS2 crystals, respectively. Red, blue, and green lines through the experimental data
for 1L, 2L, and mL MoS2, respectively, are their linear least–squares fits, while numbers refer to
the pressure coefficients of the corresponding Raman peak frequencies in cm−1GPa−1; Section S1:
Estimation of the hydrostatic part of the uniaxially applied stress.
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Abstract: This paper presents a compact and high-performance 2-to-4 optical decoder
based on a plasmonic well structure incorporating suspended graphene nanoribbons. By
exploiting the tunable graphene’s chemical potential, the propagation and confinement
of surface plasmon polaritons are dynamically controlled, enabling efficient routing of
optical signals toward the output ports. Finite-difference time-domain simulations are
employed to analyze the influence of channel geometry and graphene chemical potential
on surface plasmon polariton propagation, refractive index, and transmission loss. The
designed structure, featuring a 30 nm wide and 10 nm high plasmonic well, achieves a
low propagation loss of 0.188 dB/μm and a high figure of merit of 1950 at 40 THz. The
designed decoder exhibits a contrast ratio of 36.93 dB and crosstalk suppression of −36.93
dB, while occupying a remarkably small area (0.05 μm2), demonstrating superior optical
performance and compactness compared to previously reported designs. These results
confirm the potential of the proposed plasmonic well-based decoder as a fundamental
component for next-generation nanoscale optical and plasmonic computing systems.

Keywords: optical decoder; plasmonic well; surface plasmon polariton; suspended graphene

1. Introduction

High-speed processing, commonly referred to as high-performance computing, has be-
come the backbone of today’s digital world and an indispensable technological requirement.
The growing demand for rapid computation and data analysis arises from the explosion of
big data and the unprecedented rate of information generation, where processing speed
is essential for extracting meaningful insights. In particular, artificial intelligence and
machine learning, especially the training of deep and complex models, require enormous
computational power to process massive datasets and achieve high accuracy. Similarly,
complex simulations and modeling tasks across diverse scientific and engineering domains,
including medicine, meteorology, and industrial design, depend heavily on advanced
processing capabilities. Real-time applications such as financial fraud detection and au-
tonomous systems also rely on instantaneous data handling. High processing speed not
only enhances efficiency and productivity but also accelerates innovation, boosts com-
petitiveness, and meets the expectations of modern users accustomed to immediacy and
convenience.

Optical processors are emerging as a highly promising solution to these challenges.
By exploiting the speed of light (photons) instead of electrons for information transmission
and processing, optical systems offer transformative potential for future computing tech-
nologies. Their major advantages include ultra-high signal propagation speed, minimal
delay, low energy consumption due to reduced thermal losses, massive parallelism ideal for
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matrix-based computations in AI, and reduced signal interference, all of which contribute
to superior computational performance [1,2].

Surface plasmon polaritons (SPPs) represent a fascinating optoelectronic phenomenon
in which terahertz waves transmit along the metal (graphene)-dielectric interface. These
waves exhibit hybrid characteristics of light and matter, coupling photons with the collective
oscillations of free electrons at the metal surface [3]. One of their most remarkable properties
is their ability to confine electromagnetic fields to dimensions far below the diffraction limit,
enabling manipulation of light at the nanoscale [4]. Owing to these characteristics, SPPs
have found extensive application in nanophotonic circuits, ultrasensitive biosensors, and
high-density data storage, as they enable high-speed signal transmission and processing in
extremely compact geometries [5–7].

Graphene has emerged as a superior material for plasmonic devices, outperforming
traditional metals such as gold and silver. Its exceptional electronic and optical properties,
combined with its two-dimensional atomic structure, provide low optical loss and high
plasmon tunability in the infrared to terahertz range. Most importantly, graphene’s charge
carrier concentration and thus its optical properties, such as refractive index and conduc-
tivity, can be dynamically controlled through applied gate voltage [8]. This tunability
allows for the realization of active plasmonic components, including modulators [9,10],
switches [11,12], and sensors [13,14], which are not feasible with conventional metals. Fur-
thermore, graphene’s atomic thinness enables stronger field confinement and enhanced
light–matter interaction at the nanoscale, offering tremendous potential for miniaturized
and highly integrated optical systems. These unique characteristics make graphene an
ideal candidate for next-generation plasmonic and electro-optic technologies.

Optical decoders represent a new class of devices that employ photons or SPPs, rather
than electrons, for data transmission and logic operations. Similar to electronic decoders,
they convert binary input codes into single active outputs but do so with markedly greater
speed and energy efficiency [15]. In SPP-based decoders, electrical input signals mod-
ulate the optical properties of materials such as refractive index, thereby steering light
propagation within waveguides to the desired output port. Because SPP propagation is
governed by the speed of light, these devices achieve far higher performance than their
electronic counterparts, which are limited by carrier mobility, bandwidth constraints, and
electrical interference. Such characteristics make SPP-based decoders particularly suitable
for emerging applications in ultrafast communication networks and advanced optical
computing [16,17].

To date, only a few SPP-based decoders have been introduced. Maleki et al. [18]
proposed a 1-to-2 decoder utilizing a graphene nanoribbon on a silicon dioxide substrate,
achieving a contrast ratio of 45.73 dB, a coupling length of 1.99 μm, and a device footprint
of 1.92 μm2 with a figure of merit (FOM) of 975. Later, Maleki et al. [19] designed a 2-to-4
decoder that exploits the tunable chemical potential of graphene to manipulate the SPP
wave vector within a graphene-silicon plasmonic channel. This design demonstrated a
crosstalk level of −36.65 dB and a contrast ratio of 36.43 dB within a compact 2.1 μm2

footprint. More recently, Maleki et al. [20] reported a 2-to-4 plasmonic decoder using a
60 nm wide graphene nanoribbon and a silicon dioxide channel optimized for minimal loss
(0.268 dB/μm). The device successfully decoded optical information from two inputs to
four outputs, exhibiting a 37.11 dB contrast ratio and −37.13 dB crosstalk while maintaining
an ultra-compact area of 1.08 μm2.

Han et al. [21] use a graphene-integrated metasurface that implements dual-peak
electromagnetically induced transparency. The device operation is based on resonant
interactions (bright/dark resonators) that create two sharp transmission peaks (dual-peak
EIT) in the spectral domain; logical decoding exploits the presence/absence or shifting
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of those resonance peaks (frequency-selective transmission) by electrically tuning the
graphene. Metasurface relies on localized resonances of patterned metasurface elements
(sub-wavelength resonators) that couple to incident THz waves. Coupling between a
“bright” resonator (which couples strongly to free-space excitation) and a “dark” resonator
(which couples weakly) produces EIT/PIT. Tuning changes the resonant frequency and/or
the coupling strength of resonators (via graphene conductivity). The output logic de-
pends on whether the input frequency lies within a transparency peak (transmits to a
detector/port) or is blocked, so the device is inherently frequency-domain and typically
narrowband (resonant peaks). Dual-peak EIT means two distinct transparency resonances
can be engineered; decoding is achieved by shifting or enabling/disabling these peaks
via tuning graphene’s Fermi level (which changes resonance conditions). Operation is
therefore spectral, and frequency channels carry the logic information.

The innovative design presented in this study is a high-performance 2-to-4 optical
decoder that utilizes a plasmonic well structure incorporating suspended graphene nanorib-
bons. This novel configuration is specifically engineered to overcome the limitations of
previous plasmonic decoders by enabling superior light confinement and active control
over the Surface Plasmon Polariton wave propagation through the tunable chemical poten-
tial of the graphene. The proposed design demonstrates performance metrics that confirm
its superiority over previous similar research, achieving a minimal propagation loss of just
0.188 dB/μm and an exceptionally high FOM of 1950 at a frequency of 40 THz, substantially
exceeding that reported in earlier designs [18–20]. The device also exhibits a high contrast
ratio of 36.93 dB and excellent crosstalk suppression of −36.93 dB, all while maintaining an
ultra-compact footprint, confirming its viability as a fundamental component for integrated
optoelectronic systems. The following sections will detail these results: Section 2 introduces
the fundamental structure and the physics of the well-based plasmonic channel; Section 3
provides the comprehensive simulation-based results and analysis of the design; Section 4
presents the full architecture and operational verification of the proposed 2-to-4 plasmonic
decoder; and Section 5 summarizes the conclusions and impact of this study.

2. The Well-Based Plasmonic Structure

Figure 1a shows a fundamental structure for transmission and directing surface plas-
mon polaritons from G1 nanoribbon to G2 and G3 nanoribbons. G2 and G3 direct the
surface plasmon polaritons toward O0 and O1 output ports. The bottom layer is a 200 nm
silicon substrate, followed by a 40 nm gold deposition, a 100 nm silicon dioxide layer, and
finally, three graphene nanoribbons. The applied voltage to these nanoribbons controls the
SPP transmission via setting the Fermi level energy. It can be seen that Figure 1a consists
of three channels, including the plasmonic wells, where the SPPs excited in the G1 can
penetrate into the G2 and G3, which are 10 nm apart, due to the transverse component of
the electric field, and are confined near the graphene surface based on the fermi adjustment
and propagate in the z-direction. A plasmonic well is considered for guiding and confining
the SPPs, as shown in Figure 1b. This figure shows a two-dimensional view of a channel
(including a plasmonic well) in the xy-plane.

Surface plasmon polaritons are excited when transverse magnetic (TM)-polarized light
illuminates upon the suspended graphene. As described in Section 2, the TM illumination
provides an electric field component normal to the graphene surface and a magnetic field
component along the x-direction, satisfying the boundary conditions required for SPP exci-
tation. The interaction between the incident TM field and the collective oscillations of free
charge carriers in graphene induces surface current densities, governed by the graphene’s
complex surface conductivity modeled using the Kubo formalism. This coupling results
in the formation of bound electromagnetic surface modes, the SPPs, that propagate along
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the z-direction within the plasmonic well region, i.e., the air gap between the suspended
graphene layer and the gold substrate. Furthermore, by applying appropriate bias voltages
to the graphene ribbons, the Fermi level (or chemical potential, μc) is dynamically adjusted,
allowing active control over the excitation and propagation of SPPs. At higher μc (e.g.,
0.6 eV), the real part of the effective refractive index increases and losses decrease, facilitat-
ing strong SPP excitation and efficient transmission. Conversely, at lower μc (0.2 eV), the
field confinement weakens and losses rise sharply, suppressing SPP propagation.

(a) (b)

Figure 1. (a) The proposed structure including three plasmonic wells with graphene nanoribbons for
directing SPPs along the z-direction toward the output ports; (b) the plasmonic well with width w
and height h in the xy-plane. The SPP confinement has been shown in the plasmonic channel.

When transverse magnetic light illuminates the structure, it excites SPPs, which then
propagate along the z-axis in a guiding medium located beneath the graphene nanorib-
bon. The magnetic field within this channel (air between graphene and gold) can be
mathematically expressed.

Hx = Ae−ik1y+Beik1y (1)

The top air and silicon, the magnetic component is expressed as below:

Hx =

⎧⎨
⎩Ce−ik2y for above the channel

Deik3(h+y) for silicon
(2)

where k denotes the wavenumber, and the subscripts 1, 2, and 3 correspond to the channel,
the region above the channel, and the silicon layer, respectively. The coefficients A through
D represent the amplitudes of the guided modes. By applying above equations, the wave
equations can be reduced to the form given in Equation (3) [22].

Hx =
(
−jωε0εik−1

i

)
Ey,

∂

∂y
Hx = (−jωε0εi)Ez (3)

Within the channel, the electric fields Ey and Ez corresponding to the y and z directions
are obtained from Equation (4). In this expression, ω denotes the angular frequency, ε is
the permittivity, and the subscripts 0 and i (with i spanning 1 to 3) correspond to free space
and the previously defined regions, respectively.

Ey =

(
jAk1

ωε1ε0

)
e−jk1y +

(−jBk1

ωε1ε0

)
ejk1(y+h) (4a)
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Ez =

(
Ak1

ωε1ε0

)
e−jk1y +

( −Bk1

ωε1ε0

)
ejk1(y+h) (4b)

At the interface of y = 0, the boundary conditions are defined as E1
z = E2

z and
H1

x = H2
x + σgEz. Similarly, at the interface of y = −h, the boundary conditions are

E1
z = E3

z and H1
x = H3

x. The presence of the graphene ribbon is crucial in determining these
boundary conditions due to its complex conductivity, represented by σg. The conductivity
of graphene is modeled using Kubo’s approach, which considers both the interband and
intraband contributions. The component of graphene’s permittivity parallel to the surface
is given by Equation (5) [23].

ε
‖
g(ω,μc) = εr+iσg(ω,μc)(ωε0γ)

−1 (5)

Both the graphene thickness (γ) and its chemical potential (μc) are key factors de-
termining the characteristics of the optical fields. Calculations are performed using the
3D finite-difference time-domain (FDTD) method, employing a 0.1 nm mesh size and a
5.6 attosecond simulation step to maintain accuracy. These amounts satisfy the Courant
condition for achieving the convergence.

3. Results and Discussion

Manipulating the graphene nanoribbon’s chemical potential enables control over SPP
transmission within the channel, which lies between the nanoribbon and a plasmonic well.
Figure 2a demonstrates how channel transmission loss changes with varying chemical
potentials (0.2 eV, 0.4 eV, and 0.6 eV) across different frequencies, ranging from 58.73 to
0.28 dB/μm. A significant finding is that increasing the graphene chemical potential leads
to decreased transmission loss. This effect arises from the direct impact of the chemical
potential on the channel’s effective refractive index. Figure 2b visually presents the real
(Re(neff)) and imaginary (Im(neff)) parts of the effective refractive index for various chemical
potentials. This figure shows that for chemical potentials between 0.2 eV and 0.6 eV at
40 THz, the real part varies from 191.73 to 45.11 and the imaginary part from 54.8 to 0.0136.

(a) (b)

Figure 2. Visualizing key performance metrics: (a) Transmission losses versus frequency are plotted for
distinct graphene chemical potentials. (b) The figure reveals the relationship between graphene chemical
potential and the channel’s effective refractive index, detailing its imaginary and real components.

The degree of confinement in the channel is directly determined by the magnitude
of the refractive index’s real part. An increased real component promotes stronger local-
ization of surface plasmon polaritons in the channel and suppresses field spreading in
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the x-direction. Meanwhile, the imaginary component represents transmission loss, with
higher values leading to more pronounced attenuation. This relationship is formalized by
Equation (6) for transmission loss (α) [24]:

α =

(
2ω
c

)
Im(neff) (6)

The parameter ‘c’ refers to the speed of light in a vacuum. The chemical potential of
the graphene layer can be precisely controlled by varying the electrical potential difference
applied between the metal and the suspended graphene. By adjusting this bias voltage,
the carrier concentration within the graphene changes, leading to modifications in its
Fermi level and, consequently, its optical and electronic response. This tunability enables
dynamic regulation of the device’s performance parameters, such as light absorption and
modulation efficiency, making it particularly advantageous for high-speed and reconfig-
urable optoelectronic applications. A capacitor-based theoretical framework, presented in
Equation (7), elucidates the correlation between the graphene’s chemical potential and the
applied voltage (Vb) [25].

μc(V) = �vF

[
2.25 × 1016(Vb−0.8)

π

]0.5

(7)

This analysis incorporates Planck’s constant and the Fermi velocity as fundamental
coefficients [25]. As depicted in Figure 2a, the ability of terahertz waves to transmit through
the plasmonic channel is directly dependent on the graphene’s chemical potential (μc).
When μc is 0.6 eV, SPP transmission is facilitated. Conversely, at μc = 0.2 eV, substantial
losses prevent plasmon propagation beneath the graphene nanoribbons. In this study, a
graphene chemical potential of 0.6 eV is selected to facilitate SPP transmission, while a
reduced value of 0.2 eV is employed to effectively suppress their propagation.

According to Equation (7), graphene’s chemical potential can be precisely controlled by
applying bias voltages. In particular, applying bias voltages of 1.202 V and 4.418 V results
in chemical potentials of μc = 0.2 eV and μc = 0.6 eV in the graphene ribbons, respectively.
For clarity, the chemical potentials associated with the three graphene nanoribbons (G1,
G2, and G3 in Figure 1a) are denoted as μc1, μc2, and μc3.

Figure 3 demonstrates the directional control of SPPs as they transmit through waveguide
G1, where its chemical potential μc1 is maintained at 0.6 eV. The SPPs’ destination, either
output port O0 or O1, is determined by the chemical potentials of adjacent waveguides:

(a) (b)

Figure 3. The electric field patterns of SPP waves in the xz-plane, highlighting the impact of varying
chemical potentials. Section (a) shows the distribution when the chemical potentials are set to
μc2 = 0.6 eV and μc3 = 0.2 eV; while section (b) displays the field distribution for μc2 = 0.2 eV and
μc3 = 0.6 eV.
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(a) Activating Output O0: When μc2 is 0.6 eV and μc3 is 0.2 eV, SPPs successfully couple
from G1 into waveguide G2, activating the output port O0, as illustrated in Figure 3a.

(b) Activating Output O1: If μc2 is set to 0.2 eV and μc3 to 0.6 eV, the SPPs arriving
at the end of G1 are routed into waveguide G3, subsequently reaching and illuminating
output port O1. This scenario is depicted in Figure 3b, which, along with Figure 3a, visually
details the electric field distribution of the SPP waves throughout the entire structure.

A key factor in plasmon propagation is the height of the plasmonic well, as it dictates
the channel’s effective refractive index. Figure 4 illustrates that past a 10 nm height, further
increases result in only minor changes to both Re(neff) and propagation loss. Consequently,
we selected 10 nm as the proper channel height. Since the width is in the direction per-
pendicular to the electric field confinement, its variation has only a minor influence on
field localization unless it becomes comparable to the SPP wavelength (λSPP). For the
designed frequency of 40 THz, λSPP is typically on the order of a few hundred nanometers,
much larger than the 30 nm channel width. Thus, variations in width below ~30 nm have
minimal impact on confinement and effective refractive index. For narrow widths (w <
50 nm), only the fundamental TM mode can exist. Thus, even substantial reductions in
width will not change the number of supported modes, keeping field confinement nearly
constant. Wider channels would risk supporting higher-order modes, increasing modal
crosstalk and design complexity. A 30 nm wide channel ensures a subwavelength foot-
print, supporting ultra-dense integration in nanoscale photonic circuits (total device area
0.05 μm2). Increasing width would enlarge the device without providing a measurable
confinement advantage.

Figure 4. The loss and the real component of index in terms of the channel height. All results were
taken with a constant channel width of 30 nm.

The plasmonic well was designed with a width (w) of 30 nm and a height (h) of
10 nm, based on comprehensive simulation results. These dimensions directly influence the
waveguide’s performance, leading to loss of 0.188 dB/μm for μc = 0.6 eV and 58.32 dB/μm
for μc = 0.2 eV. To quantify the channel’s efficiency in guiding surface plasmon polaritons,
we use the figure of merit (FOM), which is the ratio of Re(neff) to Im(neff) [26]. A higher
FOM indicates superior SPP confinement and lower propagation loss. For our specific
design, operating at 40 THz, Re(neff) is 48.36 and Im(neff) is 0.0248, culminating in an FOM
of 1950.

Although a high figure of merit is desirable for designing compact optical components,
the inter-channel distance critically impacts the efficiency of terahertz wave coupling. Sub-
optimal spacing can induce detrimental coupling, leading to interference and a degradation
in device functionality. To evaluate this, the coupling length, which denotes the distance
over which complete optical power is transferred between neighboring channels, is calcu-
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lated using Equation (8). A longer coupling length is advantageous, as it directly correlates
with reduced side-field penetration and, consequently, diminished interference [27].

Lc= π(βe − βo)
−1 (8)

The z-component of the wave vector is denoted by β, with ‘e’ and ‘o’ subscripts
distinguishing even and odd modes. As presented in Figure 5, the coupling length (Lc)
exhibits an exponential increase as the distance between adjacent waveguides expands. This
observed increase in Lc is partly attributable to the tight electric field confinement within
the channel. While increasing channel separation is an effective strategy for minimizing
interference, it is crucial to balance this with the need for a compact overall structure.
Accordingly, a minimum inter-channel spacing of 40 nm has been chosen to prevent
unwanted coupling.

Figure 5. The coupling length for varying separation distances at a chemical potential of μc = 0.6 eV.
In this configuration, each channel has a width of 30 nm and a height of 10 nm.

Our simulations reveal that manipulating μc is an effective way to control SPP prop-
agation. For μc = 0.2 eV, plasmons face significant absorption and cannot pass through
the channel. Conversely, setting the chemical potential to 0.6 eV enables optical waves to
propagate efficiently. This allows us to guide surface plasmon polaritons toward either
output O0 or O1, depending on the specific chemical potential values applied to graphene
nanoribbons G1, G2, and G3. Figure 3 serves to validate this design as a foundational
subwavelength switch for logic applications. Next, we will propose a 2-to-4 plasmonic
decoder based on these principles.

4. The 2-to-4 Well-Based Plasmonic Decoder

This section details the design of a 2-to-4 subwavelength plasmonic decoder, which
is an extension of the basic structure introduced in Section 2 (Figure 6a). The device has
two inputs, U0 and U1, whose states are determined by the chemical potentials of their
corresponding graphene nanoribbons. For guiding surface plasmon polaritons to the four
output ports (O0 to O3), the decoder utilizes six waveguides (W1 through W6), as depicted
in Figure 6b. Control over the SPP pathways within these waveguides is achieved via five
graphene nanoribbons. Figure 6b specifically identifies the chemical potentials U0, U1,
U0′, and U1′ with their associated nanoribbons. Consistent with the approach discussed in
Section 2, only two specific chemical potential values, 0.2 eV and 0.6 eV, are used to switch
and direct the SPP waves. This operation adheres to a complementary rule: when U1 (or
U0) is set to 0.2 eV, the corresponding U1′ (or U0′) is set to 0.6 eV, and the reverse applies
as well.
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(a) (b)

Figure 6. (a) Proposed decoder including a well-based channel; (b) top view of the structure with
graphene ribbons. SPPs are directed to a specific output port based on the values of U0, U0′, U1,
and U1′.

The selection of a specific output port in the decoder is determined by its truth table,
which interprets the electrical inputs U0 and U1. Table 1 shows the operating conditions
for this decoder. For digital signaling, a chemical potential of μc = 0.6 eV represents a logic
1, whereas μc = 0.2 eV indicates a logic 0 for the inputs.

Table 1. The working cases of the designed structure for achieving the decoding operation.

Working Case Input Logic
Input Value Output Logic

U1 (eV), U0 (eV) O3 O2 O1 O0

1 [0, 0] 0.2, 0.2 0 0 0 1

2 [0, 1] 0.2, 0.6 0 0 1 0

3 [1, 0] 0.6, 0.2 0 1 0 0

4 [1, 1] 0.6, 0.6 1 0 0 0

The operation of the decoder ensures that only one output port is active at a time,
depending on the input signals.

Activating O0: Setting U1 and U0 to 0.2 eV allows SPPs to move efficiently through
W1 and W3, reaching output port O0, as illustrated in Figure 7a.

Activating O1: At input potentials of U1 = 0.2 eV and U0 = 0.6 eV, optical waves
follow the path from W2 to W6, activating O1 while keeping all other output ports inactive
(Figure 7b).

Activating O2: Output port O2 becomes active when SPPs are transmitted through
waveguides W1 and W4. This occurs under the condition U1 = 0.6 eV and U0 = 0.2 eV,
as shown in Figure 7c.

Activating O3: At U1 = U0 = 0.6 eV, SPPs successfully propagate through W2 and W5
to reach O3, utilizing the low-loss propagation depicted in Figure 2a. This configuration
activates O3, while all other outputs remain off (Figure 7d).
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(a) (b)

(c) (d)

Figure 7. The field profile of SPPs for cases (U1, U0) equal to (a) (0.2 eV, 0.2 eV); (b) (0.2 eV, 0.6 eV);
(c) (0.6 eV, 0.2 eV); and (d) (0.6 eV, 0.6 eV).

Table 2 provides a comprehensive look at the decoder’s performance by detailing
the optical power at O0 to O3 ports across four distinct operational cases. In case 1, the
normalized powers for outputs O0, O1, O2, and O3 are 98.7%, 0.01%, 0.02%, and 0.01%,
respectively. Case 2 shows the normalized powers of 0.01%, 98.6%, 0.01%, and 0.02% for
the same output ports. For case 3, the observed normalized power values are 0.02% at O0,
0.01% at O1, 98.7% at O2, and 0.02% at O3. Finally, case 4 demonstrates power outputs of
0.01% for O0, 0.02% for O1, 0.02% for O2, and 98.7% for O3.

Table 2. Power at ports O0 to O3 corresponding to the working cases.

Working Case Waveguide for SPP
Transmission

Normalized Output Power (Logic Levels)
Margin

O3 O2 O1 O0

1 W1, W3 0.01% (0) 0.02% (0) 0.01% (0) 98.7% (1) M0

2 W2, W6 0.02% (0) 0.01% (0) 98.6% (1) 0.01% (0) M1, M0

3 W1, W4 0.02% (0) 98.7% (1) 0.01% (0) 0.02% (0) M0

4 W2, W5 98.7% (1) 0.02% (0) 0.02% (0) 0.01% (0) M0

Due to the extremely compact footprint of the designed structure (approximately
0.05 μm2), the simulated transmission spectra for the different working conditions exhibit
very similar behaviors. As indicated in Table 2, the transmission efficiency for each
activated output port remains consistently high, in the range of 98.6–98.7%, confirming
the efficient routing capability of the plasmonic decoder. Moreover, as shown in Figure 2a,
the propagation loss is minimal when the graphene chemical potential is set to μc = 0.6 eV,
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corresponding to the low-loss state of the device. To further clarify this point and
strengthen the discussion, the simulated transmission results associated with Figure 7a
have shown in Figure 8. These additions provide a more comprehensive understanding
of the transmission performance and confirm the robustness of the proposed design
across all operational conditions.

