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Luiz Antônio Ribeiro Juńior, Carlos Maciel de Oliveira Bastos, Celso Ricardo Caldeira Reĝo,
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ABSTRACT: Sustainable energy solutions have led to extensive
research into materials for the conversion of solar energy. Two-
dimensional carbon allotropes have garnered significant attention
due to their unique structural and electronic properties, which can
enhance the efficiency and sustainability of solar panels. This study
used several computational methods, including density functional
theory, density functional tight binding, and molecular dynamics
simulations, to explore the solar energy conversion capabilities of
30 different 2D carbon-based allotropes. After a thorough analysis,
we found that these materials exhibited a wide range of power
conversion efficiency values, from 7% to 30%, assuming complete
absorption of incident light. Our research provides valuable insights into the structural and electronic properties that impact the
performance of these materials in solar cell applications.
KEYWORDS: Density functional theory, Tight-binding, Wannier functions, Excitons, Electronic and optical properties, 2D materials,
Carbon allotropes

1. INTRODUCTION
The rapid advancement of nanoscience has revolutionized
material design for various energy storage and conversion
applications.1−3 The groundbreaking synthesis of graphene
marked a pivotal moment, igniting a wave of exploration within
nanoelectronics.4 Graphene’s exceptional traits, including its
lightweight composition, formidable mechanical resilience,
optical transparency, and unparalleled electrical and thermal
conductivity, have captivated researchers’ attention.5,6 This
milestone has spurred extensive experimental7,8 and theoreti-
cal9,10 inquiries into novel 2D carbon allotropes. The primary
objective is to engineer all-carbon 2D materials replicating
graphene’s remarkable properties while overcoming its
limitations, particularly the absence of an electronic band
gap.11 This pursuit has culminated in a multifaceted approach,
blending computational screening with experimental endeavors
to unveil alternatives poised to redefine flat electronics.
The physicochemical properties of all-carbon 2D materials

are intricately tied to the synthesis process, offering a realm of
controllability.12,13 Based on this, numerous candidates have
emerged, each presenting a unique suite of characteristics.14−16

Among these materials, several have transcended theoretical
speculation to become experimental realities.17,18 Noteworthy
examples include monolayer amorphous carbon (MAC),17 the
2D biphenylene network (BPN),19 the monolayer fullerene
network (2DC60),

18 and multilayer γ-graphyne.20

MAC and BPN exhibit similarities with graphene, revealing a
zero semimetal band gap and Dirac cones indicative of linear
dispersion.17,18,21−23 However, they differ significantly in their
structural compositions.24,25 MAC is characterized by
randomly distributed defects with carbon rings of varying
sizes (five, six, seven, and eight atoms), which present a lattice
distinct from that of disordered graphene. In contrast, BPN
features a periodic arrangement of four-, six-, and eight-carbon
rings. On another front, γ-Graphyne and 2DC60 address the
zero band gap limitation common in other 2D carbon
materials, making them suitable for digital electronics
applications. γ-Graphyne has a small direct bandgap of 0.48
eV,20 while 2DC60 demonstrates a direct semiconducting band
gap of 1.6 eV.26 The crystalline structure of 2DC60 arises from
covalently bonded C60 polymers arranged in a planar
configuration, yielding stable crystals with quasi-hexagonal
and quasi-tetragonal phases.27 This innovative clustering
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mechanism opens new avenues for tailoring the electronic
properties of 2D carbon-based materials.
Integrating computational approaches into material design

has become indispensable in contemporary research, driven by
several compelling factors.28 Often, theoretical predictions of
novel nanostructured materials precede their experimental
realization by years or even decades. For example, BPN and
the 2D monolayer of C60 were first theoretically explored by
Mortazavi in 201722 and Tomanek in 1990,29 respectively.
Computational models facilitate the simulation and prediction
of material properties, enabling virtual experiments that
accelerate the discovery and development of new materials.
Researchers gain unprecedented access to materials’ underlying
physics and chemistry through computational simulation
protocols, unveiling insights into their atomic-scale structures,
electronic properties, and intermolecular interactions. This
profound understanding not only elucidates the fundamental
mechanisms governing material behavior but also informs the
strategic design of materials tailored to specific applications.
Using 2D carbon allotropes as photo absorbers in solar

