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Abstract

Graphene, a single-atom-thick two-dimensional (2D) allotrope of carbon arranged in a hexagonal
honeycomb lattice, has emerged as one of the most extraordinary materials discovered in the 21st
century. Since its experimental isolation in 2004, graphene has attracted unprecedented scientific
interest owing to its exceptional physical properties, including a Young's madulus of approximately 1
TPa, tensile strength of ~130 GPa, thermal conductivity. ranging from 4840 to 5300 W/mK in
suspended form, electron mobility up to 200,000 ecm?/Ves, and optical transmittance of ~97.7%. The
objectives of this study are to systematically characterize the mechanical, thermal, electrical, and
optical properties of monolayer .graphene and to quantitatively compare these properties with
conventional materials. A secondary data-based review methodology is employed, drawing on peer-
reviewed experimental and computational studies published between 2004 and 2025. The hypothesis
posits that graphene's 2D structural confinement is the primary driver of its multi-domain property
superiority. Results confirm.that graphene substantially outperforms conventional materials across
all measured physical ‘domains. Discussion highlights the interdependence of graphene's structural
uniqueness and its exceptional physical performance. The study concludes that graphene's verified
properties make it a transformative platform material for future technologies.

Keywords: Graphene',  Two-Dimensional Material?, Mechanical Properties®, Thermal
Conductivity*, Electron Mobility*

1. Introduction

The emergence of two-dimensional (2D) materials has fundamentally reshaped the trajectory of materials
science, nanotechnology, and condensed matter physics. At the heart of this transformation lies graphene a
monolayer of sp2-hybridized carbon atoms packed into a periodic hexagonal lattice with an interatomic C-C
bond length of approximately 1.42 A. While theoretical descriptions of graphene's electronic band structure date
back to P. R. Wallace's seminal 1947 work, it was not until 2004 that Professors Andre Geim and Konstantin
Novoselov at the University of Manchester achieved its first experimental isolation using the now-iconic
micromechanical cleavage, or "Scotch tape," technique (Novoselov et al., 2004). This breakthrough earned them
the Nobel Prize in Physics in 2010 and launched what has widely been termed the "graphene revolution." What
makes graphene extraordinary is not any single property but the remarkable convergence of superlative
characteristics within a single, one-atom-thick material. Graphene is simultaneously the thinnest, strongest, most
electrically conductive, and most thermally conductive material ever measured at room temperature. Its carrier
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density is exceedingly low under intrinsic conditions, yet electron and hole charge carriers behave as massless
Dirac fermions, yielding Fermi velocities of approximately 10° m/s (Castro Neto et al., 2009). The
corresponding intrinsic electron mobility in freestanding, defect-free graphene can reach up to 200,000 cm#/V-s
(Bolotin et al., 2008), a value unmatched by any known semiconductor or conductor at room temperature.

Mechanically, graphene's Young's modulus is approximately 1.0 £ 0.1 TPa and its intrinsic tensile strength is
~130 GPa, making it roughly 200 times stronger than structural steel per unit area (Lee et al., 2008). In the
thermal domain, suspended single-layer graphene exhibits thermal conductivity in the range of 4840-5300
W/mK at room temperature, measured via Raman optothermal spectroscopy a value that surpasses even
diamond (Balandin et al., 2008). Optically, each graphene monolayer absorbs exactly 2.3% of white light, a
value governed solely by the fine structure constant and independent of any material parameters, conferring
97.7% transmittance (Nair et al., 2008). These properties are not independent phenomena; they arise from
graphene's unique 2D crystalline structure, the delocalization of m-electrons across its lattice, and the zero-
bandgap semimetallic band structure at the Dirac point (Geim & Novoselov, 2007). The structural confinement
to two dimensions eliminates out-of-plane phonon scattering pathways, contributingto its exceptional in-plane
thermal conductivity. Similarly, the linear energy—momentum dispersion relation near the K-point of the
Brillouin zone directly underpins the massless fermion behaviour responsible for graphene's ballistic transport
properties (Katsnelson et al., 2006). Since 2004, over 500,000 research articles have cited graphene, and its
global market is projected to exceed USD 1.08 billion by 2025 (Zurutuza & Marinelli, 2014). From flexible
electronics and energy storage to biosensors and composite reinforcement, the scope of graphene's potential is
vast. This paper undertakes a systematic, data-driven investigation of graphene's established physical properties,
placing them within a rigorous comparative and quantitative framework, and critically evaluates findings against
verified experimental literature published up to 2025.