Figure 8. The normalized transmission at output ports versus the wavelength associated with
Figure 7a. In this case, O0 is ON and other ports are OFF.

The logic 0 margin (M0) and logic 1 margin (M1) are critical parameters used to assess
the designed structure’s performance under the worst cases. M0 quantifies the highest
value considered as logic 0, while M1 defines the lowest value recognized as logic 1. Based
on the data in Table 2, M0 for our structure is 0.02%, and M1 is 98.6% (demonstrated in
Case 2). To further illustrate the decoder’s capability to clearly distinguish between logic 0
and logic 1, we employ the contrast ratio (CR), as detailed in Equation (9). A greater CR
value directly makes more difference between the logic 0 and 1 signals at outputs [28].

CR =10log(M1/M0) (9)

The proposed plasmonic device exhibits a contrast ratio of 36.93 dB, calculated based
on an M0 value of 0.02% and an M1 value of 98.6%. Furthermore, crosstalk (CT), represent-
ing the undesirable coupling of surface plasmon polaritons between adjacent waveguides,
is a significant factor in assessing overall decoder performance. Equation (10) defines
crosstalk, with P0 and P1 representing the optical powers at the outputs for logic levels 0
and 1, respectively [29].

CT = 10log(P0/P1) (10)

As presented in Table 2, the crosstalk values for output ports O0 to O3 are determined
to be −36.93 dB, −36.92 dB, −36.93 dB, and −36.93 dB, respectively. Consequently, the
highest observed crosstalk in the structure is −36.93 dB. To effectively assess the perfor-
mance of the designed decoder, it is useful to conduct a comparative analysis against
other existing devices. Accordingly, Table 3 summarizes the obtained results covering the
device’s area, contrast ratio, crosstalk, and loss, along with corresponding data reported in
previous literature.
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Table 3. Comparison of the present findings with prior works.

Reference Structure Area (μm2) CR (dB) CT (dB) Loss (dB/μm)

[18] Plasmonic–Graphene 1.92 45.73 - -
[19] Plasmonic–Graphene 2.1 36.43 −36.65 0.58
[20] Plasmonic–Graphene 1.08 37.11 −37.13 0.268
[30] Photonic crystal–Graphene 690 5.4 - -
[31] Metamaterial–Graphene >100 23.97 - -
[32] Plasmonic–Teflon 0.43 12.83 - -

This work Plasmonic–Graphene 0.05 36.93 −36.93 0.188

The size of optical devices is a critical consideration in the design of integrated cir-
cuits. Conventional Mach-Zehnder interferometer structures are typically large on the
order of several micrometers and often suffer from inefficient interference, making them
unsuitable for compact optical systems [33–36]. Similarly, photonic crystal-based devices
tend to be too bulky for high-density integration. Although resonant cavity-based designs
can achieve some degree of miniaturization [37–40], fabricating them at sub-micrometer
scales remains a significant challenge. Nevertheless, the inherent scalability of photonic
crystal architectures continues to hold promise for future developments. In contrast, plas-
monic structures provide a major advantage: they can process and decode optical signals
at both micro and nanoscale dimensions. The proposed decoder exemplifies this capa-
bility, occupying only 0.05 μm2, which is substantially more compact than previously
reported designs [18–20,30–32]. This compactness represents one of its principal advan-
tages. Performance-wise, the decoder also demonstrates excellent optical characteristics. Its
contrast ratio of 36.93 dB indicates a strong ability to distinguish clearly between logic states
0 and 1. This CR is similar to those reported in earlier works [19,20,30–32], primarily due to
the enhanced confinement of SPPs within the plasmonic well. Such tight confinement not
only improves signal distinction but also results in low crosstalk, calculated at −36.93 dB.

The incorporation of suspended graphene significantly improves carrier mobility,
which in turn enhances the optical confinement within the waveguide channel. This
stronger confinement ensures that the electromagnetic field is more tightly bound to the
propagation region, reducing energy leakage into the surrounding material. As a result,
the lateral electric field experiences minimal dispersion, contributing to a remarkably
low propagation loss of only 0.188 dB/μm. Such low loss is particularly advantageous
for maintaining signal integrity over longer distances within compact photonic circuits.
Considering the ultra-small footprint of the device, this level of loss not only supports
efficient signal transmission but also allows for high-density integration of multiple optical
components on a single chip. Consequently, the combination of suspended graphene
and optimized channel design provides a practical and effective approach for developing
low-loss, high-performance optical circuits suitable for advanced photonic applications.
Overall, the proposed 2-to-4 plasmonic decoder achieves notable improvements in both
compactness and transmission loss, highlighting its potential for use in advanced optical
circuit technologies.

As illustrated in Figure 9, the proposed structure is created through a five-step fabrica-
tion process. It begins with a silicon substrate, followed by the deposition of a thin gold
film and then a silicon dioxide layer. Grooves are precisely formed using electron beam
lithography and reactive ion etching techniques [41,42]. The process concludes with the
transfer of graphene ribbons [43].

35



Crystals 2025, 15, 988

(a) (b)

(c) (d)

(e)

Figure 9. (a) The preparation of a clean silicon substrate; (b) a thin gold film deposition onto the
substrate; (c) a silicon dioxide deposition; (d) forming grooves with etching using electron beam
lithography, and the required optical pathways using reactive ion etching; (e) transferring graphene
ribbons onto the patterned surface.

The designed 2-to-4 plasmonic decoder performs a fundamental digital logic function in
the optical domain using surface plasmon polaritons. This capability is central to developing
optical logic circuits, including optical multiplexers/demultiplexers, arithmetic logic units,
memory addressing systems, and programmable photonic logic arrays. Because the device
demonstrates high contrast ratio and low crosstalk, it can distinguish logic states with high
fidelity, a critical requirement for cascaded logic operations in computing architectures.

5. Conclusions

In this study, a novel 2-to-4 plasmonic decoder utilizing suspended graphene nanorib-
bons and plasmonic wells was designed and analyzed. The tunability of graphene’s
chemical potential enabled precise control of SPP propagation and effective switching
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among four output ports. Simulation results demonstrated excellent performance with a
high contrast ratio of 36.93 dB, low crosstalk of −36.93 dB, and minimal propagation loss
of 0.188 dB/μm. The compact footprint and subwavelength operational scale make the
proposed structure highly suitable for integration into future optical circuits. Compared to
conventional photonic and plasmonic decoders, the device exhibits superior confinement,
reduced interference, and enhanced signal distinction, primarily due to the suspended
graphene configuration and optimized plasmonic well geometry. Therefore, this design
offers a promising approach for realizing ultra-compact, energy-efficient, and high-speed
optical logic components in advanced plasmonic and optoelectronic processors.
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Abstract: Graphene/h-BN/Si heterostructures show considerable potential for future use in
infrared detection and photovoltaic technologies due to their adjustable electrical behavior
and well-matched interfacial structure. The near-lattice match between graphene and
hexagonal boron nitride (h-BN) enables the deposition of low-defect-density graphene on
h-BN surfaces. This study presents a thorough exploration of the low-frequency electrical
noise behavior of graphene/h-BN/Si heterojunctions under both forward and reverse bias
conditions at room temperature. Graphene nanolayers were directly grown on h-BN films
using microwave plasma-enhanced CVD. The h-BN layers were formed by reactive high-
power impulse magnetron sputtering (HIPIMS). Four h-BN thicknesses were examined:
1 nm, 3 nm, 5 nm, and 15 nm. A reference graphene/Si junction (without h-BN) prepared
under identical synthesis conditions was also studied for comparison. Low-frequency
noise analysis enabled the identification of dominant charge transport mechanisms in the
different device structures. Our results demonstrate that grain boundaries act as dominant
defects contributing to increased noise intensity under high forward bias. Statistical
analysis of voltage noise spectral density across multiple samples, supported by Raman
spectroscopy, reveals that hydrogen-related defects significantly contribute to 1/f noise
in the linear region of the junction’s current–voltage characteristics. This study provides
the first in-depth insight into the impact of h-BN interlayers on low-frequency noise in
graphene/Si heterojunctions.

Keywords: defects; fluctuations; directly synthesized graphene/h-BN/Si junction; hexag-
onal boron nitride; microwave PECVD; high power impulse magnetron sputtering; low-
frequency noise; Raman spectroscopy

1. Introduction

Nearly two decades after its initial isolation from graphite, graphene remains among
the most intensively investigated materials across contemporary physical sciences, nan-
otechnology, and materials research. It has attracted significant attention as a key material
for future electronic and photonic technologies owing to a unique combination of high
optical transparency and electrical conductivity, superior charge carrier mobility, and
outstanding thermal conductivity [1–4].

Importantly, heterostructures combining graphene with conventional semiconductors
of IV and III–V groups have been realized [3,5–10]. Benefiting from the mature and scalable
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silicon semiconductor technology, graphene/Si heterojunctions exhibit promising potential
for solar cells, broadband photodetectors, and gas sensing applications [1,11–17].

A notable advantage of these junctions is their ability to enhance silicon solar cells’
sub-bandgap infrared conversion efficiency [18] and extend the operating band of Si-based
photonics into the mid-infrared spectral range [16,19,20]. Despite the potential, graphene/Si
junctions still face unresolved issues such as variability in ideality factors, Schottky barrier
height inhomogeneity, and limited performance due to various interface defects, such as
dangling bonds at the silicon surface [11,12,14,17,21].

Due to its sensitivity to structural imperfections and defects introduced during sample
fabrication or device operation, low-frequency noise spectroscopy serves as a non-invasive
and powerful diagnostic approach for characterizing electronic and optoelectronic de-
vices [22–24]. Different types of noise can be categorized, including thermal (also known as
Johnson or Nyquist) noise, which is caused by the random motion of charge carriers and
has a “white” spectrum, i.e., is frequency independent. Shot noise is also characterized
by a “white” spectrum and results from uncorrelated and stochastic transitions of charge
carriers through a potential energy barrier.

Generation-recombination noise, which is distinguished by a Lorentzian-type spec-
trum, and flicker or 1/f noise arise from fluctuations in the conductance [23,25,26]. Among
these, 1/f noise is particularly important for assessing device reliability and gaining insight
into carrier transport mechanisms [22,23,26].

In practical applications, low-frequency fluctuations can fundamentally limit sensor
sensitivity. The 1/f noise in graphene is generally attributed to correlated variations in
the number of charge carriers and their mobility [26–30]. Flicker noise in graphene-based
semiconductor devices is under intensive investigation because of its impact on real-world
device performance [3,6,27,28,30–34]. However, only limited studies have specifically
investigated low-frequency noise characteristics in graphene/silicon junctions [3,6,35].
These works validate the significance of 1/f noise, which is sometimes omitted and only
shot noise is considered, in estimating photodetector parameters such as noise equivalent
power. Together with Raman spectroscopy, low-frequency noise investigation is a powerful
tool not only for defect density evaluation [35] but also for defect identification as this
study aims to demonstrate.

The defect density in graphene is highly sensitive to the synthesis method [36].
Graphene can be directly deposited on Si substrates without the use of catalysts, em-
ploying plasma-enhanced chemical vapor deposition (PECVD). The key benefit of this
approach is avoiding lengthy transfer procedures as well as associated contamination and
mechanical damage [37]. However, such directly grown graphene is usually nanocrys-
talline and contains a high density of grain-boundary defects [38,39]. These defects can
significantly limit the performance and reliability of devices and sensors based on directly
synthesized graphene [40]. While grain boundaries as noise sources have been investigated
earlier in graphene transistors [30], this study also reveals their impact on the rapid noise
increase in graphene/Si structures with an inserted hexagonal boron nitride interlayer.
Careful substrate selection can substantially reduce the density of grain boundaries and
other defects, thereby improving material quality.

The near-lattice match between graphene and hexagonal boron nitride (h-BN) en-
ables epitaxial growth of low-defect-density graphene [41–44]. It is noteworthy that
graphene/silicon solar cell conversion efficiency may be raised more than three times
by inserting an h-BN interlayer [1,13]. However, to date, graphene epitaxy on h-BN has
primarily been employed using exfoliated hexagonal boron nitride flakes or h-BN films
synthesized by CVD on Cu foils. Several recent studies described graphene synthesis on
h-BN films directly deposited on substrates commonly used for semiconductor device
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fabrication, such as silicon or SiO2; however, lower defect density in graphene was not
achieved [4,45]. Despite this, significant improvements in the graphene/h-BN/silicon de-
vices’ photoelectric and photovoltaic properties were found compared to the graphene/Si
junction [4].

Notably, a graphene-channel field-effect transistor (FET) fabricated on a boron nitride
substrate and encapsulated by another boron nitride layer exhibited ultralow low-frequency
noise [32]. Noise in such a device was much lower compared to the graphene-based FET
fabricated on the commonly used SiO2 substrate [33]. Nevertheless, the effects of the h-BN
interlayer on the low-frequency noise properties of the graphene/monocrystalline silicon
heterojunction have not been studied to date. Only Ui Yeon Won et al. [46] applied noise
measurements to evaluate the detectivity of the graphene/h-BN/silicon photosensor, fabri-
cated using transferred graphene and boron nitride flakes. However, no detailed analysis
of the noise behavior was reported. In such structures, determining conductivity only from
temperature-dependent current–voltage characteristics can be challenging, as the dominant
conduction mechanism may vary with temperature or involve multiple competing mech-
anisms. Here, low-frequency noise measurements can provide valuable complementary
information. Based on low-frequency noise analysis, only Schottky emission was identified
at the graphene/Si junctions [3].

To address the knowledge gap, this study systematically investigates low-frequency
fluctuations in graphene/h-BN/Si junctions and compares them with those in conventional
graphene/Si diodes. The effects of the h-BN interlayer thickness and the structural features
of graphene grown on h-BN films are analyzed. Our results demonstrate that both grain
boundary and on-site defects significantly affect low-frequency noise behavior. Low-
frequency noise spectroscopy was used to determine dominant conduction mechanisms at
room temperature, avoiding the complexity of analyzing temperature-dependent current–
voltage characteristics (this is illustrated in Supplement S3 “Identification of Schottky and
Poole–Frenkel emissions via current–voltage characteristics”). This study provides the first
in-depth insight into how h-BN interlayers influence low-frequency noise in graphene and
Si heterostructures.

2. Materials and Methods

The samples were prepared on single-crystalline, double-side-polished, n-type silicon
(100) wafers (Sil’tronix Silicon Technologies, Archamps, France). Their resistivity values
were from 1 to 10 Ω·cm. High-power impulse magnetron sputtering (HIPIMS) was applied
to deposit h-BN films onto the wafers. The boron nitride films deposition conditions can be
seen in Table 1. Details of the interlayer deposition parameters are summarized in Table 1.
Boron nitride films growth conditions were selected considering our previous study [47].
Detailed information on the structure and composition of the h-BN films utilized in this
research is available in [47]. Notably, our previous study found that the B:N ratio for thicker
h-BN films was 1:1 for 30 min to grow a film of ~50 nm thickness and 1.17 for 60 min to
grow a film of ~100 nm thickness [47]. The continuous h-BN film was ultra-smooth with a
roughness (Rq) of ~0.5 nm [4].

Graphene was synthesized via microwave PECVD using a Cyrannus system (Inno-
vative Plasma Systems (Iplas) GmbH, Troisdorf, Germany). To protect the samples from
excessive exposure to direct plasma, a specialized enclosure was utilized [35,48,49]. Before
the graphene deposition, the substrate was cleaned by hydrogen plasma activation. The
substrate pre-treatment and graphene synthesis conditions are in Table 2. It is worth men-
tioning that our previous research indicated that the roughness of graphene grown on a
continuous h-BN interlayer was below 1 nm [4].
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Table 1. h-BN film deposition settings.

Target
Deposition
Tempera-
ture (◦C)

Impulse
On-time
(ton) (μs)

Impulse
Off-time
(toff) (μs)

Average
Impulse

Current (A)

Average
Voltage (V)

Substrate-
Cathode
Distance

(cm)

Interlayer
Thick-

nesses (nm)

Boron 800 17 150 1.2 930 15 1, 3, 5, 15

Table 2. Graphene synthesis process technological parameters.

Technological
Process

Plasma Power
(kW)

Temperature
(◦C)

H2 Gas Flow
(sccm)

CH4 Gas
Flow (sccm)

Pressure
(mBar)

Time
(min)

Graphene
pre-treatment 1 700 200 0 10 10

Graphene growth 0.7 700 75 25 10 60

Diodes based on graphene, hexagonal boron nitride, and silicon were fabricated to
assess their electrical and low-frequency noise properties. The cross-sectional view of
the device is shown in Figure 1. For more details on diode fabrication, refer to previous
work [4].

Figure 1. Schematic of the graphene/h-BN/Si(100) junction device.

The thickness of boron nitride films was estimated based on the deposition rate of
the thicker films revealed in our previous research [47] and the corresponding growth
duration.

Low-frequency noise measurements were conducted across the 10 Hz to 60 kHz
frequency band under constant current conditions, for both forward and reverse bias,
at ambient temperature. The noise measurement setup consists of a specially designed
low-noise amplifier, filtering modules, and analog-to-digital converter PCI-6115 (National
Instruments, Austin, TX, USA). The spectral density of voltage fluctuations’ (SU) is derived
by applying the Cooley–Tukey Fast Fourier Transform algorithm. All noise measurements
were carried out inside a Faraday cage to minimize electromagnetic interference. A detailed
noise measurement description and a schematic of the experimental setup (Figure S1) are
provided in Supplement S1. Four reference graphene/Si junctions and six graphene/h-
BN/Si samples were tested within each h-BN thickness category. A B1500A semiconductor
parameter analyzer (Keysight, Santa Rosa, CA, USA) with minimum current measurement
resolution of 100 fA was employed to acquire current–voltage (I-V) characteristics. I-V
characteristics under CW operation were measured with a voltage step of 10 mV with 0 ms
delay time at forward and reverse sweeps starting at 0 V. The compliance DC current was
limited to 20 mA and the maximum voltage to ±5 V to avoid the device under investigation
damage. The room temperature maintained in the laboratory was 295 K.
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The structural properties of the samples were analyzed with the aid of an inVia
(Renishaw, United Kingdom) Raman spectrometer. The exciting laser wavelength of
532 nm was applied. We used a laser power of 1.5 mW for measurements. Raman spectra
were recorded from five locations on each sample. Deconvolution of the 2D, G, D, and
D’ bands was conducted using XPSPeak 4.1 software, fitting them with Lorentzian line
shapes. The 2D peak and G peak intensity ratio (I(2D)/I(G)) was employed to appraise
the number of layers [50]. A reduction in this ratio implies an increase in the number of
graphene layers. The ratio of the D peak intensity to the G peak intensity (I(D)/I(G)) was
utilized to estimate the defect density within the graphene structure [51,52]. An increased
ratio reflects a higher density of defects.

3. Results

3.1. I-V Characteristics

Typical current–voltage characteristics of investigated junctions with different h-BN
layer thicknesses at room temperature are shown in Figure 2 (these current–voltage char-
acteristics in semi-log scale are presented in Figure S2 in Supplement S2). No apparent
differences are observed between the samples with a h-BN layer and without. At for-
ward bias in the low-voltage regime and at reverse bias over a broader range, the current
scales linearly with voltage, indicating dominant ohmic behavior. At higher forward volt-
ages, a nonlinearity appears in all samples, indicating possible Schottky emission or other
field-enhanced conduction mechanisms, such as Poole–Frenkel (PF) emission, direct tun-
neling, or Fowler–Nordheim tunneling. Such conduction mechanisms are often observed
in graphene-based devices [11,17,53]. In graphene/semiconductor junctions, Schottky
emission is widely accepted as a dominant conduction mechanism [3,11,16,17]. However,
when an insulator, such as h-BN, is inserted between graphene and a semiconductor, the
determination of current conduction requires special attention. For example, when direct
tunneling is dominant, the Richardson coefficient in the Schottky equation should be mod-
ified with a transmission factor. This factor depends on the insulator thickness and the
barrier height at the semiconductor/insulator interface [1,11].

Figure 2. Typical current–voltage characteristics of the studied junctions at forward (a) and reverse
(b) bias; d—h-BN interlayer thickness.

Additionally, in such graphene/insulator/semiconductor structures, multiple conduc-
tion mechanisms can be active simultaneously or the dominant conduction mechanism
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can change with temperature. It should be noted that inhomogeneities at the interface,
defects, conduction at grain boundaries, and barrier height fluctuations complicate the
accurate identification of dominant conduction mechanisms [12,17,54]. The complexity in
determining the Schottky vs. Poole–Frenkel emission from I-V characteristics measurement
in our investigated samples is described in Supplement S3. That is where noise analysis
helps. Ln(I) vs.

√
U and ln(I/U) vs.

√
U plots, which are usually employed for Schottky

and Poole–Frenkel emission identification, are also presented in Figures S3 and S4. In the
following section, the dominant conduction mechanism will be estimated based on the
noise characteristics.

3.2. Low-Frequency Noise Spectra

All investigated samples exhibit 1/f or 1/fα-type electrical fluctuations at forward and
reverse bias. These fluctuations can be described as a superposition of many Lorentzian-
type noise spectral components resulting from individual fluctuators with widely dis-
tributed relaxation times. The representative noise spectra of the samples at forward and
reverse bias are shown in Figure 3. Some junctions containing h-BN interlayers, investi-
gated in this study, are distinguished by the Lorentzian-type noise spectra superimposed
with 1/f components at low frequencies at forward bias at a specific range of flowing
current. Several examples of electrical noise spectra with Lorentzian fluctuations are pre-
sented in Figure 4. In samples with a 5 nm thickness h-BN interlayer, Lorentzian-type noise
spectra have been observed most frequently: in the current span from 0.05 mA to 0.1 mA
and at higher currents from 0.75 mA to 3 mA. Additionally, a weak Lorentzian-type noise
component has been observed in a junction with a 1 nm h-BN layer at 0.2 mA forward
current (IF) (Figure 4). To facilitate clearer recognition of Lorentzian-type fluctuations, these
spectra are commonly scaled by multiplying with frequency (SUf) (Supplement S4, Figure
S5). The Lorentzian-type noise spectrum is indicative of an isolated defect-related recombi-
nation site with a distinct relaxation time 1/τr = 1/τe + 1/τc, where τe is the average time
of electron emission, and τc is the average electron capture time at the trap level [24]. In
general, the current flow through the junction results in voltage noise due to variations in
local resistance [25,55,56]. If the number of defects (both bulk and interface types) in the
device is sufficiently high and the relaxation times are widely distributed, the 1/f noise
spectrum is observed. The equation for 1/f noise intensity evaluation (Equation S4) and its
description are provided in Supplement S4.

A “white” spectral region attributed to thermal noise is observed at low forward
and reverse bias when f > 2 kHz, as can be seen in Figure 3 at 0.005 mA and 0.01 mA
currents. At such low currents, thermal noise is dominant and sets a limit for the minimum
observable noise level. The intensity of thermal noise (SU = 4kTRd, k—Boltzmann’s constant,
T—temperature) is determined by the differential resistance Rd of the investigated junction
at the linear I-V characteristic part (for a representative sample of a 3 nm thickness h-BN
layer in Figure 3, Rd = 1410 Ω). In some cases, thermal noise is masked by higher 1/f noise
intensity. An example is illustrated in Figure 3b for a junction with a 5 nm h-BN layer at
0.01 mA.
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Figure 3. Representative spectra of low-frequency noise at different values of the forward (a) and
reverse (b) current. The curve named “system” denotes the noise level of the measurement system;
d—h-BN interlayer thickness. The legend is the same for (a,b) figures.

Figure 4. Electrical noise spectra with Lorentzian-type components at different forward current
values; d—h-BN interlayer thickness.

3.3. Noise Spectral Density vs. Current Characteristics

The interdependence of the current noise spectral density SI and the current I provides
insight into the physical processes occurring at the junction and possible conduction
mechanisms [3,23,35,57]. For this reason, the current noise spectral density has been
calculated as SI = SU/R2

d, where Rd denotes the differential resistance of the sample
Rd = (dU/dI). The current dependences of the differential resistance for representative
samples shown in Figure 2 are depicted in Figure S6 (Supplement S5).

3.3.1. Influence of Grain Boundaries on Low-Frequency Noise

Figure 5 presents the different trends observed in the current spectral density for
forward and reverse current in the samples investigated. In the current range, in which the
I-V characteristic is linear, electrical noise SI is proportional to Iγ, where γ is very close to
2 for all the investigated junctions. This is expected for ohmic samples, as Equation (S4)
defines. At elevated forward bias, a discrepancy from the quadratic relationship in noise
vs. current characteristic is observed, where SI ~ Iγ, and γ > 2. The current intervals
with a rapid increase in noise intensity coincide with the non-linear regions of the I-V
characteristics. Such strong noise dependence on current with γ > 2 is often attributed
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to the influence of grain boundaries (GB) and was earlier observed in polycrystalline
films [23]. As a result of the nanocrystalline structure of graphene [39,48,58,59] and h-BN
layers [45], grain boundaries are dominant defect sources in these devices. Accordingly,
in the investigated graphene/h-BN/Si junctions, the observed SI ~ I3 behavior confirms
the dominant role of GBs as strong noise generators [30]. In graphene grown by CVD,
GB prevailing results in a substantial increase in noise intensity compared to exfoliated
graphene [36].

Figure 5. Typical graphs of current noise spectral density vs. forward (a) and reverse (b) current at
1044 Hz frequency; d—h-BN interlayer thickness. The inset in (a) represents the SI(I) dependence of
the reference sample.

However, reference samples without an h-BN layer are distinguished by different
electrical noise vs. forward current characteristics (Figure 5a). An interval, in which SI

scales approximately linearly with current (i.e., γ ≈ 1) is detected within the current range
of 0.05 to 0.4 mA. At high currents, the influence of GBs plays a significant role in the
rapid increase in noise intensity. The proportionality SI ~ I am usually attributed to pure
thermionic emission in Schottky diodes [3,57]. Such a dependence was not observed in
samples with an h-BN layer, meaning that a different prevailing conduction mechanism or
several conduction mechanisms are contributing simultaneously.