harvesting devices represents a frontier in green energy
solutions. Despite the growing interest in 2D materials for
various applications, their potential in photovoltaics still needs
to be explored. Our study aims to investigate the intricate
interplay between 2D carbon allotropes and solar energy
conversion. By elucidating the photoabsorption properties of
these materials and their efficiency in converting sunlight into
usable electrical energy, our research seeks to unlock new
avenues for enhancing the efficiency and sustainability of solar
harvesting technologies.
In this study, we employed a comprehensive computational

approach to explore the potential of 2D carbon allotropes as
pivotal elements in the advancement of next-generation solar
cells. Using a suite of methodologies, including density
functional theory (DFT), density functional tight binding
(DFTB), and molecular dynamics (MD) simulations, we
devised a screening procedure to assess the solar harvesting
efficiency of 30 distinct 2D carbon-based allotropes. Our
analyses focused on calculating their power conversion
efficiency (PCE), providing insight into their viability for
solar energy conversion. The results reveal a spectrum of PCE
values ranging from 7% to 30% when the maximum
absorbance is considered, highlighting the diverse potential
of these materials. Through these computational findings, our
study aims to illuminate the performance landscape of 2D
carbon allotropes and inspire further exploration and
innovation in renewable energy technologies.

2. COMPUTATIONAL EXPERIMENTS
2.1. Computational Details. Our computational simu-

lations for structural and total energy optimization were
performed using DFT,30,31 implemented in the Vienna Ab
Initio Simulation Package (VASP).32 For the description of
electronic and structural properties, we utilized the semilocal
exchange-correlation functional via the generalized gradient
approximation (GGA)33 as proposed by Perdew−Burke−
Ernzerhof (PBE).34 However, it is known that PBE under-
estimates the electronic band gap,35,36 owing to self-interaction
problems and a poor description of weak interactions.37 To
obtain a more realistic description of the electronic band gap,
we adopted the screened Coulomb hybrid exchange-
correlation functional proposed by Heyd−Scuseria−Ernzerhof
(HSE06).38

The Kohn−Sham (KS) equations were solved using the
projector augmented wave (PAW) method,39 where the KS
states were expanded in plane waves. The equilibrium structure
was obtained through stress tensor optimization and atomic
force minimization, employing a cutoff energy of 827.984 eV.
Atomic forces were kept below 0.01 eVÅ−1, and a total energy
criterion of 10−6 eV was enforced in the KS self-consistent
cycle. We employed a cutoff energy of 465.741 eV with the
same simulation parameters for the rest of the electronic
properties. Brillouin Zone integration was performed using a k-
points density of 40 Å−1 in each reciprocal lattice vector
direction in the xy plane. To prevent unwanted interactions
between the 2D carbon allotrope and its periodic images in the
Ẑ direction, we employed a vacuum thickness of 20 Å, as these
2D carbon allotropes were constructed with xy periodicity.
The phonon dispersion was obtained using DFTB with self-

consistent charge (SCC),40 combining the DFTB+ code41 and
the Phonopy package.42 We used the finite displacement
method with a 4 × 4 × 1 supercell and a 4 × 4 × 1 k-mesh.
The 2D carbon allotropes were described within the DFTB
framework using the Slater−Koster (SK) parametrization
proposed by Gaus and co-workers.43

The MD simulations were performed using the SCC-DFTB
method,40 with the same SK parameters as before. We
employed the Berendsen thermostat44 for approximately 22
ps, with a time step of 1 fs. The temperature profile used for
our MD simulations was as follows: (i) 1 ps from 0 to 400 K,
(ii) 10 ps at 400 K, (iii) 1 ps from 400 to 300 K, and (iv) 10 ps
at 300 K. We chose temperature profiles of 300 and 400 K,
which are reasonable temperatures for solar cell operation.
These simulations used supercells with approximately 300
atoms each and a 3 × 3 × 1 k-mesh.
To investigate the optical, excitonic, and solar harvesting