2. Literature Review

The scientific literature on graphene's physical properties is vast, rapidly evolving, and built upon a foundation
of landmark experimental studies. Novoselov et al. (2004) first demonstrated the isolation of monolayer
graphene and measured its ambipolar electric field effect, establishing the zero-bandgap, semimetallic character
of the material and reporting carrier mobilities exceeding 10,000 cm?/V's even at room temperature on SiO:
substrates< This.pioneering work catalysed a wave of fundamental characterization studies. Among the most
cited works on mechanical properties, Lee et al. (2008) performed nanoindentation experiments using an atomic
force microscope on suspended monolayer graphene membranes, directly measuring a Young's modulus of ~1.0
+ 0.1 TPa and an intrinsic tensile strength of ~130 GPa. These values established graphene as the stiffest and
strongest material known. Subsequent molecular dynamics simulations (Frank et al., 2007) and Raman-based
strain measurements corroborated these findings, placing graphene's stiffness on par with diamond while
preserving significant in-plane flexibility. Dreyer et al. (2010) extended such analyses to graphene oxide
derivatives, demonstrating how chemical functionalization modifies surface chemistry but significantly reduces
intrinsic mechanical performance.

Thermal property measurements have similarly been landmark. Balandin et al. (2008) used non-contact Raman
spectroscopy to extract room-temperature thermal conductivity values of (4.84 + 0.44) x 103 to (5.30 + 0.48) x
108 W/mK for suspended single-layer graphene, far exceeding those of diamond (~2000 W/mK) and copper
(~400 W/mK). The thermal conductivity is dominated by phonon transport due to graphene's low carrier
density, and isotopic purity of the 12C lattice further enhances these values (Zhu et al., 2010). Supported
graphene on SiO: substrates, however, exhibits substantially reduced thermal conductivity (~600 W/mK) due to
interface phonon-scattering effects. On electrical transport, Bolotin et al. (2008) measured ultrahigh carrier
mobility in suspended graphene reaching 200,000 cm?/V/-s at low carrier densities after current annealing,
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attributing the enhancement to the removal of substrate-induced scattering. This contrasts with graphene on
Si0, where optical phonon scattering from the substrate limits mobility to ~40,000 cm?/V-s. The anomalous
integer and half-integer quantum Hall effects in graphene, first reported by Novoselov et al. (2004) and
elaborated by Castro Neto et al. (2009), provided direct evidence of massless Dirac fermion behaviour and
Berry phase &, properties absent in conventional semiconductors. Katsnelson et al. (2006) further demonstrated
Klein tunnelling in graphene perfect transmission of charge carriers through potential barriers a quantum
mechanical phenomenon with direct implications for transistor design.

Optical characterization by Nair et al. (2008) established that graphene's white-light absorptance of 2.3% per
layer is defined exclusively by the fine structure constant a = 1/137, representing one of the few macroscopic
quantum phenomena determined solely by fundamental constants. Bonaccorso et al. (2010) expanded this into a
comprehensive photonics roadmap, highlighting graphene's potential in” photodetectors, ultrafast lasers, and
optical modulators with bandwidths exceeding 30 GHz. Kim et al. (2009) demonstrated large-scale chemical
vapour deposition (CVD) growth of graphene on copper foils with carrier mobility up to 7350 cm#/V-s, a critical
step towards scalable electronic applications. More recent work by Saeed et al: (2020) comprehensively
reviewed CVD growth mechanisms, confirming that controlled synthesis parameters can produce near-pristine
monolayers with properties approaching theoretical predictions. Studies on graphene aerogels and composites
(Zhu et al., 2010) showed that even in 3D structural forms, graphene preserves much of its 2D property
advantages. The cumulative literature, spanning 2004 to 2025, unanimously confirms graphene's position at the
frontier of 2D material physics, while underscoring the critical role of synthesis quality, substrate interaction,
and layer count in property modulation.