3.3.2. Identification of Poole–Frenkel Emission

Following the approach outlined in [60–62] for dominant Poole–Frenkel emission,
the product of normalized current noise spectral density SI/I2 and electrical field (which
is proportional to the applied voltage U) should be constant regardless of the current
and is proportional to the trap density and field enhancement factor of PF emission. A
plateau in corresponding noise plots is observed at high reverse bias for samples with
15 nm and 5 nm thicknesses of the h-BN layer, suggesting the dominance of Poole–Frenkel
emission. A trend has been observed—samples with thicker h-BN layers exhibit higher
Poole–Frenkel conductivity at room temperature, as shown in Figure 6. The PF noise
analysis at high forward bias was complicated by the influence of grain boundaries on
noise characteristics. Only one sample with a 15 nm thickness h-BN layer demonstrated
a narrow plateau in U × SI/I2 vs. current plot at high forward bias (Figure 6a), while no
such region was observed in the 5 nm thickness h-BN samples. The PF charge transport
mechanism has been reported for a small forward voltage range of the I-V characteristics of
graphene/Al2O3/Si solar cells [11], a high reverse voltage range of the I-V characteristics
of graphene/n-Si junctions [21], and reverse current flow via graphene/SiC junctions [9].
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The Poole–Frenkel emission from defects in h-BN was found in graphene/h-BN field effect
transistors [10]. Similarly, in the present study, it is plausible that PF conduction arises
from defects in the HIPIMS-deposited h-BN interlayer. Exfoliated h-BN layers or h-BN
films grown by chemical vapor deposition on catalytic copper foil usually contain few
defects, and their use can ensure the fabrication of graphene-based FETs with ultra-low
noise. However, these technologies are not suited for industrial-scale semiconductor device
fabrication. In our case, the boron nitride was grown directly on a silicon substrate using
the HIPIMS technique, which is already used for large-scale manufacturing. In this case,
higher defect density in the h-BN films can be supposed like [63].

Figure 6. U × SI/I2 vs. current plots for 15 nm (a) and 5 nm (b) h-BN layer thickness samples at
108 Hz and 1044 Hz frequencies.

From the low-frequency noise perspective, the pronounced dominance of trap-assisted
tunneling is usually linked to the appearance of shot noise in electrical noise spectra,
modulated by the Fano factor [61]. However, no shot noise was observed in this experiment.

Here, in Figures 3–5, only representative noise curves or dependences of samples are
represented. Direct comparison of noise intensity between different samples should rely on
Figure 7a in the following Section 3.4, which summarizes the averaged data.

Figure 7. Average voltage noise spectral density values at a 1044 Hz frequency, reverse current of
0.02 mA, and forward current of 0.02 and 1 mA (a); differential resistance in the ohmic part of the
current–voltage curve under positive and negative biasing conditions (b) of multiple graphene/h-
BN/Si junction samples as a function of h-BN layer thickness.
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3.4. Statistical Investigation and Defect Identification in Samples with Different H-BN
Layer Thickness
3.4.1. Noise Intensity Between Samples with Different H-BN Layer Thickness

To compare the noise intensity between different samples and evaluate the impact of
h-BN interlayer thickness on the graphene/h-BN/Si junctions through the low-frequency
noise characterization, voltage noise spectral density values at 1044 Hz were extracted for
multiple investigated samples within each h-BN thickness category. The average values
of voltage noise spectral densities of the tested junctions are presented in Figure 7a. The
comparison was made at different forward current levels (0.02 mA and 1 mA), correspond-
ing to the linear and non-linear regions of the I-V characteristics (Figure 2), as well as
at 0.02 mA of reverse bias. The noise intensity is not directly proportional to the h-BN
thickness (Figure 7a). As a general trend, junctions with a 5 nm-thick h-BN interlayer
demonstrated the highest noise intensity under all experimental conditions. The average
voltage noise spectral density is very similar between specimens with h-BN interlayers
under both forward and reverse biases in the linear I-V characteristic range, except for
graphene/5 nm h-BN/Si samples (Figure 7a). However, under forward bias conditions,
where the I-V behavior deviates from linearity, the fluctuation intensity of the thickest h-BN
layer samples (5 nm and 15 nm) increases more compared to the increase in noise level of
the 1 nm and 3 nm h-BN thickness samples (IF = 1 mA in Figure 7a).

This observation is consistent with the findings in Section 3.3, where a deviation from
the SI ~ I2 dependence and an enhanced γ > 2 exponent were linked to grain boundaries
(GBs) acting as dominant noise sources in nanocrystalline graphene and h-BN layers. These
GB-related effects can also contribute to local current crowding and a further increase in
1/f noise [23,31]. Thus, it is important to consider in which mode (linear or non-linear I-V
characteristic part) the device operates. As Figure 7b illustrates, a good correlation between
the noise intensity and the differential resistance values of the investigated junctions in the
linear I-V characteristic range is confirmed.

The reference junctions without h-BN interlayers are characterized by close (or even
slightly lower) noise intensities as the remaining samples (except the graphene/5 nm
h-BN/Si junctions) (Figure 7a). The values of differential resistances are also similar to the
remaining samples (Figure 7b).

3.4.2. Assessment of Raman Spectra and Low-Frequency Noise Characteristics

Raman scattering spectra were studied to reveal structural parameters of the graphene
and relate them to the low-frequency noise results. G and 2D peaks characteristic of
graphene are apparent in those spectra (Supplement 6, Figure S7). The defect-related D
band was found because directly deposited graphene is nanocrystalline, and another defect-
related peak, D’ peak, is observed as a shoulder of the G band. Afterward, the Raman
spectra parameters were analyzed to reveal possible relations between the low-frequency
noise and graphene’s structural parameters.

It was revealed in our previous study that substrate-induced graphene self-doping
is crucial for graphene/Si junction properties and that the insertion of an h-BN interlayer
can partially suppress this effect, thereby enhancing the photoelectric and photovoltaic
properties of the junction [4]. Analysis of the Pos(2D) vs. Pos(G) plot can provide valuable
information on stress and doping of the graphene [64]. The Pos(2D) downshift with Pos(G)
upshift, typical of n-type doping, was revealed for graphene grown directly on silicon
and on the h-BN interlayer [4]. However, in the present research, no dependence of low-
frequency noise on Pos(G) or Pos(2D) has been observed (Supplement S6, Figure S8). This
indicates that substrate-induced graphene self-doping should not be considered the primary
factor determining the noise characteristics at graphene/h-BN/Si junctions. Notably, no
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apparent relationship between the spectral density of electrical noise and graphene’s layer
number (Supplement S6, Figure S9) has also been observed.

Non-monotonic noise increase in defect density is observed in graphene (Figure 8a).
Initially, the noise clearly increases with the I(D)/I(G) ratio. However, for samples featuring
an inserted 1 nm-thick h-BN interlayer, a significant reduction in the noise level is observed.
To identify possible reasons for this inconsistency, the effects of different graphene defect
types were investigated. For this reason, intensity ratios of the D and D′ peaks were
calculated. Three groups of the samples can be distinguished. In the case of the graphene/h-
BN/Si junctions containing 3 nm, 5 nm, and 15 nm thickness boron nitride interlayers, the
I(D)/I(D’) value was about 2.5. That is between the value typical for grain boundary defects
(3.5) and the value typical for on-site defects (1.3), which are commonly linked to hydrogen
species bonded to the graphene [65]. In the case of the reference graphene sample, GB
defects also prevail. However, considering these I(D)/I(D’) values, the presence of some
on-site defects is observed. Finally, for graphene/h-BN/Si(100) samples with an inserted
1 nm thickness h-BN interlayer, the I(D)/I(D’) value appears to nearly match the typical
value for grain boundaries (~3.6). It should be noted that the presence of some hydrogen
bonds was revealed in HIPIMS-deposited h-BN films grown using a 152 sccm nitrogen
gas flow using Raman spectroscopy [4]. In HIPIMS, hydrogen can originate from residual
water vapor or hydrocarbons in the chamber; these species are dissociated in plasma and
become bonded to boron or nitrogen at the growing film’s surface, as was demonstrated
in our previous research [4]. In the present study, such hydrogen incorporated in the
h-BN layer could subsequently be released during the graphene’s direct synthesis step and
become incorporated into the growing graphene. For the 1 nm h-BN film, the absence of
detectable hydrogen-related features in the graphene suggests that either hydrogen was
initially negligible, or it was fully desorbed during synthesis at 700 ◦C. For thicker h-BN
interlayers, hydrogen atoms could diffuse from the boron nitride into the graphene layer
during growth, becoming incorporated into its structure.

Figure 8. Average voltage noise spectral density vs. I(D)/I(G) (a) and I(D)/I(D’) ratios (b). The SU

was measured using an IF of 0.02 mA and 1 mA and a frequency of 1044 Hz.

It should be noted that in the case of graphene/Si junction X-ray detectors and
graphene-based field-effect transistors, hydrogen-related defects can lead to a significant
increase in low-frequency noise [66,67]. Thus, the existence of hydrogen-related structural
irregularities in the graphene may be an important factor affecting the noise increase in
the device. This explains the outstanding samples with 5 nm thickness h-BN layer in
Figure 7. On the other hand, in our case, average voltage noise spectral density in the
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graphene/1 nm h-BN/silicon junctions is not exceptionally large despite much higher
grain boundary density indicated by high I(D)/I(G) proportion (Figure 8a). This effect was
previously reported during earlier 1/f noise studies on graphene/silicon contacts [35]. It
was attributed to an increase in charge carriers at the graphene grain boundaries, which act
as dopants with very low excitation energies [35].

In general, several tendencies have been observed when comparing the results ob-
tained in Section 3.3 with the analysis of Raman spectra. For reference, 3 nm, 5 nm, and
15 nm thickness h-BN samples, it can be stated that hydrogen-related defects are mainly
responsible for the fluctuations observed in the linear I-V characteristic part and have an
influence on the differential resistance of the investigated junctions, as demonstrated by a
5 nm thickness h-BN sample. At higher forward currents, the uneven noise increases be-
tween junctions with different h-BN thicknesses, as well as the change in SI dependence on
current, indicates that the influence of other defects, primarily grain boundaries, increases
in addition to hydrogen-related defects. Furthermore, the inserted h-BN layer affects the
low-frequency fluctuations in the non-linear I-V region, especially in the case of a thick
h-BN layer (Figure 7a), when the GBs start to dominate the conduction.

4. Conclusions

A comprehensive assessment of the low-frequency electrical noise characteristics
of graphene/h-BN/Si heterojunctions has been performed under both forward and
reverse bias and compared with the graphene/silicon reference structure without the
h-BN interlayer.

All investigated junctions exhibit 1/f -type electrical fluctuations at both forward and
reverse bias, with the appearance of some Lorentzian-type noise components at specific
forward current intervals. Low-frequency noise analysis indicates Schottky emission in
reference graphene/Si junctions at room temperature. In contrast, samples with thicker
h-BN interlayers (15 nm and 5 nm) exhibit signatures of Poole–Frenkel emission, with its
contribution diminishing as the h-BN layer thickness decreases.

The statistical investigation of multiple samples across each h-BN layer thickness
category, combined with analysis of graphene Raman spectra, reveals the presence of
hydrogen-related defects in graphene and at the graphene/h-BN interface. These defects
are responsible for the observed low-frequency fluctuations at low bias in the linear region
of the device’s current–voltage characteristic. Among the investigated junctions, the
graphene/1 nm h-BN/Si structure showed a significantly reduced density of these defects.

A rapid increase in noise intensity in the non-linear junction I-V characteristic range,
where current spectral density SI scales as Iγ and γ > 2, is associated with the grain bound-
aries being dominant defects and acting as major noise sources due to the nanocrystalline
structure of the graphene and h-BN layers.

Overall, the results demonstrate that h-BN interlayer thickness and defect composi-
tion play a critical role in governing low-frequency noise behavior, which is essential for
optimizing graphene-based devices for sensing and optoelectronic applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst15090747/s1, Figure S1. The noise measurement setup:
A—an ammeter, ADC—an analog-to-digital converter, B—batteries, F—a filter system, LNA—a
low-noise amplifier, PC—a personal computer, Rload—a load resistance, Rref—a reference resistor,
Sample—a graphene/h-BN/Si or graphene/Si junction under test, V—a voltmeter; Figure S2. Typical
current–voltage characteristics of the investigated junctions at forward and reverse bias in semi-log
scale; d—h-BN interlayer thickness; Figure S3. Plots of ln(I) vs.

√
U (usually used for Schottky

emission identification) for junctions with h-BN layer thickness of 15 nm (a) and 5 nm (b), and
for the reference sample without the h-BN layer (c) at forward bias at different temperatures. Red
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lines are the linear fits at room temperature; Figure S4. Plots of ln(I/U) vs.
√

U (usually used for
Poole–Frenkel emission identification) for junctions with h-BN layer thickness of 15 nm (a) and 5 nm
(b), and for the reference sample without the h-BN layer (c) at forward bias at different temperatures.
Red lines are the linear fits at room temperature; Figure S5. Normalized electrical noise spectra (SUf)
with Lorentzian-type components at different forward current values; d—h-BN interlayer thickness.
The dashed area indicates where 1/f fluctuations dominate. The frequency of the maximum of
the normalized voltage fluctuation spectral density f 0 denotes the relaxation time as τr = 1/(2πf 0);
Figure S6. Dependences of the differential resistance on forward (a) and reverse (b) currents for
samples shown in Figure 2; d—h-BN interlayer thickness; Figure S7. Typical Raman scattering spectra
of the graphene samples; Figure S8. Dependences of average voltage noise spectral density on
Pos(2D) (a) and Pos(G) (b) at forward currents of 0.02 mA and 1 mA at 1044 Hz frequency; Figure
S9. Dependence of average voltage noise spectral density on I(2D)/I(G) ratio at forward currents of
0.02 mA and 1 mA at 1044 Hz frequency; Table S1. Experimental slope values from linear fit in the
high-bias regime at 295 K for graphene/h-BN/Si samples and the reference graphene/Si junction.
References [9,25,55,56,68,69] are cited in the Supplementary Materials.
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Abbreviations

The following abbreviations are used in this manuscript:

h-BN Hexagonal boron nitride
HIPIMS High power impulse magnetron sputtering
PECVD Plasma-enhanced chemical vapor deposition
CVD Chemical vapor deposition
FET Field-effect transistor
SU Spectral density of voltage fluctuations’
SI Spectral density of current fluctuations’
SR Spectral density of resistance fluctuations’
I-V characteristics Current–voltage characteristics
Rd Differential resistance
Pos(G) Position of G peak
Pos(2D) Position of 2D peak
PF emission Poole–Frenkel emission
GB Grain boundaries
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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.

Keywords: graphene; graphene oxide; micro-Raman; molybdenum disulfide; two-dimensional materials

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
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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
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].
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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
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 function-
alities [80]. The chemical reduction of GO partially restores its conductivity [81], yet it
remains significantly 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.
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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
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.

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 2. Optical image of a representative area showing dip-coated graphene oxide films on a
10 nm magnetron-sputtered silver substrate. The laser highlights a “light” area. This content has been
reproduced from reference Ref. [45] with permission granted by Elsevier. Copyright 2018, Elsevier.

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.

Figure 4. Raman spectra of graphene oxide films fabricated via dip-coating on a 10 nm magnetron-
sputtered silver/glass substrate under unfiltered full laser intensity. This content has been reproduced
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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Figure 5. Representative micro-Raman spectra collected from MoS2 films spin-coated onto Si/SiO2

substrates (a,b). This content has been reproduced from Ref. [48] with permission granted by Elsevier.
Copyright 2021, Elsevier.

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”.

Figure 6. Optical images depicting thin films of graphene nanoplatelets on Si/SiO2 (a–h). This
content has been reproduced from Ref. [47] with permission granted by IOP Publishing. Copyright
2019, IOP Publishing.

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”.

 

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 homoge-
neous 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).

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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Figure 10. Illustrative Raman spectra acquired from the border region (zone B) of the graphene/Si
samples. Raman spectral profiles spanning the range of 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.

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 11. Exemplary Raman spectra obtained from imperfections within the graphene layer (zone
C) of the graphene/Si samples. Raman spectral profiles spanning the range of 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.

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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Abstract: Graphene-oxide-based nanomaterials have gained attention in recent years in the field
of heavy metal removal. In this work, graphene oxide (GO) and graphene-oxide-coated silica
nanoparticles (GO/SiO2) were synthesized for the efficient removal of Cr(VI) ions from water.
Synthesized nanosorbents were characterized by FTIR, Raman spectroscopy, and Transmission
Electron Microscopy (TEM). The effects of the pH and the concentration of Cr(VI) ions in adsorption,
using GO and GO/SiO2, was studied using the batch process. The results of the study indicated that
the maximum removal percentage was shown at pH 3 for both adsorbents. Comparatively, GO/SiO2

showed a higher removal percentage (92.28%) than GO (86.15%) for Cr(VI) at a concentration of
50 ppm. The results validate that the removal of Cr(VI) ions is highly concentration-dependent and
pH-dependent. This study shows that GO and GO/SiO2 are efficient adsorbents and that GO/SiO2

has great potential over GO for the removal of Cr(VI) ions from water.

Keywords: heavy metals; graphene oxide (GO); graphene-oxide-coated silica nanoparticles (GO/SiO2);
adsorption; ICP-MS

1. Introduction

The availability of clean drinking water is critical for maintaining a healthy life.
Freshwater resources have been steadily declining in recent decades due to increased
human consumption, pollution, and climate change. Among the toxic pollutants found in
water bodies, heavy metals deserve special attention. Heavy metals are generally referred
to as those metals which possess a specific density of more than 5 g/cm3 and adversely
affect the environment and living organisms [1]. They are very toxic even at low doses,
very persistent in the environment and living tissues, and easily migrate upstream of
the food chain. The toxic effects of these metals are harmful to the human body and its
proper functioning. Moreover, monitoring and removing them are costly procedures. The
most commonly found heavy metals in wastewater include arsenic, cadmium, chromium,
copper, lead, nickel, mercury, and zinc, all of which badly affect human health and the
environment [2]. Heavy metals enter into the surrounding environment by natural means
and as a result of human activities. Various sources of heavy metals include soil erosion,
natural weathering of the earth’s crust, mining, industrial discharge, urban runoff, sewage
discharge, pest- or disease-control agents applied to crops, and many others [3].

Chromium (Cr) is the seventh most abundant element on earth [4]. It occurs in sev-
eral oxidation states in the environment, ranging from Cr2+ to Cr6+.The most commonly
occurring forms of Cr are trivalent- Cr3+ and hexavalent- Cr6+, and both states are toxic
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to animals, humans, and plants [5]. Hexavalent chromium is thought to have 100-fold
extra toxicity than trivalent chromium for each acute and persistent exposure, due to its
excessive water solubility and mobility and easy reduction. The respiratory tract is the im-
portant goal organ for hexavalent chromium after inhalation exposure in humans. Chronic
human exposure to high concentrations of hexavalent chromium through inhalation or oral
exposure may produce effects on the liver, kidney, gastrointestinal, and immune systems,
and possibly the blood. Dermal exposure to hexavalent chromium can result in contact
dermatitis, sensitivity, and ulceration of the skin [6].

Heavy metal pollution has become a serious problem in both developed and develop-
ing countries [7–10]. In addition to the detection of heavy metal ions, their elimination from
water is quite a crucial concern. Many strategies can be employed for the removal process,
and common methods for removing heavy metals from water sources include precipitation,
flocculation, membrane separation, ion exchange, and evaporation [11–13]. Among the
many methods, adsorption is often the most effective technique of choice, due to its low
cost, simple design, strong operability, and especially its high elimination performance
from dilute solutions [14,15]. Some widely used adsorbents for the adsorption of metal
ions include activated carbon, clay minerals, biomaterials, industrial solid wastes, and
zeolites [16]. The development of nanotechnology has provided various nanomaterials as
efficient adsorbents for removing metal ions from water [17–20]. Heavy metal removal
using graphene and graphene-based nanomaterials has grown significantly during these
years. Development of various functionalized nanomaterials, such as graphene oxide
(GO), enhances the removal efficiency toward metal ion uptake. The presence of oxygen-
containing functional groups (hydroxyl, carboxyl, epoxy, etc.) for metal ion complexation,
large specific surface area, fast adsorption speed, affinity for a large number of metal ions,
and low preparation cost make GO a promising adsorbent for heavy metal removal [21,22].
Rajesh et al. reported a novel and straightforward approach for effectively removing toxic
chromium by using the intriguing interaction between exfoliated graphene oxide (EGO),
trioctylamine (TOA), and Cr(VI) [23]. Recently, numerous research works have studied
the development of graphene-oxide-based nanomaterials and their environmental appli-
cations [24]. For instance, Deng et al. synthesized magnetic graphene oxide and used it
as an adsorbent for the removal of Cd2+ from wastewater [25]. Likewise, a synthesized
magnetic graphene oxide (mGO) grafted with amine groups (mGO-PAMAM) was found to
be effective in the removal of Cd2+, Pb2+, and Cu2+ from wastewater and to have excellent
regeneration capability for future use [26]. Prepared magnetic chitosan and graphene
nanocomposites functionalized with EDTA (EDTA-MCS/GO) were used for the removal of
Cr3+ from water [27]. In this study, we synthesized graphene oxide (GO),amine-modified
silica using APTES and graphene-oxide-coated silica nanoparticles (GO/SiO2), for the
removal of Cr(VI) ions from water. Generally, the interaction between metal ions and the
surface oxygen-containing groups plays an important role in the adsorption capacity of
heavy metals on CNTs and graphene-based nanomaterials [28]. Since silica nanoparticles
and their derivatives have been found to possess excellent qualities, such as a definite pore
size, high surface area, strong selectivity, and adsorption capability, a lot of studies have
been conducted employing them as adsorbents [29]. Further modification of nano silica and
synthesized GO is possible and thereby overcomes the self-aggregation and also increases
the removal efficiency. When APTES-modified silica is coated with GO, the adsorption rate
is found to be increased due to its enhanced properties.

In the present work, we successfully prepared an amine-modified silica-GO self-
assembled novel high-efficiency adsorbent for the successful removal of Cr(VI) from the
solution and compared the result with GO. The combination of amine-modified silica and
GO creates a synergistic effect that improves Cr(VI) adsorption. Graphene oxide possesses
a large surface area and abundant oxygen-containing functional groups, such as hydroxyl
and carboxyl groups, which can form coordination complexes with metal ions. The amine-
modified silica, with its amino groups, can interact with the functional groups on GO,
creating a favorable environment for Cr(VI) adsorption. The synergistic effect between
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the amine-modified silica and GO enhances the overall adsorption capacity for Cr(VI).
The properties of the prepared adsorbent were studied using various spectroscopic and
microscopic methods. We achieved a high-percentage removal of Cr(VI) in the silica-GO
hybrid system.

2. Materials and Methods

2.1. Materials

Potassium dichromate (K2Cr2O7), graphite (20-micron, synthetic CAT#282863), potas-
sium permanganate (KMnO), Conc.H2SO4, sodium nitrate (NaNO3), hydrochloric acid (HCl),
sodium carbonate (Na2CO3), Nano silica (10 nm diameter, spec. surface area 175–225 m2/g
(BET), 99.8% trace metals basis. CAT#718483), 3-Aminopropyltriethoxysilane (APTES), HCl,
ammonia, ethanol, and 30% H2O2 were purchased from Sigma Aldrich (St. Louis, MI, USA).
All the chemicals were used as received, unless otherwise specified.

2.2. Methods
2.2.1. Synthesis of Graphene Oxide

Graphene oxide was synthesized by modified Hummer’s method [30]. Then, 5 g of
graphite, 115 mL of sulfuric acid, and 5 g of NaNO3 were taken in a beaker and stirred
for 30 min in an ice bath. After that, 15 g of KMnO4 was added very slowly and stirred
for 40 min. We then slowly raised the temperature to 35 ◦C for 12 h, and to this, 230 mL
of distilled water was added slowly. The temperature was further raised to 90 ◦C for 1 h,
and to this, 400 mL of distilled water and 50 mL of 30% H2O2 were added. Then, we
removed the supernatant and washed it with 5% HCl several times to remove sulphate
salt. The solution was then made alkaline by treating it with 5% Na2CO3. Afterward, it
was centrifuged and dried it in an oven.

2.2.2. Synthesis of Amine Modified Silica

The APTES and silica nanoparticles were used to create amine modified silica nanopar-
ticles. This was accomplished by dissolving 1 mL of APTES in 200 mL of ethanol in a beaker.
This solution was then mixed with 10 g of SiO2. The resulting mixture was sonicated and
stirred vigorously for one hour. The solution was then given 150 mL of water, followed
by 30 min of stirring and 15 min of sonication. The mixture was centrifuged for 20 min at
14,000 rpm, the solid residue recovered and repeatedly rinsed with ethanol. The amine
modified silica nanoparticles collected by gently heating the gel-like substance for three
hours at 50 ◦C and 0.2 mbar of reduced pressure.

2.2.3. Synthesis of Self-Assembled Graphene-Oxide-Coated Silica Nanoparticle

Synthesized graphene oxide was dispersed in distilled water. Modification of amine
on nano silica was accomplished by using 3-aminopropyl triethoxysilane in ethanol/water
mixture (9:1). Nano silica purchase from sigma Aldrich is modified by using 3-Aminopropyl
triethoxysilane (APTES) in ethanol medium (Figure 1) and the amine modified silica was
also dispersed in distilled water and prepared the self-assembled structures of graphene
oxide coated silica nanoparticles by mixing along with stirring and the core shell precipitates
out and washed and dried. Then,10 g of amine-modified silica was dispersed in 500 mL
distilled water via sonication and stirring. In another beaker, 0.1 g of graphene oxide was
dispersed in 500 mL of distilled water. The two 500 mL solutions were mixed thoroughly
and stirred for another 6 h. Centrifuge the precipitate and dried in vacuum oven at 80 ◦C.
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Figure 1. Synthesis of amine modified silica and GO/SiO2.

