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ABSTRACT 
Two-dimensional semiconductors (2DSCs) with appropriate band gaps and high mobilities are highly desired for future-generation 
electronic and optoelectronic applications. Here, using first-principles calculations, we report a novel class of 2DSCs, group-11- 
chalcogenide monolayers (M2X, M = Cu, Ag, Au; X = S, Se, Te), featuring with a broad range of energy band gaps and high carrier 
mobilities. Their energy band gaps extend from 0.49 to 3.76 eV at a hybrid density functional level, covering from ultraviolet-A, 
visible light to near-infrared region, which are crucial for broadband photoresponse. Significantly, the calculated room-temperature 
carrier mobilities of the M2X monolayers are as high as thousands of cm2·V–1·s–1. Particularly, the carrier mobilities of η-Au2Se and 
ε-Au2Te are up to 104 cm2·V–1·s–1, which is very attracitive for electronic devices. Benefitting from the broad range of energy band 
gaps and superior carrier mobilities, the group-11-chalcogenide M2X monolayers are promising candidates for future-generation 
nanoelectronics and optoelectronics. 
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1 Introduction 
Two-dimensional semiconductors (2DSCs) have attracted 
tremendous attention in condensed matter physics and materials 
research due to their novel and superior transport properties, 
which may shape future-generation electronic and optoelectronic 
devices [1–7]. For making high-performance miniaturized 
devices, such as ultrathin channel field-effect transistors 
(FETs), 2DSCs with suitable band gaps, high carrier mobilities, 
and high air-stability are essential [8]. Up to now, 2D 
transition-metal dichalcogenides (TMDs) and black phosphorus 
are of wide interest owing to their moderate band gaps. 
However, 2D TMDs possess relatively low carrier mobility 
on the order of a few hundreds of cm2·V−1·s−1 [9]. Though the 
carrier mobility of 2D black phosphorus has been predicted 
up to 103–104 cm2·V−1·s−1, it is easily oxidized in air, limiting its 
future application [10, 11]. So, exploring air-stable 2DSCs with 
suitable band gaps and high carrier mobilities is still highly 
desired. 

Recently, air-stable semiconducting Cu2Se [12] and Cu2Te [13] 
monolayers with six-atom-thick and hexagonal symmetry 
have been experimentally fabricated on bilayer graphene. 
Meanwhile, three-atom-thick Cu2S [14] and Au2S [15] monolayers 
with square symmetry have been theoretically predicted to be 
semiconductors with high carrier mobilitiy and high oxidation 
resistibility. These experimental and theoretical studies have 
brought group-11 (Cu, Ag, Au) chalcogenides into the family 
of 2DSCs as promising candidates for ultrathin channel FET 
devices, which require air-stable 2DSCs with suitable band gaps 

and high carrier mobilities. Therefore, group-11-chalcogenide 
monolayers (M2X, M = Cu, Ag, Au; X = S, Se, Te) merit further 
exploration by using theoretical calculations and experiment. 

In this paper, based on first-principles calculations, we 
carried out a systematic investigation of group-11-chalcogenide 
monolayers (M2X, M = Cu, Ag, Au; X = S, Se, Te). Among 
different allotropes of group-11-chalcogenide M2X monolayers, 
-Cu2S, ζ-Cu2Se, ζ-Cu2Te, -Ag2S, -Ag2Se, ζ-Ag2Te, ι-Au2S, 
-Au2Se, and ε-Au2Te are not only energetically favorable but 
also thermodynamically stable. These M2X monolayers possess 
energy band gaps ranging from 0.49 to 3.76 eV. The energy 
levels of conduction band minimum (CBM, –4.94 to –2.65 eV) 
and valence band maximum (VBM, –6.41 to –4.41 eV) are 
also in a broad range, which are important in the design of 
van der Waals heterostructures for optoelectronic applications. 
Furthuremore, the room-temperature carrier mobilities of the 
M2X monolayers are as high as thousands of cm2·V−1·s−1, while 
those of -Au2Se and ε-Au2Te are up to 104 cm2·V−1·s−1. 

2 Results and discussion 
Unlike 2D TMDs, which are naturally layer-stacked in their 
bulk phase, group-11-chalcogenides are not layered, meaning 
that the coresponding monolayers can not be obtained  
from their 3D counterparts. Here, we report a class of possible 
allotropes of monolayer group-11-chalcogenide (M2X, M = Cu, 
Ag, Au; X = S, Se, Te) as shown in Fig. 1, with four hexagonal 
(α, β, γ, δ), two rectangular (ε, ζ), and three square (η, θ, ι) 
lattices. 
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Figure 1 Allotropes of group-11-chalcogenide monolayers (M2X, M = Cu, 
Ag, Au; X = S, Se, Te): top views and side views from x and y horizontal 
directions with four hexagonal (α, β, γ, δ), two rectangular (ε, ζ), and three 
square (η, θ, ι) lattices. a and b are the lattice parameters. h is the thickness 
of M2X monolayers. 