3. Objectives

1. To systematically characterize and quantitatively document the mechanical, thermal, electrical, and
optical physical properties of monolayer graphene through analysis of peer-reviewed experimental data
published between 2004 and 2025.

2. To comparatively evaluate graphene's physical properties against conventional engineering materials
(steel, copper, silicon) and identify the structural determinants responsible for graphene’s multi-domain
property superiority.

4. Methodology

This study adopts a systematic secondary data analysis methodology grounded in quantitative review of peer-
reviewed experimental literature. The research design is descriptive-analytical, focused on the aggregation,
tabulation, and critical comparison of verified numerical data on graphene's physical properties. No primary
laboratory experiments were conducted; instead, data were extracted from high-impact publications indexed in
Google Scholar, Web of Science, Scopus, and PubMed, with a publication window from 2004 to 2025. The
sample of studies was selected based on three inclusion criteria: (i) the study must report original experimental
or high-fidelity computational data on at least one measurable physical property of graphene (mechanical,
thermal, electrical, or optical); (ii) the study must be published in a peer-reviewed journal with a recognized
impact factor; and (iii) data must be independently verified by at least two other published sources. Studies
reporting only theoretical estimations without experimental validation were used only as supporting context and
not as primary data sources.

Data extraction was performed using a structured template capturing property type, measurement technique,
reported numerical value with uncertainty, substrate/environment conditions, graphene layer count, and
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temperature. For each property domain, multiple values from independent studies were cross-tabulated to derive
consensus ranges and benchmark values. Analytical techniques included descriptive statistics (means, ranges,
standard deviations where reported), cross-material comparative analysis via tabulation, and critical synthesis of
experimental conditions to explain property variation. Outlier values, such as ultra-high mobility in suspended
graphene under cryogenic conditions, were flagged and reported separately from room-temperature ambient
values. The tools employed include standard reference management, structured data tables for synthesis, and
validated literature from primary research journals including Nature, Science, Nano Letters, Physical Review
Letters, and Advanced Materials. All data presented in the Results section are sourced directly from verified
publications and cited accordingly within table source fields.

5. Results
Table 1: Fundamental Physical Properties of Monolayer Graphene
Property Measured Unit Condition Source
Value

Layer Thickness 0.334 nm Crystallographic Novoselov et al.
(2004)

C-C Bond Length 1.42 A Ambient Geim & Novoselov
(2007)

Young's Modulus 1.0+£0.1 TPa Nanoindentation, AFM | Lee et al. (2008)

Intrinsic Tensile Strength | ~130 GPa AFM, suspended Lee et al. (2008)

Thermal Conductivity | 4840-5300 W/mK |'Room temperature, | Balandin et al. (2008)

(suspended) Raman

Electron Mobility {~200,000 cm?/\V-s | Room temperature Bolotin et al. (2008)

(freestanding)

Specific Surface Area ~2600 m3/g BET calculation Stoller et al. (2008)

Optical Transmittance 97.7 % White light, per layer Nair et al. (2008)

Optical Absorption ~2.3 % Per layer Nair et al. (2008)

Resistivity 1078 Q'm Room temperature Novoselov et al.
(2004)

Table 1 presents the core verified physical properties of monolayer graphene. The data reveal an extraordinary
convergence of superlative values across independent property domains. At only 0.334 nm thickness, graphene
exhibits a Young's modulus of 1.0 TPa and tensile strength of ~130 GPa, alongside thermal conductivity up to
5300 W/mK the highest ever recorded. Its resistivity of 107® Q-m is lower than silver, and its optical absorption
of 2.3% per layer is uniquely governed by the fine structure constant, confirming the quantum nature of its
optical interaction (Nair etal., 2008).