2.2.4. Preparation of Stock Solution

Stock solution of chromium was prepared by dissolving 100 mg of potassium dichro-
mate (K2Cr2O7) in a 100 mL standard flask. From this stock solution of 1000 ppm, different
concentrations of standard solutions (1, 10, 30, 50, 100, and 200) were prepared.

2.2.5. Optimization of pH

A series of standard solutions, 1 ppm, 10 ppm, 30 ppm, 50 ppm, 100 ppm, and 200 ppm,
were prepared in a 100 mL standard flask. The pH was adjusted to 3, 5, 7, and 9 for a
30 ppm solution, and 20 mg of GO was added to each, sonicated for 20 min, and allowed
to settle down for 24 h. The solutions were decanted using Whatman No. 41 filter paper,
and the samples to be analyzed were filtered using a syringe filter. Then ICP-MS analysis
was performed, and the results were used for determining the pH at which the maximum
adsorption takes place. The same procedure was carried out using silica-coated GO for a
30 ppm standard solution, and the optimum pH was determined.

2.2.6. Batch Adsorption Test on GO and GO-Coated Silica Nanoparticles

To investigate the adsorption of heavy metal ions (Cr (VI)) on GO and GO-coated silica
nanocomposites, a batch adsorption test was performed. First, 20 mg of GO was added to
20 mL of different concentrations of standard solutions (1 ppm, 10 ppm, 30 ppm, 50 ppm,
100 ppm, and 200 ppm). Then, 20 mg of GO-coated silica nanoparticles was added to the
next set of 20 mL standard solutions. The pH was optimized, then the sample was sonicated
for 20 min, allowed to cool at room temperature, and it was left at room temperature for
24 h for equilibration. It was then decanted using Whatman No.1 filter paper, and the
sample to be analyzed was filtered using a syringe filter. Then ICP-MS analysis was carried
out for the filtrate that was obtained after sonication, filtration, and syringe filtration. The
quantity of adsorbed heavy metal ions was calculated as the percentage of the difference
between concentrations of metal ions before and after adsorption as follows [31,32]:

Percentage Adsorption (Removal) =
Ci − Ce

Ce
× 100

where Ci is the initial heavy metal concentration (ppm), and Ce is the heavy metal concen-
tration at final equilibrium (ppm).

2.3. Characterizations

Characterization of graphite and graphene oxide was performed using FTIR spectrom-
eter (FTIR spectrometer Perkin Elmer Spectrum 2). The Raman spectra were obtained using
WITEC Alpha300 RA—Confocal Raman Microscope with AFM. Morphological studies of
GO and GO-coated silica nanoparticle were performed with a transmission electron micro-
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scope (TEM—JEOL 2100, high resolution, Tokyo, Japan). Amounts of heavy metal removal
from standard solutions were determined by using ICP-MS (iCAP Q-model-Thermo).

3. Results and Discussion

3.1. Characterization of GO and GO/SiO2

FTIR measurement was employed to investigate the bonding interactions in graphite
before and after the oxidation process. Figure 2 shows the FTIR spectra of graphite,
graphene oxide, and GO/SiO2.

Figure 2. FTIR spectra of graphite, GO, and GO/SiO2.

Evidence of graphite oxidation could be obtained from the analysis of spectral
data. The different bands present in the spectra indicate different functional groups
present on GO. Figure 2 shows that the synthesized GO has a peak between 1000 and
1100 cm−1 that is attributed to the epoxy (-O-) group [33]. The peak between 1700 cm−1

and 1720 cm−1 is associated with the stretching of C=O bonds of the carboxyl group
(-COOH) [34] or carbonyl group [26,35]. The peak located between 3500 and 3400 cm−1

is ascribed to the -OH stretching mode hydroxyl group [26]. The FTIR spectrum shows
oxygen-containing functional groups such as carbonyl (C=O), carboxyl—(COOH), epoxy
(C-O-C), and hydroxyl (O-H) groups present on GO. The FTIR spectra of graphite do
not show such properties, thereby confirming the successful incorporation of oxygen-
containing groups into the graphite. From the FTIR spectra of GO-SiO2, we can confirm
the successful incorporation of SiO2 into the GO sheets. The characteristic peaks at
1199 cm−1, 1060 cm−1, 970 cm−1, and 800 cm−1 are attributed to the Si-O-C asymmetric
stretching vibration Si-O-Si asymmetric stretching vibration, Si-OH stretching vibration,
and Si-O-Si symmetrical stretching vibration, respectively. Moreover, the peaks were
due to the Si-O-Si groups having a higher intensity than the Si-O-C and Si-OH groups.
Furthermore, the peak at 1721 cm−1 on GO (C=O) completely disappeared, suggesting
the conversion of carbonyl groups into Si-O-C bonds.

The FTIR analysis shown in Figure 3 proves the existence of modified silica nanopar-
ticles. The bands at 810 and 475 cm−1 found in the FTIR spectrum of silica nanoparticles
illustrated in Figure 3 can be attributed, respectively, to the stretching and bending
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of Si-O-Si bonds. Furthermore, siloxane vibrations from (SiO)n groups are implicated
according to the absorption bands at 1100 cm−1. The O-H stretching band of the surface
silanol groups and the remaining adsorbed water molecules are responsible for the peaks
at 3450 and 1630 cm−1, respectively, which developed after the APTES modification
of the silica nanoparticles (Figure 3). The bands around 2800 cm−1 can be connected
to the asymmetrical and symmetrical stretching vibrations of CH2 groups after silica
nanoparticles were modified with APTES (Figure 3). The bending vibration of the N-H
group causes the appearance of a new band at 1560 cm−1 in response to the addition of
an amine group. Furthermore, the stretching vibration of the N-H group can be linked
to the peak around 3500 cm−1. These combined results show that amine-functionalized
silica nanoparticles were successfully prepared.

Figure 3. FTIR spectra of SiO2 and amine-modified SiO2.

Raman spectroscopy is a standard non-destructive technique employed for the
characterization of carbon-based materials [36]. The oxidation of graphite to GO can
be further confirmed by Raman spectroscopy. Characteristic peaks of graphitic carbon-
based materials are the G and D bands and their overtones [37]. As shown in Figure 4,
characteristic bands for graphite and GO appear at around 1300–1350 cm−1 (D band)
and between 1550 and 1600 cm−1 (G band) [26,38]. Their intensity ratio (ID/IG) indicates
the degree of the disorder and defects [38]. A universal observation is that the higher
the disorder of graphite, the broader the G and D bands, which have a higher relative
intensity compared to the G band [39]. As shown in Figure 3, it is observed that there is
a small shift for GO, and, also, the bands are broader than they are in graphite. The G
peak and D peak of GO are shifted to higher frequencies with respect to that of graphite.
The increase in intensity and shifting of the D peak to a higher wavelength corresponds
to the presence of defects and the distortion of the sp2 crystal structure of graphite [37].
The 2D band appears at 2660 cm−1 [40]. The intensity of the 2D band is smaller after
oxidation because of the breaking of the stacking order and incorporation of functional
groups due to the oxidation reaction [41]. Thus, the intense D band in GO confirms the
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oxygen functionalization of graphite. The ratio of ID and IG portrays the defect window
regime in GO and GO/SiO2. In general, the oxidation of graphite is accomplished by the
increase of ID/IG. Hence, the higher the value of this ID/IG ratio, the more there will be
structural defects or disorders in the system. Table 1 shows the ID/IG values of graphite,
GO, and GO/SiO2.

Figure 4. Raman spectra of GO and graphite.

Table 1. ID/IG values of graphite, GO, and GO/SiO2.

Sample Code ID/IG

Graphite 0.05

GO 0.60

GO/SiO2 0.94

The ID/IG ratios of GO and GO/SiO2 were 0.05 and 0.60, respectively. Thus, the
increased value of the ID/IG ratio of GO/SiO2 indicates an increased degree of disorder
and improved lamellar spacing, which would assist in the better dispersion of GO-SiO2
nanoparticles, and this result is in line with the TEM images.

Transmission electron microscopy (TEM) is considered as an effective method for the
morphological studies of GO. With increases in the oxidation level, GO becomes highly
transparent, since it possesses a high amount of the oxygenated functional group, which
makes them suitable for exfoliation into monolayers or just a few layers of GO after ultra-
sonication. As shown in Figure 5, the TEM images of GO sheets are coupled with numerable
wrinkles and ripples on them. The transparency level of the image indicates the presence
of more layers and functionalization with oxygen-containing groups [42]. Moreover, the
GO-coated silica shows a rough external surface, with visible irregular cavities (Figure 5b).
This must be due to the nanoparticles embedded in the silica backbone. The TEM images
containing the inner core are outer shell shows that the GO was successfully coated on the
silica particles.
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Figure 5. (a) Transmission electron microscopy (TEM) images of synthesized graphene oxide (GO) at
different magnifications. (b) TEM images of graphene-oxide-coated silica in different magnifications
(100 nm, 20 nm and 5 nm).

3.2. Effect of pH on Adsorption of Cr(VI) Ions

The pH is the key factor that affects the removal efficiency of metal ions. It affects
the surface charge of the adsorbent, the degree of ionization, and the speciation of the
adsorbate [43]. To study the effect of the pH on adsorption, experiments were conducted
under the same experimental conditions, at a concentration of 30 ppm and a pH in the
range of 3.0–9.0. The experimental results are shown in Table 2.

Table 2. Percentage of adsorption of Cr(VI) ions using GO and GO-coated-silica nanoparticles at 30 ppm.

pH of the
Sample

Initial
Concentration (Ci)

(ppm)

Final
Concentration (Ce)

(ppm)

Adsorbance
Percentage (%)

GO Si/GO GO Si/GO

3 30 8.08331 5.77240 73.06 ± 0.6 80.76 ± 0.125

5 30 10.09871 10.97567 66.34 ± 0.3 63.41 ± 0.312

7 30 10.00400 10.68623 66.65 ± 0.025 64.38 ± 0.421

9 30 10.11465 11.00769 66.28 ± 0.532 60.97 ± 0.25

From Table 2, it is clear that the optimum pH for the efficient removal of chromium(VI)
ions is pH 3. Basic medium, i.e., pH 9, leads to the least removal of Cr(VI) for both of the
adsorbents (Figure 6). As reported by Zhao et al. [44] and Shirkhanloo et al. [45], at low pH
values, the surface charge of GO is positive due to the protonation reaction. At lower pH
values, the predominant Cr(VI) species mainly exists in the monovalent HCrO4

− form, which
is then gradually changed to the divalent CrO4

2− and Cr2O7
2− as the pH increases [46,47].

Hence, at a lower pH, the surface of GO and GO-SiO2 becomes protonated. Then, the
positively charged surface of the adsorbents strongly attracts oppositely charged Cr(VI)
species through electrostatic interaction, and the adsorption rate increases [48]. Moreover, the
adsorption free energy of HCrO4

− ion is lower than that of CrO4
2−, and, hence, HCrO4

− is
more favorably adsorbed than CrO4

2− at the same concentration [49,50]. As the pH increases,
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the availability of the OH− ions’ concentration increases, thus causing them to compete with
the Cr(VI) ions, leading to the reduction in percentage of adsorption [32]. Thus, this study
reveals that the adsorption quantities of Cr(VI) ions at a lower pH are larger than those of at a
higher pH.

 
Figure 6. Effect of pH on the adsorption of Cr(VI) ion.

3.3. Evaluation of the Adsorption Efficiency of GO and Si/GO at Different Concentrations of
Solutions

Adsorption experiments were conducted with different concentrations of heavy metal
solutions (Ci, 1–200 ppm) at pH 3. Table 3 shows the effect of initial concentration of the
solution under the optimum pH.

Table 3. Percentage of adsorption of Cr(VI) ions from different concentrations of samples, using GO
and GO-coated silica nanoparticles.

Initial Concentration
of the Sample (Ci)

(ppm)

Concentration after Adsorption (Ce)
(ppm)

Percentage of Adsorption (%)

GO Si/GO GO Si/GO

1 0.61504 0.29760 38.49 ± 0.25 70.24 ± 0.65

10 5.94674 2.46630 40.53 ± 0126 75.34 ± 35

30 8.08331 5.77240 73.06 ± 0.6 80.76 ± 0.69

50 6.92333 3.85825 86.15 ± 0.8 92.28 ± 0.45

100 65.34009 52.31453 34.66 ± 0.58 47.69 ± 0.52

200 132.2878 118.8226 33.86 ± 0.87 40.59 ± 0.85

At a concentration of 50 ppm, it was noticed that the percentages of adsorption of
Cr(VI) by GO and GO-SiO2 were at the maximum, i.e., at optimum concentration; the
removal percentage was 86.15% and 92.28% for GO and GO-SiO2, respectively. As the
initial concentration increases, the adsorption percentage of Cr(VI) increases and then
decreases for both the adsorbents. At lower concentrations, the number of Cr(VI) ions
present in the solution is comparatively lower compared to the number of available sites on
the GO and GO-SiO2 nanoparticles [51]. The highest heavy metal concentration (200 ppm)
leads to the lowest removal percentage [52]. Imtithal et al. [31] reported that, at a lower
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concentration of metal ions, vacant sites are available for the adsorption of metal ions,
and, hence, there is a higher adsorption rate. At higher concentrations, the capacity of the
adsorbent becomes exhausted due to the non-availability of the surface sites; i.e., as the
concentration increases, the surface sites of the adsorbents become saturated, leading to
less or no more adsorption (Figure 7). Moreover, it is clear that the adsorption efficiency of
GO-SiO2 is higher than GO at all concentrations. Although the functional groups, such as
epoxy (C-O-C), hydroxyl (-OH), carboxyl (-COOH), and carbonyl (C=O), on the surface
of GO promote the adsorption of metal ions, the aggregation of its layers due to strong
interplanar interactions leads to a reduced metal ion adsorption capacity [53]. GO and
amine-modified silica are good adsorbents, and their combination leads to the formation
of an excellent adsorbent, i.e., GO-SiO2. The increases in the specific surface area and
the number of binding sites of the GO-SiO2 composite contribute to its excellent removal
efficiency [54]. Both amine-modified silica and graphene oxide (GO) are good adsorbents
for removing heavy metals from wastewater. Due to the abundance of functional groups
such as -OH, -COOH, and -C=O, GO has a wide surface area and high adsorption capacity.
These groups have high interactions with heavy metal ions through coordination and
electrostatic interactions, making GO an efficient adsorbent. On the other hand, amino
functional groups in amine-modified silica show potent metal-ion-chelating capabilities.
It is a great adsorbent for metal ions because the amino groups can form complexes with
metal ions through coordination interactions. The GO-SiO2 composite that results from the
combination of these two substances has improved the adsorption abilities for the removal
of Cr(VI) from wastewater. The amine-modified silica provides chelating sites for Cr(VI)
ions, whereas GO provides a high surface area for the adsorption of metal ions. A better
adsorption effectiveness can also result from the presence of amine functional groups on the
silica surface, which can encourage the dispersion of GO and prevent its aggregation. The
interaction between protonated amine and hydro chromate anion exhibits a strong affinity
for graphene oxide, primarily through cation-pi and electrostatic interactions [23,55,56].
Chromium(VI) is easily adsorbed onto the surface of GO due to hydrogen bonding and the
electrostatic interaction of CrO4

2− with the oxygen functionalities in GO. Figure 8 illustrates
the interaction between the amine and silica, graphene oxide with amine-modified silica,
and Cr(VI).

Figure 7. Adsorption of Cr(VI) using GO and Si/GO at different concentrations.
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Figure 8. Schematic representation of the Cr(VI) adsorption mechanism.

3.4. Comparison of Removal Efficiency of Cr(VI) Ions Using Different Adsorbents

In order to compare the efficiency of synthesized nanoparticles for the removal of
Cr(VI) ions from water with the ones reported in the literature, it is appropriate to compare
the removal percentage or adsorbance capacity of graphene oxide (GO) and graphene-
oxide-coated silica nanoparticles (GO/SiO2). In this paper, a comparison of the removal
percentage of different adsorbents with synthesized adsorbents is presented Table 4.

Table 4. Summary of removal percentage of Cr(VI) using various adsorbents.

No. Adsorbent Optimum pH
Removal %

(a)/Adsorption
Capacity (mg/g) (b)

Reference

1 Graphene oxide/silica nanosheets with
multistage pores 2 90 (a) [57]

2 Surface-modified Jacobsite (MnFe2O4)
nanoparticles 2 31.55 (b) [58]

3 GO prepared from Graphite 4 92.8 (a) [32]

4 Maghemite nanoparticles 2.5 97.3 (a) [59]

5 Magnetite nanoparticle 2.5 99.8 (a) [49]

6 Nanostructured graphite oxide 3 63 (a) [31]

7 Silica/graphite oxide composite 3 60.24 (b) [31]

8 Chitosan-grafted graphene oxide (CS-GO)
nanocomposite 2 96 (a) [51]

9 Chitosan GO 3 310.4 (b) [60]

10 Graphene oxide chitosan microspheres
modified with α–FeO(OH) 3 97.69 (a) [61]

11 Trioctylamine-exfoliated graphene oxide
(TOA–EGO) 2.5–3 96.3 [23]

12 Graphene oxide (GO) 3 86.15 ± 0.8 (a) Present study

13 GO-SiO2 3 92.28 ± 0.45 (a) Present study
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It can be observed that an acidic pH in the range from 2.0 to 3.0 was found to be
optimum in most of the studies. An acidic pH is often preferred for the removal of Cr(VI)
from wastewater because it helps to convert the highly toxic and mobile Cr(VI) into its
less toxic and less mobile Cr(III) form. This is because, at lower pH levels, the reduction
of Cr(VI) to Cr(III) is more favorable and occurs more quickly. The reduction of Cr(VI)
to Cr(III) occurs through various mechanisms, such as chemical reduction, microbial
reduction, or electrochemical reduction. However, the efficiency of these mechanisms is
affected by the pH of the solution. At a low pH, the chemical reduction of Cr(VI) is favored,
while at higher pH values, microbial reduction is more favorable. Moreover, at lower pH
values, the solubility of Cr(III) is significantly reduced, which leads to its precipitation
and removal from the solution. This precipitation can occur in the form of various Cr(III)
compounds, such as hydroxides, oxides, or salts. These precipitates are less soluble and
less mobile than Cr(VI), reducing the risk of groundwater contamination and other adverse
environmental impacts.

Compared with other adsorbents, a high absorbance percentage was recorded for
synthesized GO and GO/SiO2 at pH 3. Other adsorbents that are reported in the literature
with a high removal percentage showed maximum adsorption at a pH < 3. A high surface
area and the presence of oxygen-containing functional groups on the surface of GO facilitate
the removal efficiency by complexation with Cr(VI) ions. The higher removal efficiency of
GO/SiO2 can be justified by its enhanced properties.

4. Conclusions

In this study, graphene oxide (GO) and graphene-oxide-coated silica nanoparticles
were successfully synthesized and characterized by FTIR and Raman spectroscopy and
TEM. The synthesized nanoparticles were used for the removal of chromium (VI) ions from
water. The pH was optimized to 3, and the maximum adsorption percentage of Cr(VI) was
observed at a concentration of 50 ppm for both of the adsorbents. A difference of 6.13%
adsorption was observed between GO and GO-coated silica nanoparticles at optimum
conditions. The results of the present study showed that both GO and GO-coated silica
nanoparticles are effective adsorbents for the Cr(VI) removal from water. The adsorption
of Cr(VI) on these synthesized adsorbents is strongly dependent on the pH values and
initial concentration of the solution. GO-coated silica nanoparticles are excellent adsorbents
compared to GO alone, and we highly recommend that they can be used in water treatment
for removing Cr(VI). Further optimization studies are essential for the various applications
of these nanoparticles.

Author Contributions: Conceptualization, K.P.J., S.T. and S.V.P.; methodology, K.P.J., S.A., S.K.S.,
S.T. and S.V.P.;validation, K.P.J., S.T., S.V.P. and S.A.; formal analysis, K.P.J., S.A., S.K.S., P.V., J.S.G.
and S.V.P.; investigation, K.P.J., S.A., S.K.S., P.V., J.S.G. and S.V.P.; resources, K.P.J., S.T. and S.V.P.;
data curation, K.P.J., S.T. and S.V.P.; writing—original draft preparation, K.P.J., S.A., S.K.S., P.V.
and J.S.G.; writing—review and editing, K.P.J., S.T. and S.V.P.; supervision, S.T. and S.V.P.; project
administration, S.T.; funding acquisition, S.T. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was supported by the DST Nanomission project (SR/NM/NT-1054/2015) by the
Department of Science and Technology, Government of India, Defence Research and Development
Organization (DRDO), Naval Research Board (NRB-429/MAT/18-19), RUSA scheme under Ministry
of Education, Government of India, Mahatma Gandhi University for providing University JRF
(4446/AcA6/2022/MGU) and Department of Science and Technology (DST) through Innovation of
Science Pursuit for Inspire Research programme (INSPIRE-IF190284).

Data Availability Statement: Data are available upon request.

Acknowledgments: We would like to acknowledge Anu A.S. (TEM Engineer) at the International
and Inter University Centre for Nanoscience and Nanotechnology, Mahatma Gandhi University,
Kottayam, for performing the TEM Analysis.

86



Crystals 2023, 13, 1047

Conflicts of Interest: On behalf of all authors, the corresponding author states that there is no conflict
of interest.

References

1. Järup, L. Medical bulletin and undefined 2003: Hazards of heavy metal contamination. Br. Med. Bull. 2003, 68, 167–182. [CrossRef]
[PubMed]

2. Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, mechanism and health effects of some heavy
metals. Interdiscip. Toxicol. 2014, 7, 60. [CrossRef]

3. Brevik, E.C.; Burgess, L.C. Soils and Human Health; CRC Press: Boca Raton, FL, USA, 2012.
4. Sperling, M. Chromium. Encycl. Anal. Sci. Second Ed. 2004, 113. [CrossRef]
5. Rodríguez, M.C.; Barsanti, L.; Passarelli, V.; Evangelista, V.; Conforti, V.; Gualtieri, P. Effects of chromium on photosynthetic and

photoreceptive apparatus of the alga Chlamydomonas reinhardtii. Environ. Res. 2007, 105, 234. [CrossRef]
6. Saha, R.; Nandi, R.; Saha, B. Chemistry, and undefined 2011: Sources and toxicity of hexavalent chromium. J. Coord. Chem. 2011,

64, 1782–1806. [CrossRef]
7. Li, Y.; Zhou, Q.; Ren, B.; Luo, J.; Yuan, J.; Ding, X.; Bian, H.; Yao, X. Trends and Health Risks of Dissolved Heavy Metal Pollution

in Global River and Lake Water from 1970 to 2017. Rev. Environ. Contam. Toxicol. 2020, 251, 1–24.
8. Tumolo, M.; Ancona, V.; De Paola, D.; Losacco, D.; Campanale, C.; Massarelli, C.; Uricchio, V.F. Chromium pollution in European

water, sources, health risk, and remediation strategies: An overview. Int. J. Environ. Res. Public Health 2020, 17, 5438. [CrossRef]
9. Vardhan, K.H.; Kumar, P.S.; Panda, R.C. A review on heavy metal pollution, toxicity and remedial measures: Current trends and

future perspectives. J. Mol. Liq. 2019, 290, 111197. [CrossRef]
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Abstract: Graphene derivatives such as reduced graphene oxide and graphene-based composites
are regarded as highly promising materials for optoelectronics and photodetection applications.
Recently, considerable interest has arisen in using facile and environmentally friendly methods of
graphene production. Despite significant progress in experimental studies of graphene and graphene-
based composites, some fundamental questions about their structures, and the interaction between
components in these systems, remain open. In the present work, several atomistic models of oxidized
graphene fragments have been proposed based on XPS compositional analysis and DFT calculations,
representing reduced graphene oxide produced by laser irradiation. The composition of the oxygen-
containing functional groups, their equilibrium configuration and influence on the electronic and
optical properties of graphene sheets were determined. The nature of the low-lying excited states,
as well as the photoactive regions, has also been studied for the proposed models. The calculated
absorption spectra of the graphene sheets were compared with experimental UV-Vis spectrum of
rGO produced by laser ablation.

Keywords: reduced graphene oxide; laser ablation; XPS; time-dependent DFT; Liouville–Lanczos
approach

1. Introduction

From its discovery in 2004 to the present, graphene continues to attract great attention
in various fields of scientific research and applications due to its unique electronic, thermal,
mechanical and optical properties [1]. Graphene is an attractive material for optoelectronic
and photodetection applications [2,3] because it offers a broad spectral bandwidth and fast
response times. However, pure graphene exhibits zero bandgap and weak light absorption;
in addition, it has low solubility in water and tends to aggregate due to interlayer π-π
interactions, which limits its optoelectronic and some other potential applications. For
example, the oxygen functional groups attached to the surfaces and edges of graphene
sheet can significantly modify its electronic, mechanical and optical properties and allows
graphene to be processed easily in dispersions, leading to the plethora of applications,
including solar cells [4–7], sensors [8], supercapacitors [9], and many more. For this reason,
most of the new promising composite materials are based on graphene derivatives such
as graphene oxide (GO), reduced graphene oxide (rGO) [10,11] and zero-dimensional
nanostructures composed of one or few layers [12]. The above materials have tunable
properties and can form stable aqueous suspensions.