properties of these systems, we utilized the WanTiBEXOS
package developed in our group,45 which enables the solution
of the Bethe−Salpeter equation (BSE).46 We employed a
maximally localized Wannier function tight-binding (MLWF-
TB) Hamiltonian, obtained from DFT HSE06 simulations
using the Wannier90 package,47 with s and p projections for
carbon atoms. The BSE was solved using a 2D truncated
Coulomb potential (V2DT),48 with a k-points density of 120
Å−1 in each reciprocal lattice vector direction in the xy plane.
Sufficient numbers of conduction and valence bands were
considered to describe the absorption spectrum at both BSE
and independent particle approximation (IPA) levels within
the solar emission spectrum range (0.5 to 4.0 eV).49 Further
details regarding the employed parameters are provided in
Supporting Information, Table S4.
The solar harvesting efficiency of these systems is estimated

using the PCE, which considers the AM1.5G model for the
solar emission spectrum,49 employing both the Shockley−
Queisser (SQ) limit50 and the spectroscopy limited maximum
efficiency (SLME) method.51 These calculations were
conducted based on the absorption spectrum obtained from
both BSE and independent particle approximation (IPA)
levels, with the solar cell operating at 298.15 K. The
absorbance of these 2D carbon allotropes was evaluated by
considering the total absorption coefficient spectrum obtained
through the summation of dielectric function diagonal
components. In our simulations, we assumed a monolayer
thickness equal to the materials’ thickness plus the van der
Waals (vdW) length (i.e., 3.21 Å), as detailed in Supporting
Information, Tables S6 and S7, consistent with prior
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studies.52−54 The addition of vdW length to monolayer
thickness is justified in the work of Bernardi et al.,55 where
this procedure is necessary to estimate graphene’s absorbance
due their atomic layer thickness, in order to reach results closer
to experimental measures. Further, theoretical formalism’s for
SLME and the SQ limit can be found in previous works.45,54

2.2. Screening Procedure. The simulation protocol of the
screening procedure used in this study is illustrated in Figure 1.

Initially, we selected 30 2D carbon allotropes (Figure 2),
comprising 27 from a 2D carbon allotropes database,56 and the
remaining three from literature sources: Hexatetra-Carbon
(HT-GRA),57 Me graphene (Me-GRA),58 and Pentagraphene
(Penta-GRA).59 Selection criteria included: (i) designation as
a semiconductor with a band gap exceeding 0.5 eV and (ii)
unit cell containing equal to or fewer than 40 atoms. Table S2,
in Supporting Information, provides a correspondence
between the 2D carbon allotrope names from the database56

and the names adopted in this work, along with justifications
for each adopted name. We conducted structural optimization
with the set of 30 2D allotropes depicted in Figure 2. We
analyzed their energetic and structural properties using DFT,
specifically within the PBE exchange-correlation functional
framework implemented in the VASP.
To assess these systems’ structural and thermodynamic

stability, we initially conducted phonon dispersion calculations
using the DFTB approach, utilizing the DFTB+ code in
conjunction with the Phonopy package. Based on the phonon
results, we classified these systems as stable (ST), semistable
(SS), or unstable (UN), following the criteria proposed by Inui
et al.,60 where stable systems exhibit no imaginary frequencies
(represented as negative values in the phonon dispersion), or if
present, such negative values around the Γ point are less than
1% of the highest frequency. Semistable systems possess small
imaginary frequencies, primarily near the Γ point, which is
lower than 10% of the highest frequency, and their vibrational
modes are primarily acoustic. We also classify as semistable any
systems meeting the characteristics above but also exhibiting

imaginary frequencies in other k-points, with values lower than
1% of the highest frequency. Any systems failing to meet these
criteria are considered unstable. Furthermore, we conducted
MD simulations within the DFTB approach (MD-DFTB)40

using the DFTB+ code, explicitly focusing on the ST and SS
systems to investigate their dynamic stability under finite-
temperature conditions.
From the thermodynamically stable systems confirmed by

phonon and MD simulations, we computed their electronic
properties, including the band gap and band structure, using
the PBE and HSE06 functionals. For the HSE06 band
structure, we utilized maximally localized Wannier functions
(MLWF) obtained through the Wannier90 code, which yields
a TB Hamiltonian. This TB Hamiltonian was then employed
to investigate these systems’ optical and excitonic properties
using the WanTiBEXOS code. We identified semiconducting
behavior among the stable allotropes based on the electronic
properties, focusing solely on this subset to further investigate
their excitonic and optical properties. Finally, we estimated the
PCE of this subset using the SQ-limit and SLME
approximations, aiming to identify suitable candidates for
solar-harvesting applications.