Table 2: Mechanical Property Comparison of Graphene with Conventional Materials

Material Young's Tensile Density (g/cm3) Strength-to-Weight
Modulus (GPa) | Strength (GPa) Ratio (MN-m/kg)

Graphene ~1000 ~130 ~0.00077 (per m3) | ~169,000

(monolayer)

Structural Steel 200 0.4-1.0 7.87 ~0.13

Carbon Nanotubes ~1000 50-150 1.3-14 ~107
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Diamond

~1050

1.2-1.6

3.52

~0.45

Kevlar Fibre

70-112

3.6-4.1

1.44

~2.8

Source: Lee et al. (2008); Frank et al. (2007); Castro Neto et al. (2009)

Table 2 compares graphene's mechanical properties against materials used in structural and advanced
engineering applications. Graphene's Young's modulus of ~1000 GPa equals that of diamond and far exceeds
steel (200 GPa), while its tensile strength of ~130 GPa is approximately 130-325 times greater than structural
steel. Its exceptionally low areal density (~0.77 mg/m?2) produces a specific strength (strength-to-weight ratio)
many orders of magnitude higher than all competing materials listed, establishing graphene as the superior
mechanical material for weight-critical nanoscale and aerospace applications(Lee et al., 2008).

Table 3: Thermal Conductivity of Graphene Under Different Conditions vs. Other Materials

Material /| Thermal Temperature Measurement Source
Condition Conductivity Method
(W/mK)

Graphene 4840-5300 Room temperature.| Raman optothermal | Balandin et al. (2008)

(suspended, SLG) (~300 K)

Graphene (on | ~600 Room temperature | Raman/thermometry | Balandin et al. (2008)

Si0: substrate)

Graphene (CVD, | 1500-5000 Room temperature | Various Zhu et al. (2010)

suspended)

Graphite  (basal | ~2000 Room temperature | Standard Balandin et al. (2008)

plane)

Diamond 1000-2200 Room temperature | Standard Balandin et al. (2008)

Copper ~400 Room temperature | Standard Geim & Novoselov
(2007)

Silver ~430 Room temperature | Standard Geim & Novoselov

(2007)

Source: Balandin et al. (2008); Zhu et al. (2010)

Table 3 demonstrates that suspended monolayer graphene achieves the highest experimentally confirmed

thermal conductivity of any known material,

ranging from 4840 to 5300 W/mK at room temperature

approximately 12 times higher than copper and 2.5 times higher than diamond. Substrate coupling drastically
reduces this value to ~600 W/mK on SiO-, confirming that interfacial phonon scattering is the primary limiting
mechanism. CVD-grown suspended graphene similarly reaches 5000 W/mK, confirming broad reproducibility

across synthesis routes (Balandin et al., 2008).

Table 4: Electrical Properties of Graphene — Carrier Mobility Across Conditions

Condition Electron Mobility | Temperature Substrate Source
(cm2/V-s)
Freestanding suspended | ~200,000 Room None Bolotin et al
graphene temperature (suspended) (2008)
Graphene on SiO2 | ~40,000 Room Si02/Si Bolotin et al
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(intrinsic limit) temperature (2008)

CVD graphene on Cu foil | ~7,350 Room SiO2 after | Kim et al. (2009)

(transferred) temperature transfer

Epitaxial graphene on | ~2,000-10,000 Room SiC Castro Neto et al.

SiC temperature (2009)

Graphene FET | ~42,000 Room Ferroelectric Castro Neto et al.

(ferroelectric substrate) temperature (2009)

Silicon (best-grade) ~1,400 Room Bulk Geim &
temperature Novoselov (2007)

Source: Bolotin et al. (2008); Kim et al. (2009); Castro Neto et al. (2009)

Table 4 illustrates that graphene's electron mobility is fundamentally.substrate-dependent, yet even in the worst
supported configurations it substantially exceeds silicon (~1,400¢cm#/V/-s). Freestanding suspended graphene
achieves 200,000 cm#/V-s approximately 143 times silicon's room-temperature value reflecting near-ballistic
transport from the massless Dirac fermion dispersion relation (Castro Neto et al., 2009). CVD graphene, more
amenable to scalable fabrication, achieves ~7,350 cm?/V-s, confirming adequate performance for industrial
electronic applications such as transparent electrodes:and field-effect transistors (Kim et al., 2009).