Recently GO considered only a simple and inexpensive material for the preparation
of single and multilayer graphene by reduction, but the results of the latest research
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demonstrated a large number of unique optical and electronic properties of GO and
rGO that means they should be regarded as independent nanomaterials with a wide
range of applications [13–15]. Reduced graphene oxide is regarded as a highly promising
material for optoelectronic applications. One of the widely discussed applications for
rGO, due to the growing interest in flexible and stretchable electronic devices, is thin
transparent protective and conductive films, which are mostly used in optoelectronic and
photovoltaic devices as electrodes. Films with a thickness of several atomic layers could
be easily deposited on any hydrophilic surface by simple drop-casting or spin coating
methods [16]. Graphene derivatives are less expensive and more environmentally friendly
in comparison with traditional ITO and can successfully replace it in most applications [10,
17]. Recently, silver- and gold-decorated rGO hybrid sheets were successfully fabricated and
demonstrated low resistance at more than 83% transparency [17]. Ag–rGO films achieved
a sheet conductivity two orders of magnitude higher than that of rGO films [17]. Flexible
field-effect light-emitting diodes based on rGO were constructed by employing a graphene
field-effect transistor [18]. To date, rGO has been successfully used in the fabrication
of organic, perovskite, silicon and dye-sensitized solar cells and photodetectors [4–7,19].
Dye functionalized graphenes, such as rGO nanohybrids with porphyrins, were shown
to possess great potential in the field of photocatalytic hydrogen production and optical
sensing [20,21].

The common methods to obtain rGO include chemical and thermal reduction of GO.
Recently, laser irradiation has been proposed as a promising tool for the reduction of
GO [22–26]. In addition to the spatial control and energy efficiency, the laser reduction
process is much cleaner and less toxic than any chemical method, as it does not require
chemical reactions in acids, or long-term washing procedures [23,25]. Pulsed laser ablation
in liquid has recently attracted increased attention for the synthesis of graphene and
GO quantum dots [27,28]. In our previous work, we reported on graphenic oxidized
films deposited on metal and dielectric substrates by pulsed laser ablation in an inert gas
atmosphere [29]. We have found a significant reduction of oxygen-containing groups in
comparison with the target material. The methods of graphene oxidation/reduction and
fragmentation significantly affect its physical properties, including the mechanisms of
conduction, light absorption and emission. Taking into account the diversity of the possible
graphene derivatives, the application of theoretical methods that could correctly predict
the spectroscopic properties of those materials can serve as a guidance for fabrication
of such materials with desired properties. Generally, rGO is an amorphous system, and
there is no direct experimental information that can provide a clear understanding of its
local microscopic structure. At the same time, an understanding of the atomic structure
can help reveal the mechanisms of interaction of rGO with other molecules, surfaces
and nanostructures, and allow correct interpretation of spectroscopic data. To date there
have been a number of papers on modelling graphene and graphene derivatives. There
are two approaches in modelling graphene oxide. The first is based on periodic density
functional theory calculations and assumes some degree of repeating order in oxygen
atoms’ distribution on the graphene surface [30–32]. The other approach consider graphene
as a finite sheet decorated with oxygen-containing groups [21,33,34]. The finite models, in
spite of the computational complexity, become more preferable as they are physically more
reasonable. They allow reproduction of the edge functionalization of graphene and correctly
describe the adsorption and interaction of graphene with molecules and different surfaces.
Finite models have also been shown to reproduce the optical properties of graphene-based
nanohybrid systems with good accuracy [21,34,35]. Among the various finite structural
models proposed recently [36–38] the Lerf–Klinowski model (LK) [39] was explicitly or
implicitly assumed in the majority of successful functionalization studies [38]. While the LK
model is quite successful in describing the properties of graphene produced by “classical”
chemical methods, it does not account for the structural features of reduced graphene
oxide produced by physical methods, such as hydrothermal and laser reduction [25,40].
The successful validation of structural models relies on the combination of theoretical
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and experimental approaches. In this work, we present atomistic models of oxidized
graphene sheets, produced by laser ablation, based on XPS compositional analysis and
DFT calculations of electronic and optical properties.

2. Materials and Methods

The widely accepted Lerf–Klinowski model [39] and other finite structural models [36,37]
describe GO as carbon planes heavily decorated with epoxy and hydroxyl groups on the
surfaces and carbonyl and carboxyl groups at the edges of the nanosheets. These oxygen
groups are mostly removed from the surface in rGO by the use of chemical reducing agents
such as hydrazine and its derivatives, sodium borohydride or hydroiodic acid, or physical
reducing agents such as heat and optical radiation. In the case of laser irradiation of GO
or oxidized carbon material, several processes can occur including photochemical and
photothermal removal of oxygen functional groups, which is accompanied by laser ablation,
and structural reorganization of the newly formed carbon lattice into the planar sp2-
conjugated graphenic structure [26]. Fragmentation of carbon materials in solvents by laser
irradiation can be explained within the model of Coulomb explosion [41]. As a result of this
process in the laser plume, carbon precursors are ablated to the quantum size, and solvent
can decompose into small molecules. The decomposed molecules can functionalize ablated
graphenic fragments, which can significantly modify the final optoelectronic properties
of the graphenic material. In contrast to chemically reduced graphene oxide, not only
carboxyl and hydroxyl groups, but also ketones and quinones can remain on the edges of
graphene sheets after laser ablation. Because of this, the Lerf–Klinowski model may not
accurately describe the structure of graphene sheets produced by laser irradiation.

In this work, we propose several models of oxidized graphene, based on XPS com-
positional analysis of carbon films deposited on a silver substrate by laser ablation. The
details of sample preparation and characterization are presented in supplementary infor-
mation and in [29]. In our simulations, we considered rGO as a two-dimensional finite
system, which contains randomly distributed graphene sheets of different sizes; recently
this approach has been successfully applied to study GO/rGO-based nanohybrid sys-
tems [21,34,35]. XPS spectra allowed us to determine the type and amount of functional
groups attached to carbon atoms, as well as the average carbon-to-oxygen ratio C/O in the
graphene sheet. The core-level 1s carbon and oxygen spectra (Figure S2 in the Supplemen-
tary Materials) has shown that the ablated nanocarbon contains oxygen, singly bonded
to aliphatic carbon (hydroxyl and/or epoxy groups), oxygen doubly bonded to aromatic
and aliphatic carbon (carboxyl, carbonyl and quinone groups), and oxygen singly bonded
to aromatic carbon (phenol groups) (Table S1 in the Supplementary Materials). The C/O
ratio was estimated at ca. 6.6 which indicates that a large amount of the oxygen-containing
groups were removed upon ablation. The partial restoration of the sp2 honeycomb lattice
was confirmed by Raman spectroscopy (Figure S3 in the Supplementary Materials). In this
study we neglected the occurrence of point defects within the graphene sheets. Thus, in
our models, graphene sheets consisted of a polyaromatic core with honeycomb lattice and
oxygen functional groups at the edges, as illustrated in Figure 1.

Our approach was based on the search for structures with minimum total energy and
a singlet ground-state electronic configuration. The characteristic dimensions of the sheets
ranged from 1.6 nm to 2.3 nm, and the carbon-to-oxygen ratio within sheets ranged from 6.1
to 7. As a polyaromatic core, we considered stable structures with low and high symmetry
(including D3h and D6h), containing both zigzag and armchair edges. For the final oxi-
dized structures with the lowest ground state energy, the complete structural optimization
was carried out using density functional theory within the plane-wave pseudopotential
method [42].

The Kohn–Sham orbitals have been expanded in plane waves up to a kinetic energy
cutoff of 60 Ry. The norm-conserving Hartwigsen–Goedeker–Hutter pseudopotentials were
used. The oxidized sheets were separated from their periodic images in the supercell by at
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least 12 Å of vacuum. The atomic positions in the supercell were fully optimized with the
force threshold of 2·10−3 Ry/Å.

 
Figure 1. Atomistic models of oxidized graphene sheets: (a)—C47H18O7, (b)—C49H18O7, (c)—
C55H18O8, (d)—C61H22O10, (e)—C84H26O13, (f)—C98H24O14.

The optical properties of the systems were studied using the linear-response time-
dependent density functional theory. All computations were performed with the B3LYP
hybrid functional. We compared the performance of different exchange-correlation func-
tionals, including hybrid PBE0, BHLYP, and range-separated ωB97X functional. Semilocal
GGA-functionals are known to underestimate excitation energies of simple polyaromatic
molecules. However, it was found that hybrid functionals with different amounts of
Hartree–Fock exchange give a rather large spread in the values of the excitation energies.
The best agreement of calculated excitation energies with experimental absorption spectra
of simple polyaromatic molecules was found using the B3LYP level of theory (Table S2 in
the Supplementary Materials).

For each atomistic model, the first 25 singlet excited states corresponding to vertical
electronic transitions were calculated. The excitation energies were determined by calcu-
lation the eigenvalues and eigenvectors of a Liouvillian superoperator using the iterative
procedure analogous to Davidson diagonalization, as implemented in the turboTDDFT2.0
code [43]. Absorption spectra were calculated using the linear-response recursive Lanczos
approach [44]. In this method the frequency-dependent dipole susceptibility is written as
a matrix element of the resolvent of the system’s Liouvillian. The imaginary part of the
susceptibility has been plotted representing the absorption spectra.

3. Results and Discussion

Total energy calculations showed, that oxygen-containing functional groups in graphene
sheets tend to be located on edge carbon atoms that do not belong to aromatic sextets (so-
called K-regions). It has also been found that carbonyl groups are most stable when they
form dimers on the K-regions, similar to the 1,2-benzoquinone structure. Calculations have
shown that sp3-bonded hydroxyl groups also tend to be located in the 1,2-configuration on
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the edge carbon atoms in K-regions, but are oriented on opposite sides of the rGO sheet.
The rearrangement of phenolic and carboxyl groups on the edges did not significantly
change the total energy of the systems under study.

The electronic structure and absorption spectra of the polyaromatic cores were calcu-
lated for a better understanding of the role of oxygen functional groups. The electronic
structure and optical properties of polyaromatic molecules largely depend on their symme-
try. Structures C48H18, C54H18 and C96H24 with D3h and D6h symmetry respectively exhibit
degenerate HOMO/HOMO-1 and LUMO/LUMO + 1 orbitals leading to wider energy gaps
and transitions at shorter wavelengths (Figure S4 in the Supplementary Materials). The
highest energy gap of 3.11 eV was observed for the C48H18 molecule with D3h symmetry
(Table S3 in the Supplementary Materials).

Oxidation leads to symmetry reduction and splitting of degenerate levels. The ground
state Kohn–Sham (KS) energy levels diagram of the oxidized graphene sheets is shown in
Figure 2. All structures demonstrate singlet ground state electronic configuration and an
energy gap in the range from 1.77 eV to 2.29 eV. Analysis of charge density distribution for
the chosen molecular orbitals has shown that the highest occupied molecular orbitals of
the systems are formed predominantly by π-electrons in an aromatic core, while the lowest
unoccupied MOs are localized at the K-regions with carbonyl groups and originate from
p-electrons of carbon and oxygen (Figure S5 in the Supplementary Materials).

 

Figure 2. Ground state KS energy levels of rGO fragments.

Typically, large polycyclic aromatic molecules reveal three characteristic optical bands
α, p, and β with increasing intensity in the absorption edge [45,46]. The α-band with
the highest wavelength is usually very weak and symmetry-forbidden in high symmetry
groups. The p-band originates from HOMO → LUMO transition, it can be observed in
the low-symmetry structures C46H18, C60H20, and C82H24 as the first intense absorption
peak (the S1 peak in Figure 3g,j,k). The β-band has the lowest wavelength of the three
and corresponds to a transition from HOMO to the second lowest unoccupied orbital
(LUMO + 1) [47]. In the high-symmetry polyaromatic cores C48H18, C54H18, C96H24 p-
bands are symmetry-forbidden, and very intense β-bands represent the absorption edge
(S3–S4 bands in Figure 3h,i,l). These structures exhibit narrow absorption spectra with only
few transitions.
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Figure 3. Calculated absorption spectra of oxidized graphene sheets and corresponding polyaromatic
cores: (a)—C47H18O7; (b)—C49H18O7; (c)—C55H18O8; (d)—C61H22O10; (e)—C84H26O13; (f)—C98H24O14;
(g)—C46H18; (h)—C48H18; (i)—C54H18; (j)—C60H20; (k)—C82H24; (l)—C96H24.

Oxygen functional groups modify the absorption spectra of unoxidized structures.
Oxidized graphene sheets have the lowest C1 symmetry, which leads to more allowed
transitions and broader, less structured absorption spectra. For all oxidized structures, we
can observe the occurrence of a long-wavelength absorption tail formed by the low-energy
excited states (Figure 3a). We numbered the most characteristic absorption bands in the
visible range in accordance with those excited states that make the dominant contribution
at corresponding frequencies. Thus, for example, in the model C47H18O7, the absorption
edge is formed due to S0 → S1 transition (Figure 3a), and the second intense absorption
peak (denoted S4) at 500 nm is due to S0 → S4 (it originates from the S1 transition of
the polyaromatic core C46H18 (Figure 3g). The data on excitation energies, wavelengths,
oscillator strengths and transition coefficients for the considered models are presented in
Table 1.
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Table 1. Compound, the most intense singlet–singlet transition, photon energy, wavelength, sum of di-
agonal elements of the imaginary part of dynamic polarizability and principal transition components
in terms of ground-state KS orbitals (H = HOMO; L = LUMO).

Compound S → S Transition
E

(eV)
λ

(nm)
Σχii

(e2a2/eV)
Transition Components

C47H18O7

S0 → S1 1.95 636 0.08 H → L (99%)

S0 → S4 2.48 500 0.43 H → L + 1 (58%) H → L + 2 (18%)

S0 → S7 2.94 422 0.20 H-1 → L + 1 (53%) H → L + 2 (25%)

S0 → S13 3.39 366 0.29 H-5 → L (75%)

C49H18O7

S0 → S1 1.85 670 0.18 H → L (95%)

S0 → S3 2.16 574 0.17 H-1 → L (92%)

S0 → S4 2.60 477 0.30 H → L + 1 (72%)

S0 → S9 3.20 387 0.40 H → L + 2 (40%) H-1 → L + 1 (21%)

S0 → S15 3.46 358 0.17 H-1 → L + 2 (34%) H-2 → L + 1 (17%)

C55H18O8

S0 → S1 1.84 674 0.12 H → L (92%)

S0 → S4 2.33 532 0.52 H → L + 1 (44%) H-1 → L (40%)

S0 → S7 2.76 449 0.51 H → L + 2 (55%) H-1 → L + 1 (21%)

S0 → S9 2.98 416 0.29 H-1 → L + 2 (45%) H → L + 3 (40%)

S0 → S11 3.03 409 0.22 H → L + 3 (46%) H-1 → L + 2 (29%)

C61H22O10

S0 → S1 1.58 785 0.18 H → L (85%)

S0 → S2 1.81 685 1.43 H → L + 1 (84%)

S0 → S7 2.59 479 0.17 H → L + 2 (51%) H-1 → L + 1 (21%)

S0 → S9 2.79 444 0.24 H-2 → L (78%)

C84H26O13

S0 → S1 1.74 713 0.41 H → L (93%)

S0 → S4 2.18 569 0.28 H → L + 1 (66%) H-1 → L + 2 (10%)

S0 → S7 2.50 496 1.30 H-1 → L + 1 (41%) H → L + 2 (29%)

S0 → S10 2.63 471 0.80 H-1 → L + 2 (33%) H → L + 3 (26%)
H-3 → L (26%)

C98H24O14

S0 → S1 + S2 1.61–1.63 761–770 0.43 H → L (61%) H → L + 1 (27%)

S0 → S6 2.10 590 0.72 H → L + 2 (48%) H → L + 3 (18%)

S0 → S11 2.37 523 1.09 H-1 → L + 3 (48%) H-2 → L + 1 (13%)

In order to better understand the individual absorption bands and photo-active regions
we calculated the real-space electron charge-density response to a perturbing electric field
n’(r,ω) [48]:

n′(r, ω) = 2
Nv

∑
v=1

ϕo
v(r)

(
ϕ′

v(r, ω) + ϕ′∗
v (r,−ω)

)
, (1)

where ϕo
v(r)-unperturbed (ground-state) KS orbitals, Nv-number of occupied KS states,

ϕ′
v(r, ω) = ϕv(r, ω) − ϕo

v(r)-first-order response orbitals at frequency ω. The factor 2
accounts for the spin degeneracy of molecular orbitals in non-magnetic systems.

Response charge density of the most prominent transitions in the oxidized graphene
sheets is shown in Figure 4. So, for example, in the case of the C47H18O7 model, it can
be seen that the weak S1 absorption band appears due to an electron-density response
associated with electron-withdrawing carbonyl groups and neighboring carbon atoms. In
contrast, the intense S4 band in this model, which has a maximum at 500 nm, is formed
due to the response of the electron density of carbon atoms in the polyaromatic core. This
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density is delocalized throughout the graphene sheet and is not related to the activity of
oxygen groups. Therefore, the S4 band originates from the S0 → S1 transition in the C46H18
core. Transitions in the short-wave visible and near-UV regions are of mixed origin. Thus,
for example, the absorption peak at 378 nm in the C47H18O7 structure is due to the response
of the electron density localized both on the carbon atoms of the polyaromatic core and on
the hydroxyl, carboxyl, and carbonyl groups.

 

Figure 4. Response charge density to a perturbing electric field of selected wavelength for the oxidized
graphene models: (a)—C47H18O7; (b)—C49H18O7; (c)—C55H18O8; (d)—C61H22O10; (e)—C84H26O13;
(f)—C98H24O14.

The most significant changes in absorption spectra were found for the structures
C49H18O7 and C55H18O8 (Figure 3b,c). While the C48H18 structure exhibits absorption only
in the ultraviolet region, the optical spectrum of the structure C49H18O7 covers the entire
visible range. The C49H18O7 and C55H18O8 models have a similar absorption spectrum. In
the long-wave range, according to Figure 3 and Table 1, the absorption spectrum of these
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systems is formed due to the transitions between two highest occupied and two lowest
unoccupied molecular orbitals. In both structures the S1 absorption edge corresponds to
the transition from the ground state to the first singlet excited state. It can be seen from
the analysis of transition components that the S0 → S1 excitation is entirely determined by
the HOMO → LUMO transition in these models. From Figure 4b,c one can see that the
absorption edge is related to the optical activity of the carbonyl groups and neighboring
carbon atoms, similar to the C47H18O7 model. In the C49H18O7 model, the S3 absorption
band at 574 nm is also related to this photo-active region because it is formed mainly by the
transition HOMO-1 → LUMO to the lowest unoccupied orbital. According to Figure 4b,c
the S4 absorption band in the models C49H18O7 and C55H18O8 is largely due to the optical
response of carboxylic and carbonyl functional groups. In the case of the C61H22O10 model
the low-symmetry polyaromatic core produces an intense S2 absorption band associated
with the low-energy π→ π* transitions (HOMO → LUMO + 1). The spectrum also features
the weak absorption edge at 785 nm due to the response of carbonyl groups as in the previ-
ous models (Figure 4d). The models C84H26O13 and C98H24O14 with the largest number
of carbon atoms in the core demonstrate absorption spectra similar in structure despite
differences in symmetry and C/O ratio. The long-wavelength absorption tail as in the
previous models is formed by the HOMO → LUMO and HOMO → LUMO + 1 transitions
(Figure 3e,f) and is related to the response of the electron-withdrawing oxygen functional
groups and response of polyaromatic core (Figure 4e,f). The most intense absorption
bands in these models are observed in the wavelength range of 500–600 nm. In the system
C84H26O13 the absorption maximum in the visible region is at 496 nm and is related to the
electronic transitions in the sp2-carbon network. In the C98H24O14 model, the absorption
maximum is at 523 nm, and is due to the response of the zigzag edges as well as phenolic
and carbonyl functional groups.

In order to understand which models better reproduce the optical properties of rGO
we made a comparison of the calculated absorption spectra with the experimental UV-
Vis spectrum of rGO suspensions, produced by laser ablation of high purity carbon tape
(Figure 5). It should be noted that rGO samples measured in the experiment consist of
multiple graphene sheets with different size, symmetry and arrangement of functional
groups, thus the experimental absorption spectrum yields an averaged picture, and a single
finite model is unable to reproduce this. The experimental spectrum features the absorption
maximum at 240 nm which corresponds to a π-π* plasmon peak, and a relatively continuous
absorption tail up to 1000 nm. There are also no distinguishable features corresponding to
n-π* transitions.

 

Figure 5. Comparison of experimental UV-Vis spectrum and the calculated absorption spectra of
rGO fragments with high-symmetry (a) and low-symmetry polyaromatic core (b).

We divided the calculated spectra into two parts. In Figure 5a,b we have compared the
experimental spectrum with calculated spectra representing models with a high-symmetry
and low-symmetry polyaromatic core, respectively. From Figure 5b it can be seen that
the calculated spectra of the models with a low-symmetry polyaromatic core accurately
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reproduce the position of the UV absorption maximum, but feature intense absorption
peaks in the visible region, which are not observed in the experiment. In contrast, the
spectra of the high-symmetry models are shown to better reproduce the experimental
absorption tail throughout the visible range, though the absorption maximum was found
to be blue-shifted in these models. The best agreement with experiment in the visible
range was found for the combination of models C47H18O7, C49H18O7 and C55H18O8.
The calculated coefficient of determination for the weighted sum of these models in the
wavelength range from 380 to 800 nm was 0.91.

4. Conclusions

In the present work, we proposed several atomistic models of rGO fragments based
on XPS composition analysis of graphenic carbon produced by pulsed laser ablation and
studied their optical properties using time-dependent DFT. It was shown that carbonyl and
sp3-bonded hydroxyl functional groups in graphene sheets tend to locate on edge carbon
atoms that do not belong to aromatic sextets; in addition, carbonyl groups are most stable
when they form dimers.

Optical absorption of rGO, produced by laser reduction in the long-wavelength region,
may be due to the optical activity of carbonyl groups, and low-energy π → π* transitions
in the polyaromatic core of graphene sheets. The symmetry of the polyaromatic core affects
the absorption intensity in the visible region, and the position of the absorption maximum
in the UV region. A low-symmetry polyaromatic core in oxidized graphene sheet produces
intense absorption bands in the visible range, which originate from intense p-bands. These
bands were found to be blue-shifted and had a lower intensity when compared to the
original p-bands. The calculated absorption spectra of the low-symmetry models were
shown to accurately reproduce the experimental position of the π → π* plasmon peak in
the UV region, while the high-symmetry models were better at reproducing the absorbance
in the visible region.

Understanding the atomic structure of graphene derivatives and its correlation with
electronic and optical properties can help in the interpretation of new spectroscopic data
and can serve as a guidance for the fabrication of new graphene-based hybrid materials
and interfaces for optoelectronic applications.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst13040600/s1, Figure S1: Survey XPS spectrum and carbon
1s deconvoluted core-level spectrum of target material; Figure S2: Survey XPS spectrum of rGO
deposited on silver substrate (top) and 1s deconvoluted core-level spectra of carbon and oxygen
(bottom) Table S1: XPS composition analysis, fitting parameters and C/O ratio of the as-prepared
sample; Table S2: Calculated and experimental positions of p- and β-bands in the absorption spectra
of simple nanographenes. Calculations performed using plane-wave pseudopotential method and
B3LYP XC functional. Figure S3: Raman spectrum of the as-prepared sample; Figure S4: Ground
state KS energy levels of polyaromatic cores; Table S3: Composition, C/O ratio in graphene sheet,
positions of HOMO and LUMO, and energy gap of the rGO sheets and corresponding aromatic cores,
calculated using plane-wave pseudopotential approach and B3LYP functional; Figure S5: Charge
density distribution in real space for the frontier molecular orbitals: HOMO, LUMO, HOMO-1, LUMO
+ 1. (a)-C47H18O7, (b)-C49H18O7, (c)-C55H18O8, (d)-C61H22O10, (e)-C84H26O13, (f)-C98H24O14.
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Abstract: Zigzag nanoribbons tailored from chemically surface-modified Sb or Bi monolayers by
methyl, amino or hydroxyl are investigated through first-principles electronic-structure calculations
to explore their potential applications in topological transport nanoelectronics. It is verified by
Dirac-point-like energy dispersion of band-edges near Fermi level that the scattering-forbidden
edge-states of these nanoribbons can give a topological conductive channel with extremely high
electron mobility. Accordingly, Sb/SbXHn/Sb and Bi/BiXHn/Bi nanoribbon double-heterostructures
(SbXHn or BiXHn: XHn = CH3, NH2, OH) are designed as resonant tunneling transistors and mod-
eled by bipolar transport devices with their electron transport characteristics being calculated by
nonequilibrium Green’s function combined first-principles schemes. Ballistic equilibrium conduc-
tion spectra and current-voltage characteristics prove that quantum conductance currents of these
nanoribbon double heterostructures originate from the electron resonant tunneling between the
topological edge-states of the two constituent Sb or Bi monolayer nanoribbons through the central
barrier of SbXHn or BiXHn nanoribbon segment. This renders a high resonant current peak with
strong negative differential conductance, thus being competent for zero-loss and ultrahigh-frequency
resonant tunneling nanotransistors.

