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The beginning of high interest in two-dimensional crystals dates back to the synthesis of graphene, which
constitutes an exemplary monolayer material. This is due to the multiple extraordinary properties of
graphene, particularly in the �eld of quantum electronic phenomena. However, there are electronic fea-
tures that are notably missing in this material due to the inherent nature of its charge carriers. Of partic-
ular importance is the fact that pristine graphene does not exhibit semiconducting or superconducting
properties, which prevents some applications. Certain modi�cations to graphene or even the synthesis of
sibling materials are needed to obtain semiconducting and superconducting two-dimensional hexagonal
materials. Here, the representative examples of such materials are discussed in detail, along with their
expected properties. Special attention is paid to the unique semiconducting and superconducting phe-
nomena found in these materials, e.g., the non-adiabatic superconductivity, spin- and valley-dependent
conductivity, or the bulk-like Schottky-type potential barriers. The discussion is supplemented with
some pertinent conclusions and perspectives for future work.
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1. Introduction

The discovery of two-dimensional (2D) materials
has revolutionized condensed matter physics and
materials science, opening new avenues for inves-
tigating exotic properties and enabling advanced
applications in nanoscale devices [1]. This �eld
gained momentum with the successful isolation of
graphene, a single layer of carbon atoms arranged
in a hexagonal crystal lattice [2], characterized by
remarkable electronic features such as ultrahigh car-
rier mobility, low-energy massless Dirac fermions, or
the quantum Hall e�ect [3].
Despite its remarkable properties, graphene lacks

an intrinsic band gap and has a relatively low den-
sity of states near the Fermi level, which limits its
potential for key semiconducting and superconduct-
ing applications. These are arguably the two most
signi�cant shortcomings of graphene, yet they hold
the greatest promise for breakthrough advance-
ments in future 2D electronics [4, 5]. To overcome
the mentioned challenges, modi�cations to pristine
graphene are necessary, often leading to signi�-
cantly altered or entirely new 2D structures. In this
regard, one of the most promising strategies involves

the introduction of various symmetry-breaking sce-
narios to tailor the electronic properties of 2D ma-
terials to speci�c needs [6].
In this paper, we review recent advancements in

the �eld of 2D hexagonal semiconductors and super-
conductors, focusing on popular and promising ap-
proaches that extend beyond the Dirac approxima-
tion. Our analysis emphasizes symmetry-breaking
mechanisms associated with the underlying nature
of crystal structure and charge carriers. Addition-
ally, we provide general insights that not only lead
to meaningful conclusions but also o�er perspec-
tives for future research in this �eld.

2. Two-dimensional semiconductors

Bulk semiconductors are the backbone of mod-
ern microelectronics, and their 2D counterparts are
expected to revolutionize related next-generation
applications. The 2D semiconductors are not only
poised to miniaturize current microelectronics even
further, but also exhibit enhanced gate control and
reduced power consumption [7], high photoconduc-
tivity and a strong dielectric screening e�ect [8],
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e�cient light absorption [9], and ion adsorption [10].
All of these are highly desirable properties for novel
transistors, solar energy converters, and other op-
toelectronic equipment.
Because various modi�cations of graphene o�er

either excessively narrow or wide band gaps, other
hexagonal monolayers prove to be particularly valid
semiconductors [11]. The most promising materials
are 2D transition-metal dichalcogenides (TMDs),
which mostly feature direct band gaps of up to
≈ 2 eV [12]. These semiconducting properties are
possible due to the inherently broken inverse sym-
metry of hexagonal lattice in TMDs and the rel-
atively strong spin�orbit coupling arising from the
heavy transition metal atoms [13]. The latter is also
responsible for the two degenerate but in-equivalent
local extrema, known as valleys, in either conduc-
tion or valence bands, which can be easily electri-
cally manipulated [14], e.g., with the valley Hall ef-
fect. As a result, it is possible to encode, process,
and store information in the degrees of freedom as-
sociated with the valleys.
This is to say that the TMDs allow not only

for e�cient tunneling currents [15] but also for
the charge transport that o�ers strong valley- and
spin-selective coupling with both electric and mag-
netic �elds [16]. Importantly, such transport prop-
erties and charge density are heavily dependent on
the so-called metal-induced gap states (MIGSs),
which mediate both tunneling and charge injec-
tion processes [15, 16]. In what follows, the valley-
spin-dependent physics is additionally present in
less popular 2D hexagonal semiconductors, such
as the standalone Janus TMDs [17] or hetero-
structures incorporating wide-gap hexagonal boron
nitride (h-BN) [18].
Interestingly enough, the MIGSs also appear to