3. RESULTS AND DISCUSSION
3.1. Structural Stability. All investigated 2D semi-

conductor carbon allotropes are depicted by their unit cells
(red lines) in Figure 2. Complementary information about
their structural characteristics, based on effective coordination
number (ECN) and average weighted bond length (dav),

61 was
determined. For methodological details, refer to the Support-
ing Information. Among the configurations, HT-GRA, Penta-
GRA, and Me-GRA are the only quasi-2D configurations.
These allotropes exhibit an ECN > 3.00 and are impacted by
the presence of atoms out of the plane, influencing them with
C-sp3 characteristics. In contrast, all the other configurations
are formed by a single layer of atoms, allotropically
coordinated, and present an ECN of 2.73−2.94, primarily
based on C-sp2.
The isomers are sequentially depicted from the least stable

to the most stable. For instance, HT-GRA, with the highest
relative energy of Erel = 1.02 eV concerning OPH-GRA (0.00
eV), establishes the upper limit for all isomers within this
range. Based solely on the Erel values, allotropes could be
classified into degeneracy groups for systems where Erel < 0.03
eV. These groupings are as follows: (i) ΔErel = 0.01 eV for
ORL3 concerning Liskene, also observed for TL-GRA, HPS,
and HPS’-GRA isomers; (ii) ST-GRA has a ΔErel = 0.02 eV
higher than SLO-GRA, and the same is observed for HP-GRA
concerning SOI-GRA, as well as for OPI-GRA, ORL2, and Me-
GRA; (iii) ScH-, ORL0, and OCD-GRA have an energy
difference of ΔErel = 0.02 eV; (iv) ΔErel = 0.03 eV for ROPS,
ORL1, HPS-GRA, and OI-GRA. The other allotropes not
mentioned, exceeding a ΔErel = 0.03 eV, are more energetically
separated, such as Liskene-D, K-GRA, PENTA-GRA, ORL4,
OF-GRA, PHI-GRA, DPH-GRA, and OPH-GRA. However,
while these groupings suggest some degeneracy among the
isomers, this approach does not provide intrinsic thermody-
namic stability for each isomer.
The thermodynamic stability of the carbon allotropes was

assessed through a phonon dispersion analysis. Negative
frequencies, indicating imaginary crystal vibrational modes,
led to the classification of structures as SS or UN, as elaborated
in Section 2.2. Conversely, structures with no negative

Figure 1. Workflow shows the screening procedure.
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frequencies were considered ST as local minima isomers. For
instance, Figure 3 illustrates the phonon dispersions for the a-c
configurations of OCD-GRA (a), Liskene (b), and Liskene-D
(c), representing examples of ST, SS, and UN configurations,
respectively. The complete set of phonon spectra can be found
in the Supporting Information (Figures S1, S2, and S3). In the
case of OCD-GRA, characterized as an ST configuration, the
absence of negative frequencies confirms its mechanical
stability. Conversely, for SS isomers such as Liskene, imaginary
modes emerge in certain branches, such as at the M Brillouin
zone point where vibrational modes are real. At the same time,
they become imaginary along the X → Γ → Y path. Liskene-D
exemplifies a UN configuration, wherein several modes are
imaginary across all Brillouin zone branches.
Figure 4 illustrates the lattice parameters (a, b, and c) and

their corresponding angles (α, β, and γ) for all of the studied
carbon allotropes, along with the number of atoms in the unit
cell (Nunit cell). Based on previous phonon dispersion analyses,
the structures are classified as ST, SS, or UN according to the
sequence of Erel values. The carbon allotropes are classified into
three unit cell shapes based on their a and b lattice vectors:
diamond, squared, and rectangle. for configurations based on
diamond and square units, a = b is observed, while for
rectangle-based configurations, a ≠ b. Specifically, for square
unit cells, α = β = γ = 90°, whereas for diamond unit cells, α =
β = 90°, and γ exhibits slight deviations from 120°, with γ <