Keywords: first-principles calculation; two-dimensional topological material; quantum ballistic
conductance; resonant tunneling transistor

1. Introduction

Nanostructures of two-dimensional (2D) materials are more sensitive to accurate
processing due to their controllable electronic edge-states at atomic scale, implying their
higher compactness and stability than three-dimensional (3D) materials in electronic device
integration [1]. When silicon technology reaches the development of super-devices, the
miniaturization of energy-saving transistors will focus on how to avoid the size limitation
that leads to increased power consumption and decreased performance [2], in which
2D materials are expected to replace silicon-based 3D materials as electron transport
channels [3]. However, since graphene-like materials even with an ultra-high electron
mobility still lack a sufficient bulk electronic band-gap, the research focus of 2D topological
materials has shifted to other 2D systems, such as indium selenide (InSe) and vanadium
diselenide monolayer transistors [4,5]. Hexagonal graphene/boron-nitride sandwiched
structure can realize electron resonant transitions by aligning Fermi levels of graphene
electrodes, thus producing strong negative differential conductance with an extremely high
peak-to-valley ratio, which is expected to be applied in ultrahigh-frequency and energy-
saving electron transport devices [6]. In the 2D family of III-VI compounds, it has been
demonstrated by both experimental material syntheses and electron-transport simulations
that the carrier mobility of multi-layered InSe nanotransistor reaches ~2 × 103 cm2/(V·s) at
room temperature due to its high robustness to intra-band tunneling current, resulting in a
higher open-to-switch current ratio than that of transition-metal dichalcogenides [7,8].
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When the size of microelectronic components is reduced to less than 14 nm, the limita-
tions to high-density microcircuit manufacturing technology and device performance can be
overcome by developing new transistor channels [9,10]. The size of electron transport chan-
nel determines the global device size of electron transistor, which is inversely proportional
to operation speed and energy efficiency [11,12]. The resonant tunneling transistor (RTT)
made of 2D topological insulators (TIs) has attracted significant attention in recent years
due to its great potential in applications of logic gates and signal processing devices [13–16].
Non-equilibrium Green’s function combined with conjugate orbital tight-binding approach
has been employed to calculate electron transports in graphene nanoribbon RRTs, which
elucidated the effects of nanoribbon shape and operation temperature on electron resonant
tunneling, and proved the versatile tuning functions realized by adjusting width and length
of tunneling channel [13]. The graphene/boron-nitride(BN)/graphene nanoribbon double
heterostructures represent an obvious resonant peak and the strong negative differential
conductance in peak-valley ratios of 1~4, in which tunneling oscillation currents in radio fre-
quencies can also be introduced for ultrahigh frequency devices [12,14]. Electron transports
in the transversely repeated graphene/BN multi-heterostructures represent distinct charac-
teristics of electron resonant tunneling [15]. When employing the graphdiyne nanoribbon
with an extremely high electron mobility as electron transport channel in nanoribbon
RTTs of graphene/graphdiyne/graphene double-heterostructures, the resonant current
peak-valley ratio approaches to 4.5~6.0 [16].

Hexagonal honeycomb 2D elemental materials composed of antimony (Sb) or bismuth
(Bi) element have a strong spin-orbit coupling and are expected to become a new family of
2D TIs at room temperature [17,18]. The Sb (111) atomic bi-layer can be converted into a
two-dimensional topological phase by applying bi-axial strains in layer-plane, while Bi (111)
bi-layer is a characteristic 2D topological insulator with a bulk band-gap of ~0.2 eV [19].
Although Bi monolayer 2D material has been experimentally prepared, its quantum spin
hall effect has not been observed [20,21]. The 2D topological materials with large bulk
band-gaps can be obtained through the surface chemical modification of halogenation
or hydrogenation, but the plasma method used for material preparation leads to a hike
in lattice defects, and even causes obvious impacts on topological properties [22]. In
contrast, the surface chemical decorations by functional groups (surface functionalization)
undergo a significantly slower reaction dynamic process, which is preferable to passivate
surface conjugate bonds of 2D materials and increase bulk band-gap [23]. Furthermore,
the hydrogenated surface is vulnerable to be oxidized at room temperature and ambient
pressure, and has a poor chemical stability, while the chemical group functionalized surface
presents an antioxidant ability and a higher thermal stability [24–26]. In addition to
improving chemical stability and obtaining a sufficient bulk band-gap that can resist
thermal excitation of electrons at room temperature, the surface chemical modifications can
also ameliorate band structure and topological state of 2D topological materials [27–31].

In the present study, the nanoribbon electronic structures of methyl, amino, or hy-
droxyl surface-functionalized Sb and Bi monolayers (SbXHn and BiXHn monolayers:
XHn = CH3, NH2, OH) are investigated by first-principles calculations. By local surface
functionalization on the central region of Sb or Bi monolayer nanoribbon by methyl, amino
or hydroxyl group, the bipolar transport device models of Sb/SbXHn/Sb and Bi/BiXHn/Bi
double-heterostructures are built up, for which electron transport characteristics (quantum
ballistic conduction spectra and current-voltage curves) are calculated by nonequilibrium
Green’s function combined with first-principles method. It is objective of applying surface-
functionalized Sb and Bi momolayer nanoribbons to RTT channels in the merit of designing
and manufacturing ultra-fast nanotransistors with 2D topological materials.

2. Modelling and Calculation Methodology

Based on 2D periodic structures of Sb or Bi and SbXHn or BiXHn (surface modified
by functional groups: XHn = CH3, NH2, OH) monolayers, the nanoribbons with the
two edges in zigzag atomic alignment (zigzag nanoribbons) are modeled for various widths,
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whose electronic band structures in one-dimensional Brillouin zone are calculated by first-
principles all-electron numerical basis-set schemes, as implemented in Dmol3 code of
Materials Studio package (Accelrys Inc., Materials Studio version 2020.08, San Diego,
CA, USA). One-dimensional nanoribbons are modeled in virtual 3D periodic lattice: a
~30 Å vacuum layer is set between the two adjacent periodic images to completely avert
electron wave-function overlaps between adjacent nanoribbons in 3D periodic lattice, which
actually represents a nanoribbon one-dimensional structure. The constructed models of Sb
or Bi and SbXHn or BiXHn monolayer zigzag nanoribbons are flanked by identical atom
aligning sequences, thus possessing the similar space inversion symmetry as their host 2D
monolayers. Nanoribbon width is evaluated by the number of hexagonal rings Nw of Sb or
Bi atoms in nanoribbon lateral direction, namely the number of double Sb or Bi atoms in
nanoribbon periodic unit. The Sb or Bi atoms at the two nanoribbon edges are chemically
covered with hydrogen atoms to passivate the unsaturated edge bonds. Bipolar transport
device models of Sb/SbXHn/Sb and Bi/BiXHn/Bi nanoribbon double-heterostructures are
established to simulate RRTs, as shown in Figure 1: total length of central scattering region
is persisted to 12 nanoribbon periodic units (electron scatterings at two electrodes cannot
affect each other); the length of SbXHn or BiXHn nanoribbon segment is specified by NL
(the number of nanoribbon periodic units); nanoribbon orientation is specified along [100]
crystallographic direction of host 2D monolayer (zigzag edge).

Figure 1. Bipolar transport device models of Sb/SbXHn/Sb or Bi/BiXHn/Bi double-heterostructure
RRTs, where two semi-infinite electrodes are specified at two terminals of Sb or Bi monolayer
nanoribbons. Purple, gray, blue, red and white spheres represent the chemically bonding atoms of
Sb or Bi, carbon, nitrogen, oxygen and hydrogen respectively. Shallow blue and deep blue colors
indicate buffer and electrode regions respectively.

Geometry optimizations of these nanoribbons and their double-heterostructures are
performed by Smart iteration algorithm until iteration energy difference, atomic force
and atom displacement are less than 0.02 kcal/mol, 0.1 kcal/mol/Å and 0.001 Å, respec-
tively. Quantum ballistic conduction spectra (electron transmission spectra) and current
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versus voltage variation profiles of Sb/SbXHn/Sb and Bi/BiXHn/Bi nanoribbon double-
heterostructures are calculated by non-equilibrium Green’s function combined with first-
principles all electron orbital basis method [32–34]. The specified schemes and parameter
settings of Dmol3 code adopted to calculate band structure and electron transport are listed
in Table 1.

Table 1. Specifications in band structure and electron transport calculations with Dmol3 code.

Electron-State Solution Schemes Specification

Exchange-Correlation Functional Gradient Corrected Approximation PBEsol [35]
Potential Core Treatment all electron relativistic [36]
Basis Set Numerical Atom-Orbit Double Polarization

Orbital Cutoff Global 5.0 Å

Self-Consistent Field Iteration
Tolerance 1 × 10−6 Ha/atom

(1 Ha = 27.2 eV)
Multipolar Expansion Hexadecapole

Density Mixing Charge Amplitude = 0.2
BZ Integration k-sampling (band structure) Monkhorst-Pack Grid [37] 1 × 1 × 10

BZ Integration k-sampling (electron transport) Uniform Grid 0.02 Å−1

Poisson Solver [38]
(electron transport)

Buffer Length 7.5 Å
Poisson Grid Maximum Element 0.5 Å
Electrode Boundary Condition Dirichlet

Side Boundary Condition Neumann
Electrode Buffer Length 3 Å

3. Results and Discussion

3.1. Electronic Band Structure

For Sb and Bi monolayer nanoribbons, the pz-orbital of Sb or Bi atoms is laterally
coupled into a huge delocalized conjugate π bond to form one-dimensional electron gas
in monolayer plane. The conjugate π bonding electrons near the two edges of Sb or Bi
monolayer nanoribbon give rise to a highly conductive channel along nanoribbon extension
direction, which appears in band structure by multiple overlapping metallic bands crossing
with Fermi level along G-X path of one-dimensional Brillouin zone, as shown in Figure 2.
Although the nontrivial topology of Sb or Bi monolayer keeps their topological nanoribbon
edge-states being protected for back-scattering forbidden, the Dirac-point of topological
edge-states at Brillouin zone boundary X is significantly higher than Fermi level and cannot
be incorporated into metallic bands of one-dimensional electron gas near Fermi level.
Nevertheless, when nanoribbon width is raised to Nw > 2, the electronic-state density of Sb
or Bi pz-orbitals near Fermi level increases enough to cause the band of topological edge-
states just below Fermi level elevating to Fermi level. Consequently, a Dirac cone is formed
at Fermi level with a smaller effective electron mass than both the conjugate π bonds at
Fermi level and the topological edge-states considerably higher than Fermi level, implying
that a significant part of electron-states at Fermi level are under topological protection from
back scattering, which is actually a nontrivial topology defined by Chern’s number that
will be spin-splitting in broken time-reversal symmetry under magnetic field as 2D free
electron gas [39]. For an even wider Sb or Bi monolayer nanoribbon, this character is more
evident in band structure.

As shown in Figure 3 for the calculated band structures of SbXHn or BiXHn monolayer
zigzag nanoribbons, the Fermi level, especially for BiCH3 nanoribbon, is overall ~1 eV
higher than that of Sb or Bi monolayer zigzag nanoribbons. Surface functionalization on Sb
and Bi monolayer nanoribbons causes a complete transformation of band structures near
Fermi level, which manifests Z2 invariant (time-reversal symmetry) topological properties
derived from hexagonal honeycomb arrangement of Sb or Bi atoms. When Nw > 4, the Z2
invariant topological edge-states on two nanoribbon edges cannot couple each other, and
a separate Dirac-cone-like band dispersion is formed at Brillouin zone boundary X point
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near Fermi level which is slightly higher than Dirac-point. The coupling of topological
edge-states between the two nanoribbon edges can open a electronic band-gap and decrease
Fermi level, as indicated by the slightly increasing Fermi level with Nw at Nw < 5 and the
constant Fermi level at Nw > 4.

Figure 2. Band structures of Sb (top panels) and Bi (bottom panels) monolayer zigzag nanoribbons
for diverse widths (Nw = 2~7). Vacuum free electron energy is set as energy zero and Fermi level is
indicated by horizontal dash line.

The Fermi level of Sb or Bi monolayer nanoribbon decreases with the increase of
Nw, as shown by the left panel in Figure 4. This proves that Fermi-level electron-states
are partly derived from the coupled pz-orbitals of the huge delocalized π bond which is
subject to the quantum confinement by nanoribbon width, because the energy level of
quantum-confined electrons should decrease with confinement dimension. On the contrary,
the Fermi level of SbXHn or BiXHn monolayer nanoribbons increases slightly or persists
unchanged with the increase of Nw, as shown by the right panel in Figure 4, indicating that
Dirac point near Fermi level comes completely from Z2 invariant topological edge-states
which is distinguished from electron-states internal nanoribbons.

3.2. Electron Transport in Quantum Resonance

Given that the present nanoribbon double-heterostructure RRTs have mirror or in-
version symmetry in atomic structures, it is equivalent of applying positive and negative
voltages in opposite directions of bipolar device. Hence, one electrode is arbitrarily chosen
as positive electrode and the other one as negative electrode to be applied with Ub/2 and
−Ub/2 electrostatic potential, respectively, for the modeled double-heterostructure bipolar
devices, where Ub is defined as bias voltage (or voltage bias) and specified in range of
0~1 V to calculate quantum ballistic conduction spectra (electron transmission spectra) and
current versus bias voltage (I-Ub) profiles, as shown in Figure 5. A threshold voltage is
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defined here specifically as the bias voltage where the initial electric current rises to 1/10
of peak current. There is an inevitable Ohmic-like electric conduction due to the coupling
between high-mobility topological edge-states of Sb or Bi and SbXHn or BiXHn nanorib-
bons at Sb/SbXHn or Bi/BiXHn interfaces (heterojunctions), which can be intensified by
increasing electric field at these heterojunctions but will approach an uppermost limit at a
bias voltage below resonant tunneling threshold.

(a)

Figure 3. Cont.
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(b)

Figure 3. Band structures of (a) SbXHn and (b) BiXHn monolayer zigzag nanoribbons (Nw = 2~7)
with their surfaces being chemically decorated by methyl, amino or hydroxyl group. Vacuum free
electron energy is set as energy zero and Fermi level is indicated by horizontal dash line, and Eg

denotes energy band gap.

When Ub is lower than threshold voltage (Uth = 0.3~0.4 V), the quantum conductance
current is still smaller than 1 μA. With the increase of Ub, the Fermi level contributed by
topological edge-states of Sb or Bi monolayer nanoribbon segment in the relatively low
electric potential area (source region) elevates gradually in these double-heterostructure
RRTs, and the triangular energy barrier formed by the quasi Fermi level in central SbXHn
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or BiXHn nanoribbon segment (tunneling channel) becomes more accurate, which means
a decreasing length of tunneling channel. Accordingly, when Ub exceeds Uth, electron
resonant tunneling occurs between the topological edge-states of the two constituent Sb or
Bi monolayer nanoribbons, and the quantum conductance current increases exponentially
with the increase of Ub. Since the transporting electrons near Fermi level are dominantly
derived from nanoribbon topological edge-states, for which the back-scattering is forbidden
by topological protection, the mobility of electron transport is completely determined by
effective electron mass of topological edge-states in these double-heterostructure RRTs.
Because the Dirac point of Sb or Bi monolayer nanoribbons becomes more accurate af-
ter surface chemical modification by methyl, amino or hydroxyl, that is, the effective
electron mass near Fermi level is substantially reduced, the electron mobility of Sb or
Bi monolayer nanoribbons is lower than that SbXHn or BiXHn monolayer nanoribbons,
which determines the quantum conductance currents of Sb/SbXHn/Sb or Bi/BiXHn/Bi
double-heterostructure RRTs. Without gate voltage, the electron resonant tunneling in these
nanoribbon double-heterostructures produces the resonant current peak at Ub = 0.55~0.8 V;
as bias voltage further increases, the topological conductive channels of the two constituent
Sb or Bi nanoribbons in these double-heterostructures begin to stagger, which accounts for
the sharply decreasing electron transmission probability and resonant tunneling current
with bias voltage, resulting in an extremely high negative differential conductivity.

Figure 4. Fermi energy levels in dependence on nanoribbon width (Nw = 2~7) of Sb or Bi (left panel)
and SbXHn or BiXHn (right panel) monolayer zigzag nanoribbons in reference to vacuum free
electron energy level.

Figure 5. Quantum conductance I-Ub characteristics of resonant tunneling transistors modeled by
Sb/SbXHn/Sb and Bi/BiXHn/Bi double-heterostructures of monolayer zigzag nanoribbons.

As shown by the 0.0~1.0 V electron transmission spectra of Sb/SbXHn/Sb and
Bi/BiXHn/Bi nanoribbon double-heterostructures in Figure 6, electron resonant tunnel-
ing arises when bias voltage is raised to 0.4 V, producing electron transmission peaks in
(−Ub/2, +Ub/2) bias window, accounting for the quantum conductance current increas-

109



Crystals 2023, 13, 379

ing exponentially with voltage bias. As bias voltage increases to 0.55~0.65 V, the Fermi
levels of topological electrons at the two electrodes of Sb/SbXHn/Sb nanoribbon double-
heterostructure bipolar devices (RRTs) begin to separate each other when the resonant
tunneling turns to ordinary electron tunneling, as manifested by the electron transmission
peak near Fermi level shifting out of bias window, which results in a prompt abatement
in quantum conductance current and a strong negative differential conductance (NDC)
with resonant peak-valley ratios (PVR) of 4.3~4.9. A higher PVR means a longer lifetime of
transporting electrons, according to which the optimal working frequency can be effectively
set for RRTs. In comparison, Bi/BiXHn/Bi nanoribbon double-heterostructures give rise to
strong NDC with PVR of 3.2~4.8 under voltage bias of 0.7~0.8 V.

Figure 6. Electron transmission spectra of resonant tunneling transistors modeled by Sb/SbXHn/Sb
and Bi/BiXHn/Bi nanoribbon double-heterostructures.
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It has been verified from a recent report that the resonant tunneling current increases
sensitively with channel length, whilst persisting on a constant PVR of NDC in BP/silicon-
carbide(SiC) nanoribbon double-heterostructure RRT [40]. As illustrated in Figures 2 and 3,
in contrast to Sb or Bi monolayer nanoribbons, the SbXHn or BiXHn monolayer nanorib-
bons exhibit a more accurate Dirac-point of topological edge-states with a lower effective
electron mass. Accordingly, it is reasonably suggested for the electron transport character-
istics of Sb/SbXHn/Sb and Bi/BiXHn/Bi nanoribbon double-heterostructures as follows:
the highly conductive tunneling channel through SbXHn or BiXHn barrier is dominantly
derived from nanoribbon topological edge-states, not from quantum confined electrons
internal nanoribbons, which are under topological protection from back-scattering in each
constituent nanoribbon segment of double-heterostructures; given Nw > 4, the coupling
between topological electron-states of the two nanoribbon edges can be avoided, so that res-
onant tunneling current is independent of nanoribbon width; electron scattering primarily
occurs at Sb/SbXHn or Bi/BiXHn heterojunction interfaces, which is determined by energy
barrier height and length of central SbXHn or BiXHn monolayer nanoribbon segments.

Therefore, the resonant tunneling current peaks of Sb/SbXHn/Sb and Bi/BiXHn/Bi
nanoribbon double-heterostructures decrease exponentially and linearly, respectively, with
the increase of NL, while PVR of NDC relies merely on the species of functional group
decorated on Sb or Bi nanoribbon surfaces (the higher oxide-ability of functional group
used for surface chemical decoration results in a higher electron barrier and PVR), as shown
in Figure 7. The recently reported PVR of the nanoribbon RRTs constituted with different
monolayer materials are listed in Table 2, indicating that Sb/SbXHn/Sb and Bi/BiXHn/Bi
nanoribbon double-heterostructures have higher PVR values than graphene/BN/graphene
and GaN/Al/GaN nanoribbon double-heterostructures, which implies they are more
efficient nanochannels for RTTs.

Figure 7. Quantum conductance current peaks (Ip) of electron resonant tunneling for Sb/SbXHn/Sb
(left panel) and Bi/BiXHn/Bi (right panel) nanoribbon double-heterostructures (Nw = 5) in depen-
dence on the length (NL) of central SbXHn or BiXHn nanoribbon segments.

Table 2. Threshold gate voltage and PVR for resonant tunneling transistors of nanoribbon double-
heterostructures constructed by specific 2D monolayer materials.

Nanoribbon
Scattering Region

Nanoribbon
Electrodes

Research Approach
Gate

Voltage/V
PVR Data Source

Sb/SbXHn/Sb Sb First-principles calculations 0 4.3~4.9 Present study
Bi/BiXHn/Bi Bi First-principles calculations 0 3.2~4.8 Present study

BN Graphene Theoretical calculations and experiments 0, 20 1~4 Ref. [14]
BN Graphene Theoretical calculations and experiments −0, ±40 – Ref. [12]

Graphdiyne Graphene First-principles calculations 5 4.5, 6.0 Ref. [16]
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4. Conclusions

Fermi levels of Sb or Bi monolayer nanoribbons are determined by the infinite de-
localized π bond similar to one-dimensional electron gas, while nanoribbon topological
edge-states arise at Brillouin zone boundary X point with evidently higher or slightly lower
energy levels than Fermi level. Topological edge-states of Sb or Bi monolayer nanoribbon
can be merged into Fermi level by increasing nanoribbon width and thus contribute to
electron transports with an extremely high mobility under partly topological protection.
Surface functionalized Sb and Bi monolayer nanoribbons present a pure Dirac-cone near
Fermi level derived from nanoribbon topological edge-states, which accounts for electron
transports completely under topological protection without back-scattering. Sb/SbXHn/Sb
and Bi/BiXHn/Bi nanoribbon double-heterostructures render a significant resonant cur-
rent peak with a strong negative differential conductance (NDC) in a narrow voltage
bias range by the resonant tunneling of nanoribbon topological edge-states. Resonant
current peaks of these simulated double-heterostructure resonant tunneling transistors
increase exponentially and linearly with the lengths of central SbXHn and BiXHn tun-
neling channels, respectively. In particular, the peak-valley ratio of NDC only depends
on the species of functional group used for surface chemical decoration on central tun-
neling channel and is not affected by channel length. Quantum conductance currents
of Sb/SbXHn/Sb and Bi/BiXHn/Bi nanoribbon double-heterostructures are generated
from the resonant tunneling of high mobility topological edge-states between the two
constituent Sb or Bi nanoribbons, which are independent of nanoribbon width and give
maximum NDC peak-valley ratios of 4.9 and 4.8 respectively. The present study suggests
that surface-functionalized Sb and Bi monolayers are potential in future applications of
ultrahigh-frequency and zero-loss topological nanotransistors.
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Abstract: In the last two decades, interest in graphene has grown extensively due to its extraordinary
properties and potential for various applications such as sensing and communication. However,
graphene is intrinsically a semimetal with a zero bandgap, which considerably delays its use where
a suitable bandgap is required. In this context, quasi-one-dimensional counterparts known as
graphene nanoribbons (GNRs) have demonstrated sizeable bandgaps and versatile electronic prop-
erties, which make them promising candidates for photonic and plasmonic applications. While
progress has recently been made toward the synthesis of GNRs, theoretical models to envisage their
electronic and optical properties have been restricted to ab initio approaches, which are not feasible
for wide systems because of the large number of atoms tangled. Here, we use a semi-analytical
model based on Dirac cone approximation to show the adjustable electronic and plasmonic charac-
teristics of wide and experimental GNRs, both freestanding and non-freestanding. This approach
utilizes the group velocity of graphene, which is calculated using density functional computations
(vF = 0.829 × 106 m s−1), as the primary input. Importantly, our research reveals that at the terahertz
level, the plasmon-momentum dispersion is highly responsive to changes by varying the ribbon
width or charge carrier concentrations, the other involved parameters can be manipulated by setting
values from experiments or more sophisticated predictions. In particular, this model can replicate
the electronic properties of GNRs on Ge(001) and GNRs on Au(111). From the plasmonic side, the
plasmon spectrum of graphene microribbon arrays of 4 μm wide on Si/SiO2 and GNR arrays on Si
are found in good agreement with experiments. The potential use of GNRs in sensing molecules such
as chlorpyrifos-methyl is also discussed. Chlorpyrifos-methyl is chosen as the test molecule because
it is a commonly used insecticide in agriculture, but its high toxicity to organisms and humans makes
it a concern. It has been established that the plasmon resonances of all the studied GNRs occur at the
same frequency as chlorpyrifos-methyl, which is 0.95 THz. Our findings can serve as a useful guide
for future experiments.

Keywords: graphene nanoribbons; DFT; semi-analytical framework; THz

1. Introduction

Graphene is a planar sheet of sp2-bonded carbon atoms tightly packed into a honeycomb-
like lattice [1,2]. The carbon atoms form a two-dimensional (2D) hybridized network with
three nearest neighbors, each at a distance of about 1.420 Å, leaving one unhybridized half-
filled p-orbital [3], perpendicular to the graphene plane for every carbon atom. Since 2004 [4],
graphene has been the subject of significant research and development, due to its extraordinary
electronic, mechanical, thermal, and optical properties [5]. Indeed, graphene has shown a
lot of promise for the replacement of silicon-based electronic devices [6]. However, as-found
graphene is gapless and cannot be used immediately in up-to-date semiconductor technology
because this carbon nanomaterial needs current on/off ratios. Consequently, a great deal of
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effort is the opening of a bandgap in graphene without significantly affecting its exceptional
properties, particularly, its high electron mobility.

Within this frame of reference, several chemical methods have been proposed, for
instance, the oxidation-reduction of graphite to produce graphene derivatives that show
optical bandgaps larger than 2 eV [7] or graphenes from microwave-derived carbon precur-
sors for energy savings of up to 60% [8]. These graphene derivatives have the potential
for environmental applications [9], advanced composite, and smart (multifunctional) eco-
composites [10–12] with applicability in future nanodevices [13,14]. Alternatively, a sizable
bandgap can be opened up through the quantum confinement effect by patterning graphene
in the form of graphene nanoribbons (GNRs) [15,16]. GNRs are thin and elongated strips
with straight edges. As the ribbon width decreases, GNRs can gradually transform from
semimetals to semiconductors [17]. As an example, a bandgap of about 100 meV is ex-
pected for a ribbon of 10 nm, whereas a ribbon of width ~2 nm would have a bandgap
of about 1 eV. From a piece of important evidence, Fei Z et al., [18] have reported the
successful preparation of GNR samples with widths of w = 155, 270, 380, and 480 nm.
Most importantly, based on nano-infrared images, the authors showed the existence of two
plasmon modes in experimental GNRs organized as 2D periodic arrays: the conventional
surface plasmon and a novel confined (edge) plasmon. Both plasmon modes have been
theoretically confirmed in ultra-narrow GNR systems working in the reciprocal space by
an ab initio method [19–21].