impart the locally metallic character of 2D semi-
conductors and de�ne charge neutrality level near a
metal�semiconductor junction. As such, the MIGSs
are argued to contribute to the height of the po-
tential barrier at the metal�semiconductor junction,
i.e., the Schottky barrier height (SBH) [19]. Anal-
ysis of this relationship for TMDs yields particu-
larly interesting result. The SBH for the monolayer
semiconductors behaves virtually the same as for
the bulk structures. In detail, due to the existence
of mentioned MIGSs in the forbidden energy region,
the Fermi level of a metal is strongly pinned at the
midgap level (for more details, see Fig. 1 and pa-
pers [19�23]). Such a conclusion is in agreement not
only with the numerical results [24] but also with
canonical considerations [19], explaining the small
di�erences in metal�semiconductor electronegativ-
ity between cases of di�erent dimensionality.
The above �nding can be qualitatively extended

to other representative 2D hexagonal semiconduc-
tors. In Fig. 1, the SBH of sibling materials of TMDs
is depicted in relation to the band gap size. The re-
sults suggest that Schottky barriers in these ma-
terials may follow the MIGSs model similarly to

Fig. 1. Relation between the semiconducting band
gap and the Schottky barrier height for the selected
2D hexagonal semiconductors. The values are pre-
sented for electrons (n) and holes (p). Data for
TMDs, Janus TMDs, GaSe, and h-BN have been
adopted from [19], [20, 21], [22], and [23], respec-
tively.

the case of TMDs, as the corresponding SBH val-
ues �uctuate around the midgap. Note, however,
that we plot only those values that present canon-
ical behavior, and in the literature, there are mul-
tiple other instances where SBH deviates from this
trend. The reason for that is a strong dependence of
SBH values on external factors, such as the metal
contact type, contact geometries, work function of
metal contact, bonding symmetries, or crystal �eld
e�ects [19, 24]. Nonetheless, the presented SBH val-
ues still reinforce canonical �ndings when the work
function of a metal is relatively high and the junc-
tion materials exhibit minimal structural mismatch.
This observation is particularly important as it sug-
gests a relatively standardized strategy for engineer-
ing Schottky barriers, enabling more e�cient injec-
tion and transport processes within the discussed
class of materials.

3. Two-dimensional superconductors

Superconductivity in 2D materials has been ex-
tensively studied due to its potential for quan-
tum technologies, low-energy electronics, and novel
quantum phases [5]. In this context, phonon-
mediated superconductors are of special inter-
est, as they are well-described by the Bardeen�
Cooper�Schrie�er (BCS) theory of superconductiv-
ity [25]. Interestingly, this conventional picture is
not fully preserved since multiple 2D supercon-
ductors exhibit comparable phonon and electron
energy scales. Consequently, Migdal's theorem is
not satis�ed, and additional non-adiabatic e�ects
emerge, signi�cantly in�uencing the superconduct-
ing phase [26, 27].
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Fig. 2. Relation between superconducting band
gap and superconducting transition tempera-
ture in selected 2D hexagonal superconductors.
Data for silicene, LiC6 and Li2C6, LiC6 bi-
layer, n-doped graphene, Ca-h-BN, LiC6 strain,
p-doped graphene, and graphane have been adopted
from [34], [31], [47], [39], [45], [33], [48], and [42], re-
spectively.

One of the most important families of conven-
tional 2D superconductors with a hexagonal struc-
ture comprises graphene-based systems [28]. Among
them, LiC6 stands out as an exemplary material due
to its tunable superconducting properties and par-
tial experimental veri�cation [29, 30]. In this mate-
rial, the superconducting state is induced as a result
of chiral symmetry breaking caused by the lithium
adatoms that lift Fermi energy near Van Hove sin-
gularity [31]. Although the superconducting phase
exists in bulk LiC6, it is characterized by a van-
ishingly small TC = 0.9 K. However, transitioning
to the monolayer form raises TC to notable sev-
eral Kelvins range [29, 31]. This is a perfect exam-
ple of how the properties of materials change when
their dimensionality is reduced. Beyond that, this
superconducting phase is also intriguing due to the
enhanced role of already mentioned non-adiabatic
e�ects [32]. Notably, the in�uence of these e�ects
has been found to scale with the strength of su-
perconductivity, suggesting that they play a crucial
role in shaping the superconducting properties [33].
Here, the superconducting phase was engineered via
strain, a strategy that can be used in other 2D su-
perconductors to improve their properties, e.g., in
silicene [34].
Similarly to the above, one can achieve super-