Table 5: Optical Properties of Graphene — Monolayer and Multi-Layer Comparison

Number of Graphene | Light Light Reflectance Source

Layers Transmittance (%) | Absorption (%) | (%)

1 (monolayer) 97.7 2.3 <0.1 Nair et al. (2008)

2 (bilayer) 95.4 4.6 <0.2 Nair et al. (2008)

3 (trilayer) 93.1 6.9 <0.3 Nair et al. (2008)

4 layers 90.8 9.2 <04 Nair et al. (2008)

10 layers 77.0 23.0 <1.0 Bonaccorso et al.
(2010)

Indium  Tin  Oxide | 90.0 ~10.0 Varies Bonaccorso et al.

(ITO) thin film (2010)

Source: Nair et al. (2008); Bonaccorso et al. (2010)

Table 5 reveals that graphene's optical absorption increases linearly with layer count at a rate of exactly 2.3%
per layer, a direct consequence of its Dirac fermion band structure and the universality of the fine structure
constant (Nair et al., 2008). Monolayer graphene achieves 97.7% transmittance with less than 0.1% reflectance
superior to industry-standard ITO electrodes (~90% transmittance) making it a leading candidate for next-
generation transparent conductive coatings. Combined with its high electrical conductivity, this property profile
is uniquely suited for flexible electronics, solar cells, and optoelectronic modulators (Bonaccorso et al., 2010).

Table 6: Summary Comparison of Graphene's Multi-Domain Properties Against Benchmark Materials

Property Domain Graphene Best Conventional | Competitor Graphene
Value Competitor Value Advantage Factor
Mechanical (Tensile | ~130 GPa Steel ~1.0 GPa ~130x
Strength)
Thermal Conductivity ~5300 W/mK Diamond ~2200 W/mK ~2.4%
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Electron Mobility ~200,000 Silicon ~1,400 ~143x
cm?/V-s cm?/V-s
Optical Transmittance 97.7% ITO ~90% ~8.6% higher
Specific Surface Area ~2600 m2/g Activated carbon ~1000-3000 Competitive
m2/g
Resistivity 108 Q'm Silver 1.59x10* Q-m | Lower

Source: Novoselov et al. (2004); Geim & Novoselov (2007); Lee et al. (2008); Balandin et al. (2008); Bolotin et
al. (2008); Nair et al. (2008)

Table 6 consolidates the cross-domain competitive advantage of graphene.in a single, synthesized framework.
Graphene demonstrates a tensile strength 130 times greater than structural steel, 2.4 times higher thermal
conductivity than diamond, and electron mobility 143 times that of silicon. Its resistivity at 10® Q'm is
marginally lower than silver the lowest known bulk conductor. This multi-domain superiority is not coincidental
but arises from the structural integrity and quantum electronic characteristics of the perfect 2D hexagonal carbon
lattice (Novoselov et al., 2004; Geim & Novoselov, 2007).

6. Discussion

The results presented across the six data tables converge on a central. conclusion: graphene's exceptional
physical properties arise from the self-consistent quantum mechanical and structural characteristics of its 2D
hexagonal carbon lattice, and these properties collectively surpass conventional materials across every measured
domain. This discussion critically analyses each property cluster in relation to the study's two objectives.

e Mechanical Properties. The Young's modulus of ~1.0 TPa-and tensile strength of ~130 GPa reported
in Table 1 and Table 2 directly fulfil Objective 1 by establishing precise quantitative benchmarks for
monolayer graphene. These values confirmed by Lee et al. (2008) using AFM nanoindentation and
supported by Frank et al. (2007) through suspended membrane experiments are attributable to the sp?
carbon-carbon covalent bond, among the strongest chemical bonds in nature. The in-plane bond has a
high electron density from z-orbital delocalization, resisting deformation under tensile stress. The
comparison in Table 2 (Objective 2) clearly shows that graphene's specific strength surpasses Kevlar,
carbon nanotubes, and steel by several orders of magnitude. Critically, this strength is accompanied by
high in-plane flexibility and tolerance to large deformation without fracture, unlike diamond, which is
brittle. These attributes make graphene distinctly superior for load-bearing composite reinforcement
and flexible electronic substrates (Dreyer et al., 2010).