Plasmons are oscillations of valence electrons on the surface of various materials such
as metals, semiconductors, and topological insulators that occur collectively [22]. These
collective oscillations can be utilized to control and focus optical energy on a nanometer
scale. This is due to the strong interaction between these oscillations and light [23]. In
particular, plasmons in graphene reveal high confinement, electrostatic tunability, and
long lifetimes [24]. These plasmon features are promising for photonic applications from
the terahertz- to the infrared regime. Additional control over surface plasmons has been
observed in graphene nanoribbons (GNRs) because of (i) the change in dimensionality
from 2D graphene to 1D graphene ribbons and (ii) the confinement of charge carriers [20].
This extra control is expected to be more significant than that of edge plasmons, which is
dependent on the bandgap of the GNR [19]. These unique plasmonic properties of GNRs
could be utilized to enhance current biosensors that utilize surface plasmon resonance and
graphene [25–30].

Previous studies [31,32] have mainly used Time-Dependent Density Functional Theory
(TDDFT) within the Random Phase Approximation (RPA) to investigate the plasmonic
properties of ultra-narrow GNR arrays (<2 nm). However, this atomistic approach is not
suitable for GNRs of the widths reported in Ref. [18]. In this work, we use an alternative
method to examine the electronic and plasmonic properties of experimental GNRs. The
proposed semi-analytical model [33] is based on the group velocity of graphene, which is
calculated using density functional theory (DFT), as the main input. Both freestanding and
non-freestanding systems are considered. We show that the plasmon frequency in wide
GNRs is highly sensitive. Additionally, we explore the possibility of using it for sensing
chlorpyrifos-methyl. The reason it was picked as the test molecule is that it is widely
used in crops as an insecticide, but its harmful effects on living beings and humans raise
concerns. Our results can guide the design of future nanodevices based on graphene.

2. Theoretical Framework

It is worth emphasizing that the current modeling approach focuses on the electronic
and plasmonic properties of GNRs with widths that have been experimentally observed
(w = 155, 270, 380, and 480 nm) [34,35]. The semi-analytical model is composed of two steps:

(i) Numerical computations using DFT to obtain an accurate group velocity of graphene.
(ii) Analytical expressions derived mainly from the Dirac cone approximation [33] to

investigate the related electronic and plasmonic features.
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2.1. DFT Computations

The ground-state properties of graphene were determined by plane-wave DFT com-
putations within the Kohn–Sham formalism implemented in the Abinit software [36].
Electronic structure calculations were performed at the level of local density approximation
(LDA) [37] using norm-conserving pseudopotentials to eliminate the core electrons [38].
The plane-wave basis is represented by the space functions:

PWk+G(r) = Ω−1/2
0 ei(k+G)·r (1)

where k is the wave vector in the first Brillouin zone (ΓKM path) (Figure S1a), G is the
reciprocal-lattice vector, and Ω0 is the unit-cell volume.

The number of plane waves was limited by the energy-cutoff |k + G|/2 ≤ 25 hartrees
(~680 eV). The three-dimensional periodicity required by plane-wave DFT was created
by repeating the graphene sheets with a distance of 15 Å. Structural optimization was
not taken into account in this case as the lattice constant was fixed at 2.460 Å (the case
of ideal graphene). The ground-state calculations were carried out using a Γ—centered
and unshifted Monkhorst–Pack grid [39] of 90 × 90 × 1 to obtain the complete band
structure and density of states (DOS) of graphene (Figure S1b,c), including up to 20 bands.
Additionally, a high-resolution Monkhorst–Pack grid of 720 × 720 × 1 was used to obtain
the linear band structure of graphene around the K point (Figure S2a), including up to
eight bands.

A close picture of the band structure (Figure S1b) shows that graphene exhibits the
well-known Dirac cone structure at the K point within ±0.8 eV around the Fermi energy (EF)
(see Figure S2a). In a simple visual perspective of the density of states (DOS) (Figure S1c)
as a function of the energy, one can notice that the two peaks closest to EF correspond
to the π and π∗ flat band dispersion at the M point. The other intense peaks are not
relevant to the present study since our work is restricted to the Dirac cone. Accordingly,
the Monkhorst–Pack grid of 720 × 720 × 1 allows for estimating the limits of Dirac cone
approximation and the average charge carrier velocity (vF, group velocity) of graphene.
The latter is the key input parameter of the semi-analytical modeling approach.

By using the high-resolution Monkhorst–Pack grid, the group velocity of graphene
was found to be vF = 0.829 × 106 m s−1, which is the average value obtained by linear
fitting of the highest valence band (vF−π = 0.827 × 106 m s−1) and the lowest conduction
band (vF−π∗ = 0.832× 106 m s−1) concerning the magnitude of the wave vector around the
K point (Figure S2a). Figure S2b confirms the (quasi) linear variation of the group velocity
of graphene for selected values of energy band dispersion. It should be noted that for large
values of the wave vector, the band dispersions are anisotropic as a result of the flat band
dispersion of the π and π∗ bands (±2 eV).

Even though, if the value of the wave vector gets closer to the dispersion at the K point,
the energy band dispersion of the π band (Figure S2c) and π∗ band (Figure S2d) deviates
slightly from a linear behavior of charge carrier velocity (dashed rectangular regions). This
significant finding displays the limit of applicability of the present modeling approach to
study, i.e., the semi-analytical model works in an energy range of ±0.2 eV or about 50 THz.

2.2. Semi-Analytical Model: Estimating the Electronic Properties

As proposed by Popov et al. [33], the linear band dispersion of charge carriers in
graphene (near the Fermi energy and around the K point) is the foundation of the semi-
analytical model. The group velocities of the π electrons and π∗ holes can be obtained
by linear fitting of the related band dispersions vs. the crystal momentum (discussed in
Section 2.1). However, in the Dirac cone approximation, the electron band dispersion (E) is
determined as [40]:

E = ±vF|p| (2)

where the ±sign represents the π∗—upper band and π—lower band, and p is the crystal
momentum denoted as p = �(k − ΓK) (h̄ is the reduced Planck constant).
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In contrast, in GNRs, several (sub)bands (En) appear because the quasi-one-dimensional
charge carrier confinement in a rectangular (thin) strip whose band structure is described
by [41,42]:

En = ±Δ
2

√
n2 +

2p2
‖

m∗Δ
(3)

where Δ is the corresponding bandgap, n is the 1D band-index number (n = 1, 2, 3, . . .) p‖
is the parallel wave vector to the direction of the GNR, and m∗ remains as the effective
electron mass.

It is worth noting that Equation (3) illustrates, at the Γ point in GNRs, a parabolic band
dispersion in the eV scale for narrow-width GNRs (e.g., ≤10 nm) (Figure S1e) whereas a
linear and (quasi) gapless band dispersion is observed for sufficiently wide-width GNRs
(e.g., ≥100 nm) (Figure S1f). As the ribbon width increases ( w → ∞ ) the structural con-
formation and band structure of graphene are recovered. Therefore, wide enough GNRs
(Figure S1d) are expected to display graphene-like properties. It is important to note that,
in wider GNRs, the effect of the basal plane is more significant than the effect of the edges,
while in narrower GNRs, the edges (specifically, whether they are armchair or zigzag
edges) are more prominent. In particular, Yang et al. [17] have experimentally shown that
the transport properties of graphene are significantly impacted when the ribbon width is
≤57 nm. In the present study, we examine systems that are up to eight times wider than
this threshold, ensuring the validity of the proposed model.

The bandgap of GNRs can be calculated by using the group velocity of graphene and
the ribbon width (w) as the input. The equation for this calculation is given as:

Δ =
2πvF�

w
(4)

Otherwise, the effective electron mass can be determined by using the estimated
bandgap and group velocity of graphene, according to the following equation:

m∗ = Δ
2v2

F
(5)

2.3. Semi-Analytical Model: Describing the Plasmonic Properties

It has been observed experimentally that, in 2D GNR arrays, the plasmon wavelength
follows the sample length, which is much larger than the distance between adjacent
ribbons and the widths [18]. Interestingly, even though single GNRs can be asymmetric,
2D GNR arrays that are wide enough can be viewed as well-defined 2D planes where
the group velocity of graphene can be used to study the plasmonic properties of these
systems. With this in mind, the following approach can be used to obtain the plasmon
frequency-momentum dispersion [33]:

ω = Re

[√
2πe2N2D

εm∗ qcos2θ − v2

4
− i

v
2

]
(6)

• e is the well-known electron charge,
• N2D is the 2D electron density,
• ε is the dielectric constant,
• q represents the reciprocal wave vector,
• θ represents the plasmon excitation angle,
• v is the electron relaxation rate.

Additionally, if 2D GNR arrays are unsupported (freestanding case) or supported
(non-freestanding case), the plasmonic properties can be described by recalculating the
effective electron mass (m∗) with the corresponding group velocity of graphene, as reported
in [43].
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Otherwise, the parameters of Equation (6), i.e., θ, v, and N2D, can be easily manipu-
lated by changing their values or adapting experimentally. From a theoretical notion or
experimental side, N2D can also be extracted from the concept of the Fermi level (EF) [44],
as follows:

EF = �vF
√

2πN2D (7)

now, for an intrinsic semiconductor, EF is found in the middle of the bandgap, i.e., the
number of electrons and holes are the same, giving the following expression:

EF =
Ec + Ev

2
+

kBT
2

ln
(

Nv

Nc

)
(8)

where Nc is the effective DOS in the conduction band, Nv is the effective DOS in the valence
band, Ec is the conduction band edge, Ev is the valence band edge, kB is Boltzmann’s
constant, and T is the absolute temperature.

Hereafter, by the combination of Equations (7) and (8), Equation (6) can be expressed in
terms of the needed Fermi level shift as well as the desired temperature. In the present case,
we focus only on 2D electron density (N2D) values that are experimentally feasible [33,45]. The
equations described so far (Equations (2)–(8)) show a clear dependence on the group velocity
of graphene, which cannot be chosen arbitrarily (e.g., vF ∼ 106 m s−1), but must be accurately
determined (e.g., by DFT computations as in this work) or measured experimentally.

It is necessary to emphasize that for large values of damping, the radicand in Equation (6)
becomes negative, i.e., surface plasmons are absent or shifted to large momenta. Hence,
this effect can be understood in terms of the complex (macroscopic) dielectric function [46]
denoted as:

εM(q, ω) =
1

ε−1(q, ω)
(9)

Equation (9) states that the existence of a plasmon is determined by zeros in the real
part of the frequency range where the imaginary part is small or zero. If this condition is
not met, only single-particle excitations can be found instead of collective excitations.

2.4. Semi-Analytical Model: Showing the Plasmon Spectrum

Lastly, the plasmon spectrum (the maximum of the plasmon peak) for selected q values
can be attained by means of the conventional approach of the spectral line profile using a
Lorentzian function, as follows [47]:

L =
1

1 + x2 (10)

where, L is the standard Lorentzian function fixed to a maximum value of 1, and x is an
auxiliary (dimensionless) variable denoted as:

x =
2(ω − ω0)

W
(11)

here, ω0 represents the transition frequency of the maximum (THz), ω is the frequency
(energy) range of interest, and W is the full width at half maximum (FWHM). The W
parameter was set to 0.5 for all spectra unless otherwise stated.

At that point, the plasmon spectrum can be plotted by rearranging Equations (10) and (11) as:

L =
1

1 + 4(ω−ωo)
2

W2

(12)

Four important facts should be highlighted:

(i) Lorentzian line function describes the form of a spectroscopical feature corresponding
to a frequency (energy) change in ions, molecules, atoms, or now 2D GNR arrays [48].
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(ii) The units of ω, ω0, and W are typically wavenumbers (for absorption spectra) or
frequency (for lifetime spectrum of collective excitations) [49]. In the present study,
the last entry is used, that is, in terms of frequency, in what we call the plasmon
spectrum or maximum of the plasmon peak.

(iii) The maximum of the plasmon peak could be delayed due to core-electron excitations
which are not taken into account in the Lorentzian function [50].

(iv) The plasmon structure is not expected to be a straightforward Lorentzian peak, but
the approach used is useful in clearly showing the control of surface plasmons in 2D
GNR arrays.

3. Results and Discussions

3.1. Electronic Properties of Freestanding GNRs

Based on Equation (4) and vF = 0.829 × 106 m s−1, Figure 1 shows the bandgap (Δ)
as a function of ribbon width ranging from 0.4 to 2.7 nm (ultra-narrow GNRs, Figure 1a)
and from 15 to 90 nm (wide GNRs, Figure 1b). The prediction given from 1 to 6 eV by the
semi-analytical model (red curve) is in agreement with the predictions of the sophisticated
GW approximation for different types of GNRs (3p+1, 3p, and 3p+2) [51]. It is important to
keep in mind that the edges (armchair or zigzag edges) of the nanoribbon play a crucial role
in determining the bandgap for ultra-narrow GNRs. These edge effects cannot be taken
into account explicitly by the simplified model of Equation (4), but the semi-analytical
model provides a reasonable prediction for nanoribbons greater than 1 nm, particularly for
3p+1 and 3p families. As mentioned above, edge (atomistic) effects start to be negligible as
the ribbon width increases (>60 nm [17]), going from an ultra-confinement on very narrow
ribbons to a quasi-confinement on sufficiently wide ribbons. This statement is further
confirmed since the bandgap changes dramatically from the eV scale down to a few meV,
as discussed below.

Figure 1. Bandgap vs. the ribbon width. The semi-analytical approach is compared with the results
obtained by (a) the GW approximation for diverse types of GNRs and (b) experimental results
(P1–P4 denotes different datasets).

Figure 1b compares the prediction of the semi-analytical model (red curve) with the
experimental bandgap values (<300 meV) of different GNRs (P1–P4 refers to four different
datasets [42]). The predicted bandgaps are consistent across GNRs with widths down to
20 nm. From 20 to 40 nm, the smooth prediction of the semi-analytical model cannot capture
the steep dropoff of about 60 meV compared to experiments. Interestingly, the dropoff is
reduced to ~25 meV from 40 to 70 nm and as low as 10 meV at 90 nm. While the semi-
analytical model may not perfectly match experimental results, it is important to stress that
it is not practical to use ab initio methods for electronic properties of wide nanoribbons, as
their widths are in the range of tens of nanometers. Additionally, the discrepancy between
the model and experiments is expected to be minimal (or non-existent) for experimental
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nanoribbons (≥155 nm), making the present modeling approach suitable for the GNR
systems reported in Ref. [18].

The bandgap of experimental GNRs with widths of 155, 270, 380, and 480 nm are shown
in Figure 2 and Table 1. The bandgaps are found to be very small, in the range of a few meV,
and the effective electron masses are in agreement with previous studies (Table 1) [42,51]. The
semi-analytical model predicts a decrease in bandgap as the ribbon width increases, which is
consistent with the experimental results and earlier theoretical reports.

 
Figure 2. Bandgap vs. the ribbon width of experimental GNRs. The blue line represents a prediction
for bandgaps in GNRs with widths ranging from 100 to 500 nm. Figure inset shows 2D periodic
arrays of experimental GNRs (adapted with permission of Ref. [18]).

Table 1. Bandgap and electron effective mass of experimental GNRs estimated by the semi-analytical
model. The free-electron mass is symbolized as m0 .

Ribbon Width (nm) Bandgap (meV) Effective Mass (m*)×m0

155 22.12 2.83 × 10−3

270 12.70 1.63 × 10−3

380 9.02 1.16 × 10−3

480 7.14 0.91 × 10−3

Figure S3 shows the band structure and DOS of experimental GNRs. The band
structure is obtained by applying Equation (3) with the bandgap and effective mass values
shown in Table 1. Nine sub-bands (n = 9) below/above the Fermi level are introduced,
i.e., nine valence and nine conduction sub-bands. It is worth mentioning that the band
structure for each graphene nanoribbon is constructed using the same effective mass for all
bands. However, when examining plasmonic properties, only the first conduction band
and last valence band (n = 1) are considered.

The band structure and DOS of the experimental GNRs differ from those of graphene,
regardless of the ribbon width. Specifically, a bandgap opening in a few meV is observed at
the Γ point, with a parabolic-like band dispersion on a small energy scale and strong peaks
in the DOS near the Fermi level. In contrast, graphene has a linear band dispersion at the
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K point and no DOS at the Fermi level (Figure S1b,c). In GNRs, this bandgap opening is
a direct result of the quasi-one-dimensional confinement of charge carriers, which makes
all GNRs semiconducting materials. As stated, the systems under study have very small
bandgaps (Table 1), suggesting that they could have plasmonic responses in the terahertz
range, which indeed is the range of many photonic and plasmonic applications [52].

Otherwise, the current semiconductor technology requires bandgaps around 1 eV
(such as silicon ~1.1 eV), in which case, narrow-wide GNRs are the best choice. As an
example, using Equation (4), vF = 0.829 × 106 m s−1 (freestanding case), and w = 2.7 nm
(experimentally observed width in GNRs on Ge(001) [53]), the corresponding bandgap is
1.27 eV, slightly above the experimental value (~0.9 eV) detected by scanning tunneling
spectroscopy (STS) measurements [53].

It is well known that the group velocity of graphene is reduced up to 40% by interacting
with germanium or other substrates (non-freestanding case) [15,43]. Keeping this in mind,
Figure 3 displays the band structure of experimentally realized GNR on Ge(001) (2.7 nm
wide) for different percentage decreases in the group velocity of graphene estimated by
LDA-DFT (vF = 0.829× 106 m s−1) (see Table 2). Surprisingly, a perfect agreement between
the theoretical and experiment bandgap can be observed at a 30% decrease in the group
velocity, i.e., Δ30% = 0.88 eV.

 
Figure 3. Band structure of experimental realized GNR on Ge(001), considering different percentage
decreases (0%, 10%, 20%, 30%) in the group velocity of graphene. The parameters were fixed as:
w = 2.7 nm and n = 1.

Table 2. Bandgap of experimentally realized GNR of 2.7 nm width as a function of the percentage
decrease in the group velocity.

vF vF Bandgap (meV)

0 0.829 1.27
10 0.746 1.14
20 0.663 1.02
30 0.580 0.89
40 0.497 0.76
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Furthermore, Ruffieux et al. [54] have reported the fabrication of armchair graphene
nanoribbons about 1.5 nm wide on Au(111) with a bandgap of 2.3 eV, an effective electron
mass of 0.21 m0, and group velocity of 0.82 × 106 m s−1. These results were obtained by
angle-resolved photoelectron spectroscopy and scanning tunneling spectroscopy. Interest-
ingly, using the experimental bandgap and ribbon width, the semi-analytical model esti-
mates values practically equal to those observed experimentally (vF = 0.809 × 106 m s−1

and m∗ = 0.27m0).
The agreement between the experiments and predictions, despite not explicitly taking

into account edge effects or other factors (such as passivation, structural disorder, or charge
at the edges), confirms that the semi-analytic model is suitable for describing the electronic
properties of GNRs.

3.2. Electronic Properties of Non-Freestanding GNRs

As demonstrated, Equation (4) can be used to determine the bandgap of wide nanorib-
bons on various substrates by changing the substrate and using the corresponding group
velocity of graphene, as discussed in the previous section. Indeed, Hwang C. et al., [43]
measured the group velocity of graphene on quartz (G/Quartz), hexagonal boron nitride
(G/BN), and silicon carbide (G/SiC). Another piece of evidence came from cyclotron mass
in graphene device (G/SG) [55], massless relativistic particles (Popov) [33], and LDA-DFT
limit (DFT). In this context, we also suggest the growth of experimental (wide) GNRs on
this type of substrates, whose predicted bandgap values are shown in Figure 4. Regardless
of the substrate, the bandgap values are less than 100 meV and these values decrease as the
ribbon gets wider.

Figure 4. Bandgap variation as a function of the ribbon width. Experimental GNRs
w = 155, 270, 380, 480 nm) are considered taking into account the group velocity of graphene on
various substrates. Dashed curves indicate the bandgap for GNRs from 100 to 500 nm wide.

Interestingly, for high values of vF, a large bandgap opening is observed, particularly,
in GNRs of 155 nm wide. Such bandgap opening corresponds to a 71% increase in quartz,
50% in boron nitride, and 33% in silicon carbide, from the related values predicted by using
LDA-DFT computations. Even an increase of 20% is observed compared to the massless
relativistic approach. These results constitute the first observation of the dependence on
the charge carrier velocity at a fixed ribbon width. This dependence allows achieving, by a
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smart choice of supporting substrate, the desired bandgap for a particular application in
graphene-based electronic devices.

3.3. Comparison of Semi-Analytical Model with Previous Reports

Before delving into the specific plasmonic properties of the nanoribbons (freestanding
and non-freestanding), we first demonstrate the effectiveness of the proposed model by
comparing it to previous studies. Unfortunately, there is a lack of experimental evidence
for plasmonic properties in the THz frequency range considered here (<50 THz), the 2D
GNR arrays under study, and even more importantly in the reciprocal space. To overcome
this limitation, we compare the semi-analytical model with more sophisticated modeling
approaches, such as TDDFT+RPA (Figure S4) [19] and finite-difference time-domain (FDTD)
(Figure 5b) [56], which are commonly used and have demonstrated outstanding agreement
between theory and experiment. In addition, the semi-analytical model is tested with
results reported for graphene microribbons (Figure 5a) [57].

 
Figure 5. (a) Maximum of the plasmon peak (≤15 THz) at momentum q = 100.6 cm−1. The semi-
analytical model (black curve) is compared with the data of Ref. [57] (red points) for graphene
microribbon arrays of 4 μm wide. Figure inset shows the entire plasmon frequency dispersion up
to q = 200 cm−1. (b) Maximum of the plasmon peak (≤5 THz) at momentum q = 2050 cm−1.
The semi-analytical model (black curve) is compared with the predictions of Ref. [56] (red points)
for GNR arrays of 10 nm wide. Figure inset shows the entire plasmon frequency dispersion up to
q = 3500 cm−1.

Interestingly enough, Ju et al. [57] have explored the plasmon excitations in engi-
neered graphene microribbon arrays deposited on Si/SiO2, demonstrating the tunability of
plasmon resonances over a broad THz frequency range by changing the ribbon width and
electrostatic doping. For example, for one of the scrutinized systems with the following pa-
rameters reported: w = 4 μm, q = 100.06 cm−1, m∗ ≈ 1.3× 10−4m0, a doping concentration
of N2D = 1.5 × 1013cm−2, and electron mobility of 1000 cm−2/V s (ν = 8.71 × 1013 s−1);
the maximum of the plasmon peak is found at 3 THz. The semi-analytical model has accu-
rately reproduced this result with a minor deviation of only 0.20 THz within the frequency
range of 1 to 6 THz (Figure 5a, the spectra were normalized by the respective peak values
for convenience of comparison). Moreover, the starting plasmon frequency dispersion is
shifted to larger values of momenta (q > 80 cm−1) (see Figure 5a inset).

On the other hand, in Ref. [56], the authors propose the fabrication of 2D arrays
of GNRs of 10 nm wide on Si substrates for THz polarizer surface plasmons by using
viable conditions such as: m∗ = 0.28m0, N2D = 4.33 × 1013 cm−2, and assuming the
maximum electron mobility (ν = 0). The plasmon response predicted by FDTD was found
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in the frequency range from 1.81 to 3.81 THz with the maximum of the plasmon peak at
3.75 THz. By setting these parameters in the semi-analytical model, the plasmon spectrum
predicted by the semi-analytical model is found in excellent agreement at q = 2050 cm−2

(Figure 5b, the spectra were normalized using the corresponding maximum values to
facilitate comparison). Forbidden plasmon regions are absent in the plasmon frequency
dispersion (Figure 5b inset).

From the ab initio side, in Ref. [19], the authors reported that freestanding and narrow
armchair GNRs arranged as 2D periodic arrays have an effective electron mass of 0.36m0.
By directly establishing this value in Equation (6), which in fact is independent of the
group velocity of graphene at that point, a perfect agreement between both approaches can
be observed in the plasmon frequency-momentum dispersion for a change in the Fermi
level (doping) of up to 0.3 eV (N2D = 3.67 × 1012 cm−2, orange curve). For higher values
of doping (0.4 eV, purple line), a discrepancy is observed. All these results allow us to
demonstrate the reliability of the semi-analytical model and can be used to describe the
plasmonic properties of 2D GNR arrays of interest.

A final remark, while the semi-analytical model accurately predicts the experimental
results, it is important to note two important facts: (i) in practice, the non-freestanding
GNRs will be supported by two anchors and may vibrate mechanically, altering their
phonon structure, and (ii) nearby materials could affect the electric or magnetic fields
generated. Hence, the simplified model does not take into account these factors, so caution
should be taken during experiments to avoid inconsistencies. This can be achieved through
proper gating voltage selection or adjusting the electric field applied to ω, which is given
as E(ω) = E0exp(−iωt ).

3.4. Plasmonic Properties of Non-Freestanding GNRs

Now, Figure 6 shows the plasmon frequency-momentum dispersions of 2D GNR
arrays from 155 to 480 nm and subject to different group velocities. The parameter of
Equation (6) (N2D = 1.0 × 1012 cm−2, ν = 1.0 × 1013 s−1, and θ = 0) have been fixed
based on experimentally feasible values [33,45]. As observed, the plasmon trends follow
a
√

q—like dispersion from 0 to 10,000 cm−1. This plasmon dispersion is characteris-
tic of 2D materials [55]. More importantly, by increasing the value of vF, the plasmon
frequency increases.