conductivity in graphene by intercalation with cal-
cium (CaxC6) [35, 36]. For this structure, the
superconducting properties are heavily related to
the con�nement of the Ca layer and the in-
duced charge carrier concentration [35]. Calcula-
tions based on the adiabatic Eliashberg regime
show that Ca-layered graphene is a strongly cou-
pled electron�phonon superconductor, where low-
energy Ca vibrations are crucial for the pairing

mechanism [37]. This also suggests the possible im-
pact of non-adiabatic e�ects, which were revealed
in the lithium-intercalated case.
Superconductivity in graphene can also be in-

duced through electron and hole doping [38, 39],
where carbon atoms are substituted with foreign
dopants that break sublattice symmetry. In both
cases, the presence of a shallow conduction band
in doped graphene leads to a violation of Migdal's
theorem. In electron-doped graphene, non-adiabatic
e�ects reduce the superconducting transition tem-
perature TC [39], with their in�uence becoming
more pronounced as the depairing Coulomb inter-
action increases. Similarly, in hole-doped graphene,
these e�ects contribute to the suppression of the
superconducting energy gap [40]. However, hole-
doped graphene appears more robust against non-
adiabatic e�ects than its electron-doped counter-
part, resulting in a relatively smaller reduction
in TC [39, 40].
Another example of doped graphene is the so-

called graphane, a fully hydrogenated hexagonal
layer of carbon atoms. This material can reach even
higher critical temperature values (up to 90 K)
than previously mentioned materials [41]. More-
over, this phase highlights the role of quantum con-
�nement in lifting Fermi energy, which is crucial
for achieving high TC superconductivity. Similarly
to other graphene-based superconductors, graphane
falls into the strong-coupling regime of supercon-
ductivity [42]. Note that similar mechanisms could
be used in other 2D materials, such as hydrogenated
silicene or germanene, where doping can enhance
electron�phonon coupling, leading to promising su-
perconducting properties [43].
The �nal prominent example is yet another sib-

ling material of the LiC6, namely Ca-doped hexag-
onal boron nitride (Ca-h-BN) [44]. In this material,
the non-adiabatic e�ects are once again relatively
strong, leading to a strong renormalization of the
electron�phonon interaction and reducing the su-
perconducting gap function [45, 46]. Interestingly,
its critical temperature is lower than predicted by
conventional Eliashberg theory [45], which also sug-
gests the renormalization of TC .
In Fig. 2 (see also [31, 33, 34, 39, 42, 45, 47, 48]),

the superconducting band gap is given as a func-
tion of TC for selected 2D superconductors men-
tioned in the text. The dependence clearly ex-
hibits a linear increasing trend. However, the data
point cannot be fully approximated by the stan-
dard BCS �t, i.e., ∆/kBTC = 3.53, where ∆ is
the superconducting band gap and kB denotes the
Boltzmann constant [25]. The ratio has to be in-
creased to the value of ∼ 4.9 to average the data
(see modi�ed BCS �t). This suggests an increased
role of strong-coupling and retardation phenom-
ena. However, as shown by the studies discussed
in this paper, more sophisticated methods are re-
quired to additionally account for the non-adiabatic
e�ects.
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4. Conclusions

In conclusion, the presented overview of 2D
hexagonal semiconductors and superconductors
highlights their remarkable versatility and techno-
logical relevance. The robust electronic properties
of semiconducting materials, particularly TMDs,
including their gate-tunable valley-spin selectivity
and Schottky barrier characteristics, establish them
as fundamental building blocks for future nanoelec-
tronics [19, 24]. As for the superconducting materi-
als, the discussed �ndings emphasize the increased
role of strong-coupling and non-adiabatic e�ects,
which profoundly in�uence their properties. More-
over, the discovery of novel superconductors, e.g.,
transition-metal monohalides, expands the �eld into
new directions, paving the way for advancements in
high-temperature and strain-engineered supercon-
ductivity at low dimensions [49, 50]. In summary,
continued research in these areas holds great poten-
tial for driving signi�cant advancements in quantum
technologies, nanoelectronics, and energy-e�cient
devices.
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