e Thermal Properties. The thermal conductivity data in Table 3 demonstrate that suspended graphene
(4840-5300 W/mK) dramatically outperforms all known materials, including diamond, confirming
Objective 2's cross-material comparison framework. The mechanism is phonon-dominated heat
conduction in the basal plane, where long-wavelength acoustic phonons propagate with minimal
scattering due to graphene’s structural perfection. The substrate-induced reduction from ~5300 W/mK
(suspended) to ~600 W/mK (supported on SiO:) underscores how interface phonon scattering governs
real-world thermal performance. This finding carries significant implications for graphene's
deployment in thermal management of microelectronics, where substrate interactions are unavoidable.
Achieving suspended or near-suspended configurations is key to exploiting graphene's maximum
thermal potential, as confirmed by Balandin et al. (2008) and corroborated by Zhu et al. (2010).

e Electrical Properties. The electron mobility data in Table 4 most directly support Objective 1's
characterization goal and represent perhaps graphene's most commercially transformative property. The
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200,000 cm?/V-s value for freestanding graphene, attributed to massless Dirac fermion transport with
near-zero effective mass (Castro Neto et al., 2009), represents ballistic electron conduction over
micrometer distances at room temperature a regime normally accessible only in semiconductor
heterostructures at cryogenic temperatures. Even substrate-limited CVD graphene at ~7,350 cm?/V-s
exceeds silicon by five times, relevant for practical transistor applications. The zero bandgap is both an
advantage (high conductivity) and a limitation (difficulty achieving on/off switching in transistors), a
challenge actively being addressed via bandgap engineering through nanoribbons, bilayer systems, and
chemical functionalization. Katsnelson et al. (2006) showed that Klein tunnelling charge carrier
transmission through potential barriers without reflection arises directly from graphene's Dirac fermion
character and represents a fundamental obstacle for conventional transistor operation, yet a unique
advantage for quantum transport devices.

e Optical Properties. Table 5's linear absorption scaling (~2.3% per layer) directly confirms the
hypothesis that graphene's 2D structural confinement drives_its property uniqueness. No conventional
3D material exhibits optical absorption governed exclusively by a dimensionless fundamental constant.
The practical implication, demonstrated by Bonaccorso et al. (2010), is_that graphene is uniquely
positioned as a transparent conductor in photovoltaics, flexible displays, and optoelectronic devices. Its
97.7% transmittance surpasses 1TO while offering superior flexibility and chemical stability, two
properties ITO critically lacks.

e Multi-Domain Synthesis. Table 6 confirms the primary hypothesis: graphene's 2D structural
confinement is indeed the dominant driver of its multi-domain superiority. The elimination of out-of-
plane atomic degrees of freedom concentrates structural stiffness in-plane, eliminates interlayer phonon
scattering, and produces the linear energy—momentum<dispersion responsible for massless carrier
transport. The fact that graphene achieves records simultaneously in mechanical strength, thermal
conductivity, electron mability, and optical transparency properties that typically trade off against each
other in conventional materials is physically unprecedented. This synthesis aligns with findings of
Novoselov et al. (2012), who outlined graphene's roadmap noting that no competing material replicates
this convergence. For India and the global research  community, scaling high-quality graphene
synthesis through CVD methods remains the primary challenge before these properties can be reliably
translated to commercial devices (Bae et al., 2010; Zurutuza & Marinelli, 2014).

7. Conclusion

This study has systematically. documented and comparatively evaluated the physical properties of monolayer
graphene, drawing exclusively on verified experimental data published between 2004 and 2025. The results
confirm that graphene.is unmatched across mechanical, thermal, electrical, and optical performance domains,
with a Young's modulus of ~1 TPa, thermal conductivity up to 5300 W/mK, electron mobility up to 200,000
cm?/V-s, and optical transmittance of 97.7%. These exceptional properties are directly attributable to graphene's
unique 2D sp2-hybridized hexagonal carbon lattice structure, validating the stated hypothesis. The comparative
data presented confirm graphene's multi-domain superiority over all conventional engineering materials.
Substrate interactions, synthesis quality, and scalability remain the principal challenges to commercial
deployment. Future research should focus on defect-free large-area synthesis, heterostructure integration, and
substrate-decoupled thermal management configurations to fully harness graphene's theoretically predicted
performance.
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