 

(c) (d) 

Figure 6. Frequency–momentum dispersion as a function of the plasmon momentum, consider-
ing the group velocity of graphene on various substrates for 2D GNR arrays of (a) w = 155 nm,
(b) w = 270 nm, (c) w = 380 nm, (d) w = 480 nm.
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For an illustrative example, at the end of the sampled momentum (q = 10, 000 cm−1), an
increase of ~9 THz is observed for 2D GNR arrays of 155 nm wide (Figure 6a), considering
the group velocity of graphene obtained by LDA-DFT computations (vF = 0.829× 106 m s−1,
blue curve) and that obtained from graphene on quartz (vF = 2.482 × 106 m s−1, orange
curve). Similarly, an increase of almost 13 THz is detected for 2D GNR arrays of 270 nm wide
(Figure 6b), 16 THz for 2D GNR arrays of 380 nm wide (Figure 6c), and 20 THz for 2D GNR
arrays of 480 nm wide (Figure 7d).

 
Figure 7. Maximum of the plasmon peak (≤5 THz) at plasmon momentum q = 100 cm−1, considering
the group velocity of graphene onto various substrates for 2D GNR arrays of (a) w = 155 nm,
(b) w = 270 nm, (c) w = 380 nm, (d) w = 480 nm.

By implementing Equation (12) at q = 100 cm−1, Figure 7 demonstrates the control-
lability and tunability of the plasmon response of 2D GNR arrays by varying the group
velocity of graphene as well as the ribbon width: w = 155 nm (Figure 7a), w = 270 nm
(Figure 7b), w = 380 nm (Figure 7c), and w = 480 nm (Figure 7d). Interestingly, it can be
seen that keeping momentum fixed (i.e., q = 100 cm−1) while varying the ribbon width
and the charge carrier velocity, the maximum of the plasmon peak is found at higher fre-
quencies, suggesting that the effect of group velocity is more critical in wider nanoribbons.
To clarify this fact, for w = 155 nm and freestanding cases (blue curves), the maximum of
the peak is almost at 0.9 THz (Figure 7a) while for w = 480 nm, the maximum of the peak
is observed at almost 1.4 THz (Figure 7d). On the contrary, for graphene on quartz (orange
curves), the maximum of the plasmon peak is observed at almost 2 THz (Figure 7a) for
w = 155 nm, and at almost 3.5 THz for w = 480 nm (Figure 7d). From these results, it is
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noticed a percentage variation of up to 35% and 43% in the position of the maximum of the
plasmon peak, in each case respectively.

3.5. Plasmonic Properties of Freestanding GNRs: The Effect of Ribbon Width (w)

The results discussed in the previous sections allow us to understand the versatility of 2D
periodic arrangements of GNRs (i.e., 2D GNR arrays) by changing the supporting substrate
and ribbon width, which can be exploited in the design of novel nanophotonic devices.

In what follows in the article, we focus on the freestanding cases and parameters such
as 2D electron concentration (doping) (N2D). While the parameters of Equation (6) can be
varied trivially, the goal is to be able to use this simple model with parameters that can be
fixed and measured in experiments. In this context:

• The manipulation of the plasmon excitation angle (θ) in 2D GNR arrays is impera-
tive to obtain the surface plasmon resonance and the related sensitivity. However,
Equation (6) must be used with caution since, at θ = 90, the radicand becomes zero.
More importantly, the properties and features of oblique plasmons can be scrutinized.

• In conductivity-related phenomena, charge carrier mobility plays an important role
in the electronic and plasmonics properties of any system. Thus, high-charge carrier
mobility is commonly observed in defect-free graphene samples, whereas charge
carrier mobility is significantly reduced in graphene samples with high concentrations
of defects. From the experimental part, this effect depends on the synthesis process.
From the theoretical part, in Equation (6), this fact is introduced by the electron
relaxation rate ( ν), taking into account the following statement: a high value of ν is
connected with a low charge carrier mobility, and vice-versa.

• 2D electron concentration (N2D) (or 2D charge carrier density) can be controlled by
injecting or ejecting electrons, i.e., by either doping the GNR system or by gating
voltages. The latter technique is of particular interest because it can be varied in a
reasonable range up to N2D = 5.0 × 1012 cm−2 [42].

Before discussing the effect of the 2D electron concentration (Section 3.6), we probe
a little into the effect of ribbon width in freestanding cases. Figure S5a displays the
plasmon frequency–momentum dispersion of 2D GNR arrays for w = 155 nm (blue curve),
w = 270 nm (cyan curve), w = 380 nm (green curve), and w = 480 nm (red curve). Again,
the important fact is the increase in the plasmon frequency with increasing ribbon width.
To further evidence the tunability of plasmon response, Figure S5b shows the maximum of
the plasmon peak at q = 1000 cm−1. Specifically, the peak position is found at 3.35 THz for
w = 155 nm, at 4.34 THz for w = 270 nm, at 5.26 THz for w = 380 nm, and at 5.91 THz for
w = 480 nm.

Figure S5c shows the percentage variation in plasmon frequency for three different
testing momenta (q = 100, 1000, 10, 000 cm−1). Although it is observed that increasing
the ribbon width also increases the plasmon frequency, it can be noted that this effect is
independent of momentum, resulting in a constant trend in plasmon frequency rate in
all cases, that is, ~25% from 155 to 270 nm, ~16% from 270 to 380 nm, and ~11% from
380 to 480 nm. A close view of Figure S5c shows a slight variation at 100 (black marker),
1000 (red marker), and 10,000 (blue marker) cm−1, because the width increment from 155
to 270 nm results in a percentage variation of 25.36%, 24.38%, and 26.16%, respectively.
Additionally, it can be noticed that the plasmon frequency rate can be described with a
decreasing exponential function, which suggests that as the ribbon width increases, the
effect on the plasmon frequency dispersion is gradually minor. The decreasing behavior of
the plasmon frequency rate can be corroborated by inspecting more values of q.

3.6. Plasmonic Properties of Freestanding GNRs: The Effect of 2D Charge Density (N2D)

The parameters in Equation (6) can be easily adjusted by any researcher, but the
goal is to use the model with experimental results or those obtained from more advanced
predictions (such as TDDFT + RPA [19] and FDTD [56]). This study aims to provide a
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practical guide for describing the sensitivity and detection of surface plasmons in real-world
situations, at least in rough approximation.

Based on the measurements of Ref. [45], three different 2D charge carrier concentra-
tions are used (N2D = 1.0× 1012 cm−2, N2D = 2.0× 1012 cm−2, and N2D = 4.0× 1012 cm−2)
(Figure 8a–d). Regardless of the ribbon width, increasing the value of N2D also significantly
increases the plasmon frequency. This plasmon frequency increases by up to almost 40 THz
(Figure 8d) which is much greater than that observed if only the ribbon width is increased
(Figure S5a), i.e., approximately twice in magnitude. The entire frequency-momentum
dispersion is below 21 THz for w = 155 nm (Figure 8a), 27 THz for w = 270 nm (Figure 8b),
33 THz for w = 380 nm (Figure 8c), and 40 THz for w = 480 nm (Figure 8d). Note that the
largest increase in plasmon frequency is achieved at N2D = 4.0 × 1012 cm−2 (red curves).
It is also detected that the plasmon dispersion starts at zero frequency and zero momen-
tum, that is, forbidden plasmon regions are unexpected to occur. If the plasmon response
needs to be shifted to large values of q, high values of plasmon excitation angle or electron
relaxation rate can be introduced (separately or combined) in Equation (6), for instance, at
θ = 80 and ν = 4.0 × 1013 s−1.

 
Figure 8. Frequency–momentum dispersion as a function of the plasmon momentum using the
charge carrier velocity of freestanding graphene (vF = 0.829 × 106 m s−1) for the experimental 2D
GNR arrays of (a) w = 155 nm, (b) w = 270 nm, (c) w = 380 nm, (d) w = 480 nm. (e) Maximum of the
plasmon peak (≤40 THz) at plasmon momentum q = 1000 cm−1, considering different ribbon widths.
(f) Percentage variation in plasmon frequency rate as a function of the ribbon width increment, for
three selected plasmon momenta (q = 1000, 5000, 10, 000 cm−1).
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Figure 8e clearly shows the controllability and tunability of the maximum of the
plasmon peak for a fixed momentum (q = 1000 cm−1) and at the highest value of 2D
charge carrier concentration (N2D = 4.0 × 1012 cm−2). The maximum is found at 6.72 THz
for w = 155 nm (blue curve), at 8.87 THz for w = 270 nm (cyan curve), at 10.53 THz
for w = 380 nm (green curve), and at 11.83 THz for w = 480 nm (orange curve). In
general, the plasmon frequency end is detected at 21.26 THz (w = 155 nm), 28.06 THz
(w = 270 nm), 33.29 THz (w = 380 nm), and 37.42 THz (w = 480 nm). These results fall
below the limit of the semi-analytical model used here and are anticipated to match future
experimental findings.

Figure 8f shows that the plasmon frequency rate is not affected by the variation of
the ribbon width for testing momenta (q = 1000, 5000, 10, 000 cm−1). As result, one can
note a constant trend in the plasmon frequency rate in all cases, that is, ~24% from 155 to
270 nm, ~16% from 270 to 380 nm, and ~11% from 380 to 480 nm. Additionally, it has been
confirmed that the plasmon frequency rate can be represented by a decreasing exponential
function, indicating that as the ribbon width increases, its impact on the plasmon frequency
dispersion becomes progressively smaller.

4. Chlorpyrifos-Methyl Sensing

We now explore the potential application of 2D GNR arrays in molecular sensing
(Figures 9 and 10 and Table 3). Chlorpyrifos-methyl is an insecticide that is widely used to
control insect pests on various crops, but it is highly toxic to organisms and humans. When
exposed to it, negative impacts on the nervous system can occur, including headaches,
dizziness, and nausea. Research has connected chlorpyrifos-methyl to developmental
problems in children, such as decreased IQ and attention deficit disorders. Given these
concerns, numerous nations have taken action to restrict or prohibit the utilization of
chlorpyrifos-methyl [58,59]. Therefore, effective detection and removal methods are crucial.
From a chemical perspective, chlorpyrifos-methyl has a benzene ring with perpendicular
π electrons that are likely to interact directly with the perpendicular π electrons of the
GNRs via π − π interactions. Additionally, this molecule has a resonance plasmon peak at
0.95 THz [60]. These types of molecules are often detected in water [59], but water has a
strong THz absorption at 1 THz [61]. In this context, materials with resonance peaks within
the range of water frequency absorption significantly enhance the interaction between
incident THz waves and target molecules, making them useful for sensing proteins, nucleic
acids, and cells.

Figure 9. (a) Frequency–momentum dispersion as a function of the plasmon momentum using the
charge carrier velocity of freestanding graphene (vF = 0.829 × 106 m s−1) for the experimental 2D
GNR arrays (w = 155, 270, 380, 480 nm). (b) Maximum of the plasmon peak at 0.95 THz as a function
of the plasmon momentum for the same systems.
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Figure 10. Dispersion of the maximum of the plasmon peak (<2 THz) with FWHM = 5 for
(a) w = 155 nm by considering different momenta from 75 (blue curve) to 100 cm−1 (purple curve),
and (b) w = 480 nm by considering different momenta from 25 (blue curve) to 35 cm−1 (orange curve).

Table 3. Position of the maximum of the plasmon peak at 0.95 THz for the experimental 2D GNR
arrays analyzed.

Ribbon Width (nm) Peak Position (cm−1)

155 94.2
270 54.1
380 38.5
480 30.5

Figure 9a shows that 2D GNR arrays can effectively serve as a sensing platform
for detecting chlorpyrifos-methyl molecules by using a specific setting, for example:
N2D = 2.5 × 1012 cm−2, θ = 0, and ν = 2.24 s−1. All the analyzed cases (w = 155 nm, black
curve; w = 270 nm, blue curve; w = 380 nm, red curve; w = 480 nm, green curve) have the
necessary THz response. It is worth noting that high values of the electron relaxation rate
(ν) and charge carrier concentration (N2D) are used, which implies two important facts:

(i) The use of ν = 2.24 s−1 is justified by the possibility of using GNRs with a high
concentration of defects, such as oxidized graphene ribbons [62].

(ii) It is assumed that the interaction between the 2D GNR array and the chlorpyrifos-
methyl molecule through π − π interactions will cause a transfer of charge (doping)
from the molecule, which validate the use of N2D = 2.5 × 1012 cm−2.

Additionally, in Figure 9a, small forbidden plasmon regions are detected at q < 80 cm−1

for w = 155 nm and at q < 40 cm−1 for w = 270 nm. In the remaining two cases
(w = 380 nm and w = 480 nm), the forbidden regions appear at q < 20 cm−1. Thus, as the
ribbon width increases, the momentum range for which the plasmon does not exist shrinks,
indicating that for w → ∞ , the plasmon dispersion resembles the results of 2D graphene
(i.e., THz = 0 and q = 0). Additionally, the plasmon frequency dispersion increases as the
ribbon width increases, reaching nearly 6 THz at q = 300 cm−1 and w = 480 nm (green
curve, Figure S6). Importantly, Figure 9b shows that while all 2D GNR arrays have plasmon
responses at 0.95 THz, these resonance modes shift to lower values of q as the ribbon
width increases. The same shift has been observed in experimental graphene microribbons
ranging from 1 to 4 μm [57]. For example, in Table 3, for w = 155 nm, the peak position at
0.95 THz is at q ≈ 94 cm−1 (black curve) whereas for w = 480 nm the peak position is at
q ≈ 30 cm−1 (green curve). Using 2D GNR arrays with a larger range of ribbon widths,
THz resonance from 0.1–1 THz can be straightforwardly engineered.
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Subsequently, Figure 10 depicts the presence of plasmon resonances in 2D GNR
arrays with widths of 155 nm (Figure 10a) and 480 nm (Figure 10b), respectively. These
resonance modes are found in the same frequency of water (1 THz) at q ≈ 99 cm−1 for
w = 155 nm (orange curve) and q ≈ 30 cm−1 for w = 480 nm (brown curve). In the context
of plasmonic–organic molecule interactions, it is worth mentioning that the interaction
between the plasmonic wave and organic molecules can cause changes in the signal that
is generated. In particular, this interaction can cause changes in the resonance frequency
of the plasmon modes detected in the analyzed 2D GNR arrays, leading to modifications
in the optical signal observed here (for water or chlorpyrifos-methyl). The precise nature
of these signal modifications depends on the specific details of the interaction between
the plasmonic wave and the organic molecule, further including the size and shape of the
molecule, its electrical properties, and its position relative to the incident plasmon wave.
Understanding these interactions is an important area of plasmonics research and has
immediate applications in fields such as biosensing, photonics, and optoelectronics as well
as the design of novel graphene-based biosensors.

5. Conclusions

In summary, we used a semi-analytical approach, which takes into account the Dirac
cone approximation and the group velocity of graphene (vF = 0.829 × 106 m s−1) to
examine the electronic and plasmonic features of GNRs with widths that match those of
actual samples (155, 270, 380, and 480 nm). Both freestanding and non-freestanding models
were considered. The band structure and bandgap were evaluated in the range of a few
meV to eV. Plasmon resonances were evaluated in the frequency range below 50 THz.

From the viewpoint of electronic properties, this modeling approach reasonably re-
produces the bandgaps of experimental samples (>20 nm wide) and values predicted by
sophisticated GW approximation (with widths from 1.5 to 2.7 nm). Moreover, it is possible
to match the experimental bandgap (~0.9 eV) of GNRs (10 nm wide) on Ge(001) at a 30%
decrease in the group velocity of graphene estimated by LDA-DFT computations as well
as the effective electron mass (m∗ = 0.27m0) of GNRs (~1 nm wide) on Au(111). With this
evidence, this work demonstrated that the bandgaps of the systems under examination
(≥155 nm) range from 7 to 22 meV. These bandgaps values can be increased by increasing
the group velocity of graphene when it is supported on various substrates such as quartz,
and hexagonal boron nitride, among others.

Considering the plasmonics side, this work is restricted to the analysis of the effect of
changing the group velocity of graphene, ribbon width, and charge carrier concentration
(doping). Other parameters such as plasmon excitation angle, electron mobility, temper-
ature, and Fermi level shift can be scrutinized by simple modification of these values in
Equation (6). Specifically, the semi-analytical model reproduced the experiment of graphene
microribbons of 4 μm wide organized as 2D periodic arrays, finding the maximum of the
plasmon peak at 3.20 THz for q = 100.06 cm−1 as well as the predictions of GNRs of 10 nm
wide on Si with the maximum of the plasmon peak at 3.75 THz for q = 2050 cm−1. For
the systems under study, the plasmon frequency dispersion rises as the group velocity
of graphene increases. The plasmon frequency further increases by increasing the ribbon
width or the charge carrier concentration up to about 50 THz for q = 10, 000 cm−1. The
decay of the plasmon frequency rate suggested that as the ribbon width grows, the effect
on the plasmon frequency dispersion became gradually minor.

The potential application of the systems considered was discussed in terms of molecu-
lar sensing of chlorpyrifos-methyl, which is a highly toxic pesticide for organisms and hu-
mans. By setting the following parameters: N2D = 2.5× 1012 cm−2, θ = 0, and ν = 2.24 s−1,
all the analyzed cases displayed plasmons resonances at the same frequency of chlorpyrifos-
methyl (0.95 THz) and water (1 THz), suggesting that 2D GNR arrays are excellent platforms
for the design of novel biosensing devices.

Although this modeling approach has some restrictions, such as its frequency range of
use and its failure to explicitly consider the effects of sample passivation, ribbon edges, and
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disorder, it still demonstrates good agreement with previous experiments and predictions.
This semi-analytical model is therefore useful as a preliminary step in determining the
theoretical electronic and plasmonic properties of viable samples of graphene or graphene-
related ribbons.

Supplementary Materials: The following supporting information can be downloaded at:
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Abstract: Despite the increasing interest in graphene, a less studied aspect is the enhancement of
silicon (Si) performances due to the interaction with graphene-based materials. In this study, cyclic
voltammetry and electric impedance measurements are performed on graphene oxide (GO) dip-
coated on n-type and p-type Si samples. The electrical properties of GO on n-type Si samples are
dramatically enhanced: The conductivity and the photocurrent meaningfully increase in comparison
to bare n-type Si. Such findings could be used in a wide variety of optoelectronic applications,
improving GO future applicability in the Si semiconductor industry.

Keywords: graphene oxide; silicon; thin films; impedance; cyclic voltammetry

1. Introduction

The semiconductor technology is based on crystalline silicon (Si), which is an inefficient
light-emitting material because it is an indirect bandgap semiconductor [1]. Therefore,
attention in the semiconductor field has turned to graphene, which is a single layer of
carbon atoms arranged in a honeycomb lattice [2] that has ultrahigh charge-carrier mobility,
broadband light absorption, and linear dispersion band structure [3]. Graphene is thus an
advantageous material for several applications in electronics and optoelectronics [4,5].

Despite its outstanding properties, graphene cannot replace Si entirely because of the
poor on/off current ratio, which results from its zero bandgap [6]. However, it has been
suggested that graphene could improve Si-based devices to afford broadband operation
in light routing and amplification in components such as polarizers, modulators, and
photodetectors [6].

Another advantage of graphene-based materials is that they can be produced in
ultrathin sheet form that can be transferred to suitable substrates [7].

Graphene oxide (GO) is a graphene-based material that has more oxygen-containing
groups and defects compared with mechanically exfoliated or chemical vapor-deposited
graphene. These defects are proven to be favorable to enhancing the performance of
photodetectors [8]. Furthermore, previous research works have shown that GO thin films
have high optical transmittance in the visible region of the spectrum that allows their use
as protective coatings and optically transparent electrodes, crucial in solar cells and for
optical applications [9].

GO has been studied for several applications [10–24] in previous research works.
In particular, Brzhezinskaya et al. [25] demonstrated a simple method for GO deposi-

tion for creating different electronic devices including memristor devices for neuromorphic
computing systems in the field of large data and artificial intelligence. Khurana et al. [26]
observed thermally stable bipolar resistive switching behavior in the memory devices
composed of GO thin films on indium tin oxide coated glass substrate with platinum as
the top electrode. Panin et al. [27] reported resistive switching behaviors in an Al/GO/Al
planar structure. Qi et al. [28] demonstrated highly uniform resistive switching and a
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high on/off ratio of resistive random access memory based on GO by embedding gold
nanoparticles into the device. Jeong et al. [28] presented a GO-based memory that can be
easily fabricated using a room-temperature spin-casting method on flexible substrates and
has reliable memory performance in terms of retention and endurance.

In our works, we have studied the optical properties of GO [9,29]. A less studied
aspect in the framework of graphene-based material is the enhancement of Si performances
due to the interaction with GO.

In this work, we characterize GO thin films deposited on n-type and p-type Si sub-
strates using cyclic voltammetry and impedance measurements. The photocurrent and
conductivity of n-type Si are substantially enhanced due to the interaction with GO thin
films, which could be crucial for several applications in the optical field.

2. Materials and Methods

The n-type and p-type Si wafers used as substrates were ultrasonically cleaned in
acetone, then in bidistilled water, and finally in isopropanol.

All samples were prepared using GO 2 g/L dispersion in H2O (bought from Punto Quantico).
The dip-coating process [30] was used to deposit GO films (10 nm) on n-type and

p-type Si with a homemade apparatus at a speed of 0.33 mm/s.
In Figures 1 and 2, the schemes of the sample cell are reported.

 

Figure 1. Scheme of the sample cell.

 

Figure 2. Scheme of the sample cell.

The ends of the silicon strip were etched with a hydrogen fluoride solution to remove
the native SiO2 layer, and two copper conductors were indium soldered on both ends. An
opaque mask reduced the light-exposed surface of the sample to an area of 17 mm × 5 mm.

In Figure 4, the scheme of the experimental setup is reported.
In Figure 3, the photos of the sample cell are reported.
The sample was placed inside an insulated dark box, the temperature of which was

controlled by a fan and a thermometer. The light beam was emitted by a tungsten halogen
lamp powered at a constant current of 8.3A (100 W) using an Instek 2010 PSP-2010 power
supply. Current-to-voltage scans were performed using a Keithley 2612A source meter.
Sample impedance was measured using an Agilent 4294A Precision Impedance Analyzer.
All the measurements were made at room temperature and were performed inside the dark
box in conditions of dark and light illumination (4450 lux).

Additional morphological, optical, and electrical measurements of the samples are
available in the Supplementary Materials.
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Figure 3. Photos of the sample cell. (a) front view (b) top view.

 

Figure 4. Experimental setup.

3. Results and Discussion

In Figures 5 and 6, the cyclic voltammetry measurements of n-type (p-type) Si and
GO/n-type (p-type) Si samples under dark and light illumination conditions are reported.

137



Crystals 2023, 13, 73

Figure 5. Cyclic voltammetry measurements on n-type silicon and graphene oxide/n-type Si samples
under dark and light illumination conditions.

Figure 6. Cyclic voltammetry measurements on p-type silicon and graphene oxide/p-type Si samples
under dark and light illumination conditions.

As can be seen in Figure 5, the I–V characteristics show that the photocurrent of the
GO/n-type Si samples more than tripled in comparison to bare n-type Si samples under
light illumination.

Under light illumination conditions, incident light is absorbed in the Si substrate and
electron−hole pairs are generated as a result. Therefore, an explanation of the observed
behavior may be that photogenerated carriers in GO can be driven toward the Si conduction
band by a built-in electrical field with light illumination. At the same time, Si also absorbs
photons and excites the photogenerated carriers. Electrons will accumulate in the conduc-
tion band of Si, while photogenerated holes will be transported into the GO’s valence band.
The mechanism of generation and transportation inhibits the effective recombination of
carriers, and in turn, increases the photocurrent.

The I–V characteristics in Figure 6 reveal a current behavior in the GO/p-type Si sam-
ples almost identical to that of the bare p-type Si in dark and light illumination conditions.
Therefore, there is no substantial improvement due to the presence of GO in the case of
p-type Si substrates.
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Figures 7 and 8 show the impedance measurements on n-type (p-type) Si and GO/n-
type (p-type) Si samples.

Figure 7. Impedance measurements on n-type silicon and graphene oxide/n-type Si samples under
dark and light illumination conditions.

Figure 8. Impedance measurements on p-type silicon and graphene oxide/p-type Si samples under
dark and light illumination conditions.

In Figure 7, the impedance of GO/n-type Si samples decreases in both the absence
and presence of light radiation. The conductivity is quintupled for GO/n-type Si samples
in comparison to bare n-type Si under light conditions.

A possible explanation may be that GO doping shifts the Fermi energy level of Si
towards the Si conduction band, thus increasing its conductivity. However, additional
research is required to corroborate this claim.

As shown in Figure 8, the p-type silicon and GO/p-type Si samples have the same
impedance behavior in dark conditions. In the presence of light radiation, there is an
increase in GO/p -type Si conductivity in comparison to bare p-type Si.

4. Conclusions

In summary, this study provides a demonstration of an innovative method for improv-
ing the conductivity of Si using GO.

The photocurrent and conductivity of n-type Si are significantly enhanced by dip-
coating GO on it. The photocurrent of p-type Si is not significantly affected by interaction
with GO, whereas its conductivity is enhanced.
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Hence, GO could improve the Si semiconductor industry, (especially n-type Si), finding
applications in numerous areas such as solar cells, touch screens, transparent displays,
imaging, sensing, and other optoelectronic applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cryst13010073/s1, Figure S1: Scanning electron microscopy image
of GO films on Si substrates (n-type). Figure S2: Scanning electron microscopy image of GO films
on Si substrates (p-type). Figure S3: Particle size distribution of very diluted GO flakes in water.
Figure S4: Variable angle spectroscopic ellipsometry measurements of graphene oxide films on Si
substrates (n-type). Experimental and model generated ψ (a) and Δ (b) data fit at different angles of
incidence. Figure S5: Variable angle spectroscopic ellipsometry measurements of graphene oxide
films on Si substrates (p-type). Experimental and model generated ψ (a) and Δ (b) data fit at different
angles of incidence. Figure S6: Impedance measurements on n-type Si and graphene oxide/n-type Si
samples under dark and light illumination conditions. Figure S7: Cyclic voltammetry measurements
on n-type Si and graphene oxide/n-type Si samples under dark and light illumination conditions.
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