120° (or >120°) observed for OPI-GRA and ROPS (HPS-
GRA and HPHS’-GRA).
To assess the dynamic stability of the 14 ST and SS

monolayers, we conducted DFTB-MD simulations. Thermal-
ization experiments were initiated at 400 K (as a high
temperature) for 10 ps, followed by a gradual decrease to 300
K over the same duration, mimicking the operational
temperature of the solar cells. Figure 5 (a) confirms the
thermodynamic stability of the ST and SS configurations,
consistent with the phonon results. Moreover, the constancy of
total energies under both temperature regimes indicates that
the structures maintain their native topology within the
canonical ensemble framework employed here, as observed
in the first-principle calculations.
Taking into account the topological disparities among the

ST and SS structures, we investigated the dynamic mobility of
the C atoms using the root-mean-square deviation (RMSD),
defined by the equation:

=
=n

x xRMSD
1

( )j
j

N

j k
1

2

(1)

for each xj configuration corresponding to the j-frame
throughout the j = 1, 2, 3, ..., 22000 frames obtained from
molecular dynamics, where xk is the reference configuration for
every 50 frames, i.e., throughout k = 1, 50, 100, ... 21950. For

Figure 2. Unit cell of 2D carbon allotropes with complementary information about structural and energetic properties, where Erel represents the
relative total energy (eV/atom) from the lowest energy per atom allotrope, dav (Å) denotes the average C−C bond length in each crystal structure,
ECN signifies the effective coordination number, and N indicates the number of atoms in each unit cell.
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instance, in the j = 1 → 50 interval, the reference frame is k =
1, while in the j = 51 → 100 interval, the reference frame is k =
50, and so on, as illustrated in Figure 5 (b). It becomes evident
that ST and SS structures can be classified into three groups
based on their behavior during the thermalization process at T
= 300 K. For instance, K-GRA exemplifies configurations
highly susceptible to temperature effects, exhibiting high
mobility due to their open-like topology, primarily driven by
the cyclic-carbonic chain (Cn) with n > 7. Examples include K-
GRA (n = 12), Liskene (n = 10), HS-GRA (n = 12), and

OCD-GRA (n = 8), all with RMSD > 0.20 Å. Conversely, HT-
GRA and Penta-GRA represent the opposite extreme,
demonstrating the lowest thermal susceptibility with RMSD
< 0.15 Å, attributed to the presence of sp3 sites conferring a
certain level of rigidity to these structures. The most stable
structures, such as OPH-GRA, DPH-GRA, and PHI, are
intermediate between these extremes, which exhibit an RMSD
of around 0.18 Å. Despite the absence of high-mobility cyclic-
carbonic-chains with n = 7 and 8, the presence of aromatic

Figure 3. Examples of phonon dispersion for (a) stable (ST) - OCD-
GRA, (b) semistable (SS) - Liskene, and (c) unstable (UN) - Liskene-
D 2D carbon allotropes monolayers. Phonon dispersion for the other
2D carbon allotropes monolayers can be found in the Supporting
Information.

Figure 4. Unit cells are based on diamond (◇ with a = b, α = β = 90°, and γ ∼ 120°), square (□ with a = b, α = β = γ = 90°), and rectangle (□, a
≠ b, α = β = γ = 90°) formats. The lattice parameters a and b (in Å) are listed on the left side; α, β, and γ angles are in the middle; and the number
of atoms in the unit cell (Nunit cell) is on the right side. The classification of the isomers as ST, SS, and UN is highlighted for each allotrope.

Figure 5. (a) Total energies (eV/per atom) for all the ST and SS
configurations (HT-GRA, K-GRA, Penta-GRA, Liskene, HS-GRA,
OCD, ORL1, HPHS, ORL2, Me-GRA, OF-GRA, PHI-GRA, DPH-
GRA, and OPH-GRA) obtained through the Berendsen thermostat at
400 K and after thermalization at room temperature (300 K). (b)
Root mean square deviation (RMSDj) calculated for each j-frame
throughout j = 1, 2, 3, ..., 22000. The K-GRA and Penta-GRA
configurations are highlighted as the most and least susceptible to
temperature effects, respectively.
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regions with n = 5 and 6 carbons imparts stability to the
structure, mitigating the mobility induced by the cyclic-
carbonic-chains.
3.2. Electronic Properties. In the electronic properties

calculated for the 14 stable systems, it is observed that two
allotropes exhibit metallic behavior (K-GRA and DPH-GRA),
while the remaining are semiconductors, as depicted in the
electronic band structures shown in Figure 6(a)−(n). The
fundamental (Eg) and direct band gaps (Egd) at the HSE06 level
are summarized in Table 1.

Among the 12 semiconductor 2D carbon allotropes, only
HS-GRA, OF-GRA, and ORL1 exhibit a fundamental direct
band gap, while the rest are indirect band gap semiconductors.
Despite that all systems are composed solely of carbon atoms,
the electronic band gap varies within the range of 0.71 to 3.24
eV, highlighting a significant dependency of the electronic
band gap on the structural properties and size of each C−C
bond.
3.3. Excitonic and Optical Properties. Excitonic effects

are fundamental in describing the linear optical response in 2D
materials.62 This study investigates these effects by solving the
BSE for direct excitons (where the exciton momentum is zero;
i.e., electron and hole pairs have the same momentum) and
indirect excitons (with exciton momentum different from
zero). Through the exciton band structure, as shown in the
Supporting Information (section S9), we could identify the
exciton ground state Exgs and the direct exciton ground state
Egd, which also allows us to estimate the exciton binding energy,

defined as Eg − Exgs. The data for all 12 semiconductor 2D
carbon allotropes are presented in Table 1.
As expected, all indirect band gap 2D carbon allotropes have

an indirect exciton ground state. Among the 3 direct band gap
monolayers, two have a direct exciton ground state (OF-GRA
and ORL1), while HS-GRA has an indirect excitonic ground
state, which is not very common but can be justified by the
orbital composition of the electron−hole pairs that compose
the excitonic ground state wave function. This behavior,
although uncommon, has been previously reported in the
literature,63,64 and the opposite scenario, where the system has
an indirect band gap and a direct exciton ground state, has also
been reported.65 The exciton binding energy ranges from 83.44
to 574.74 meV, with the majority of our systems falling
between 180 and 300 meV, as expected for 2D materials.62,66,67

This demonstrates the significant role of these quasi-particle
effects in describing the optical band gap. The presence of
indirect excitonic ground states also indicates the possibility of
phonon-assisted optical transitions, with absorption peaks at
lower energies than the optical band gap. Through the
oscillator strength, i.e., optical transition probability, we
identified that all direct excitonic ground states are bright,
meaning that they have an oscillator strength higher than 0.1
Å2 for x̂ or ŷ linear light polarization.
Figure 7 (a)-(l) illustrates the linear optical response of the

12 semiconductor 2D carbon allotropes, considering linear
light polarization in x̂ (blue curves) and ŷ (red curves)
directions, at the IPA (dashed curves) and BSE (solid curves)
levels of theory. A comparison of BSE and IPA absorption
peaks highlights how excitonic quasi-particle effects signifi-
cantly alter the linear optical response of these 2D materials. At
the IPA level, which considers only single-particle states,
ORL1, ORL2, and HT-GRA exhibit significant optical
anisotropy, indicating different optical responses for x̂ and ŷ
light polarizations. In ORL1 and ORL2, this difference is
further pronounced for higher energy optical transitions. This
optical anisotropy primarily stems from the atomic structure of
these compounds combined with the orbital composition of
valence and conduction states.
At the BSE level, the optical anisotropy observed in ORL1,

ORL2, and HT-GRA persists, and it also emerges in the
remaining semiconductor allotropes, underscoring the strength
of excitonic quasi-particle effects. While optical anisotropy
exists for most of these systems at the BSE level, it is not as
pronounced except for those of OCD-GRA, ORL2, and HT-
GRA. In these cases, the position of the first optical transition
peak changes, suggesting the possibility of optical band gap
engineering through incident light polarization.
3.4. Insights into Solar Harvesting Performance. The

solar harvesting efficiency of our 12 2D carbon allotrope
monolayers is estimated by calculating the PCE by using both
the SQ-limit and SLME methods. The PCE is straightfor-
wardly obtained from the monolayer’s optical band gap in the
SQ-limit approach. On the other hand, the SLME method
considers additional factors such as layer thickness, the nature
of the fundamental band gap (direct or indirect), and the
monolayer absorption coefficient. Regardless of the method
used for PCE calculation, it is crucial to note that the values
obtained represent the upper limit of the solar harvesting
efficiency. Achieving these values experimentally often requires
years of investigation. For instance, the experimental PCE of
MAPbI3 perovskite has significantly increased over the past
decade, from 3.8% to 25.2%.68,69

Figure 6. Electronic band structures for stable 2D carbon allotropes:
(a) Liskene, (b) OCD-GRA, (c) K-GRA, (d) HS-GRA, (e) OPH-
GRA, (f) OF-GRA, (g) DPH-GRA, (h) HPHS-GRA, (i) ORL1, (j)
ORL2, (k) PHI-GRA, (l) HT-GRA, (m) Me-GRA, and (n) Penta-
GRA, with PBE results in blue curves and HSE06 results in red curves.
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The PCE estimates for SQ-Limit and SLME, considering
excitonic effects, are presented in Table 1. The corresponding
results at the IPA level are shown in Supporting Information,
Table S7. Using the SQ-limit (PCESQ), the PCE at the IPA
level ranges from 1.98% to 32.34%, while at the BSE level, it
ranges from 7.58% to 31.26%. This indicates how excitonic
effects in determining the optical band gap influence PCESQ.
At the SQ-Limit, the maximum achieved PCE of 33% occurs in
systems with a band gap close to 1.33 eV.50 The changes
observed in PCESQ are directly related to this, as systems
where the BSE optical band gap approaches 1.33 eV tend to
enhance PCESQ, while the opposite trend also occurs.
When considering the SLME approach, the PCESLME values

decrease significantly, falling below 0.5%, regardless of whether
the BSE or IPA levels of theory are used. These markedly
lower values compared to those obtained using the SQ-limit
(PCESQ) can be attributed to the small thickness of these
monolayers. Consequently, they exhibit very low absorption
rates, meaning that the material absorbs only a small fraction of
the incident photons. This characteristic could render the
material nearly transparent, which poses a significant challenge
for the application of 2D materials in photovoltaic devices.
Indeed, the concept of light trapping techniques, as

proposed by Jariwala et al.,70 offers a promising solution to
enhance the absorbance rate of 2D materials, potentially
boosting their performance in solar harvesting applications. To
address this, we reconsidered the estimation of PCE using the
SLME method (PCEmaxSLME), approximating the absorbance
curve by a Heaviside function. This assumption assumes that
all photons with energy equal to or higher than the optical
band gap are absorbed, providing a more realistic scenario for
applying 2D materials in photovoltaic devices.
In our investigation, PCEmaxSLME ranges from 1.90% to 32.08%

at the IPA level and 7.49% to 29.05% at the BSE level. For
systems where the optical band gap equals the fundamental
band gap (IPA) or exciton ground state (BSE), PCEmaxSLME is
equal to PCESQ. Among our 12 monolayers, we identified 5
with PCEmaxSLME at the BSE level exceeding 20%: OCD-GRA,
OPH-GRA, OF-GRA, ORL2, and PHI-GRA. These materials
show promise for solar-harvesting applications.

4. CONCLUSION
Our comprehensive investigation examined various semi-
conductive 2D carbon allotropes’ structural features, thermal
stability, dynamical profiles, and excitonic properties. Utilizing
phonon and molecular dynamics calculations, we identified
several stable and semistable candidates, including config-
urations such as HT-GRA, K-GRA, Penta-GRA, Liskene, HS-
GRA, OCD, ORL1, HPHS, ORL2, Me-GRA, OF-GRA, PHI-
GRA, DPH-GRA, and OPH-GRA. We employed the
Berendsen thermostat and correlated the topological profiles
of the structures with RMSD analysis to characterize the high
mobility of carbon atoms in configurations like K-GRA,
Liskene, HS-GRA, and OCD-GRA. This mobility is attributed
to the presence of large cyclic-carbon chains. Conversely,
configurations such as HT-GRA and Penta-GRA exhibited
lower mobility due to sp3 sites, resulting in greater structural
rigidity. Out of the initial 30 systems studied, 14 passed
stability tests. Notably, K-GRA and DPH-GRA displayed
metallic behavior. At the same time, the rest remained
semiconductors with HSE06 band gaps typically ranging
from 0.7 to 3.5 eV, with most having a band gap close to
1.0 eV. The observed excitonic effects were significant, with
exciton binding energies ranging from 180 to 300 meV across
most investigated monolayers. These quasi-particle effects also
led to optical anisotropy in monolayers such as OCD-GRA,
OF-GRA, and Penta-GRA. Regarding solar harvesting
efficiency, certain monolayers, including OCD-GRA, ORL2,
OF-GRA, PHI-GRA, and OPH-GRA, showed potential as
photo absorbers, with an upper limit efficiency exceeding 20%.
Our findings support the theoretical feasibility of utilizing 2D
carbon allotropes as photo absorbers in solar harvesting
devices. However, challenges remain, including developing
synthesis routes for these materials and producing thin films on
a large scale. Achieving these upper limits in solar harvesting
efficiency may require years of further research. Our findings
aim to catalyze deeper theoretical and experimental inves-
tigations into applying 2D carbon allotropes to photovoltaic
devices. In addition, we know that machine learning
algorithms, such as Bayesian optimization, can be used to
explore a broader range of carbon allotropes. Leveraging these
advanced algorithms within the framework of scientific

Table 1. MLWF-TB+BSE Calculated Excitonic Properties and Power Conversion Efficiency (PCE): HSE06 Fundamental Band
Gap, Eg, HSE06 Direct Band Gap, Eg

d, Exciton Ground State, Exgs, Direct Exciton Ground State, Exgsd , and Exciton Binding
Energy, Exb, Obtained from Eg−Exgsa

System Eg Egd Exgs Exgsd Exb PCE

eV eV eV eV meV SLME SLMEmax SQ

HT-GRA 2.25 2.92 1.68 2.23 574.74 0.00 12.19 17.66
Penta-GRA 3.24 3.35 2.74 2.77 499.54 0.16 7.49 7.58
Liskene 0.71 0.81 0.63 0.72 83.44 0.43 17.52 22.86
HS-GRA 0.90 0.90 0.48 0.53 416.42 0.21 11.79 14.86
OCD-GRA 1.51 1.87 1.24 1.50 275.25 0.49 23.72 31.26
ORL1 0.84 0.84 0.65 0.65 187.79 0.43 19.90 19.90
HPHS-GRA 0.88 1.21 0.68 0.86 202.13 0.40 17.50 26.31
ORL2 1.02 1.15 0.75 0.86 273.38 0.40 20.67 26.28
Me-GRA 1.06 1.71 0.87 1.46 191.30 0.33 14.40 31.81
OF-GRA 1.24 1.24 0.93 0.93 308.64 0.67 29.30 29.30
PHI-GRA 1.11 1.21 0.78 0.88 328.95 0.48 22.34 27.25
OPH-GRA 1.14 1.18 0.84 0.85 296.81 0.79 25.54 25.71

aAll direct exciton ground states are bright. The PCE values are estimated considering excitonic effects and the solar cell operating at 298.15 K,
obtained at the Shockley−Queisser (SQ) limit, spectroscopy-limited maximum efficiency (SLME), and using SLME but considering that all
incident photons are absorbed (SLMEmax). These results at the IPA level are presented in Supporting Information Table S7.
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workflows can significantly enhance our ability to identify
promising candidates efficiently. This approach will be a focal
point of our upcoming project, aiming to expand the landscape
of 2D carbon allotropes and accelerate the discovery of
materials with superior properties for renewable energy
applications.
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