First, we compared the energies of the nine possible monolayer 
allotropes for each group-11-chalcogenides (M2X, M = Cu, Ag, 
Au; X = S, Se, Te), as shown in Fig. 2. Among the nine possible 
allotropes, the most energetically favorable sturcture is the ζ 
phase for Cu2Se, Cu2Te, and Ag2Te, while it is the η phase for 
Ag2S, Ag2Se, and Au2Se. For Cu2S, Au2S, and Au2Te, the 
lowest-energy configurations are -Cu2S, ι-Au2S, and ε-Au2Te, 
respectively. We noticed that, for the energetically favorable 
M2X monolayers, group-11 elements prefer to be sandwiched 
between chalcogens, which are expected to contribute to excellent 

oxidation resistance. 
To futher investigate the thermodynamic stability of M2X 

monolayers, we then performed phonon dispersion calculations. 
The phonon dispersions of the energetically favorable M2X 
monolayers (-Cu2S, ζ-Cu2Se, ζ-Cu2Te, -Ag2S, -Ag2Se, 
ζ-Ag2Te, ι-Au2S, -Au2Se, and ε-Au2Te) and others are shown 
in Fig. 2 and Fig. S1 in the Electronic Supplementary Material 
(ESM), respectively. For the energetically favorable M2X 
monolayers, there is no appreciable imaginary phonon mode, 
indicating these M2X monolayers are dynamically stable. To 
further check the thermal stabilities of M2X monolayers, we 
performed ab initio molecular dynamic calculations at 300 K 
for 2 ps using about 2 nm × 2 nm supercells of M2X monolayers. 
As seen in Fig. S2 in the ESM, the integrity of the original 
configurations with time evolution confirms their good thermal 
stability. The optimized structure parameters are shown in 
Table S1 in the ESM. We further summarized the stable/ 
metastable phases of M2X monolayers in Fig. S3 in the ESM. 
Although they adopt different stable configurations due to 
their non-layer bulk phases, there are some regularities of the 
stable phases of M2X monolayers. It is symmetric along the 
diagonal from the top right to the bottom left. From the top 
to the bottom, it is from Cu, Ag to Au, in which the ability of 
donating electrons decreases. From the right to the left, it is 
from Te, Se to S, in which the ability of accepting electrons 
increases. The ability of donating (accepting) electrons for the 
cations (anions) is probably related to the formation of different 
phases, yeiding the symmetric regularity of the stable/metastable 
phases of M2X monolayers, which needs more experimental and 
theoretical investegations to figure out. 

The recently fabricated low-temperature (< 147 K) phase 
monolayer Cu2Se [12] agrees well with our proposed ζ-Cu2Se. 
Considering the rapid development of experimental techniques 
for fabricating 2D materials in recent years, we are optimistic 
that other members of these M2X monolayers can be fabricated 
experimentally in the near future. Since their non-layer bulk  
phases, it is suggested that they can be synthesized via molecular 

 
Figure 2 (a)–(i) Relative energies of the nine allotropes and the phonon dispersions of the lowest-energy phase for each M2X. The allotropes with the 
lowest energies are marked in red, which are -Cu2S, ζ-Cu2Se, ζ-Cu2Te, -Ag2S, -Ag2Se, ζ-Ag2Te, ι-Au2S, -Au2Se, and ε-Au2Te, respectively. 
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beam epitaxy (MBE) or chemical vapour deposition (CVD) 
methods, which have been extensively utilized for exploration of 
new 2D materials [16, 17], such as monolayer Cu2Se and Cu2Te 
[12, 13]. In the following, we further explore the electronic 
structures of these structural stable M2X monolayers. 

The band structures and band edges of M2X monolayers 
have been calculated at the HSE06 level. As shown in Fig. 3, 
-Cu2S, -Ag2S, -Ag2Se, ζ-Ag2Te, and -Au2Se are direct 
band-gap semiconductors with band gaps of 1.10, 2.63, 2.61, 
1.26, and 1.61 eV at the Γ point, respectively. ζ-Cu2Se, ζ-Cu2Te, 
ι-Au2S, and ε-Au2Te are indirect band-gap semiconductors 
with band gaps of 1.23, 0.49, 3.76, and 1.27 eV, respectively. 
Electronic structures of other M2X monolayers can be found 
in Fig. S4 in the ESM. Among these metastable M2X monolayers 
in different phases, most of them are semiconductors except 
-Au2Te showing metallic behavior. The band gap values of 
semiconducting M2X monolayers extend from 0.49 to 3.76 eV, 
which correspond to photon wavelengths from 340 to 2,530 nm, 
covering the ultraviolet-A, visible light, and near-infrared 
region. Such broad range of energy band gaps is crucial for 
optical and optoelectronic applications which require broadband 
photoresponse. Additionally, the optical absorbances of M2X 
monolayers are provided in Fig. S5 in the ESM for reference. 
Among all the materials, ζ-Cu2Se, ζ-Cu2Te, ζ-Ag2Te, and 
ε-Au2Te monolayers show relatively high absorbances which 
are ~ 10%–25% at the visible light region, much higher than those 
of monolayer t-ZnS [18], BiOI [19], etc., which are smaller 
than 5%. These M2X monolayers offer appealing alternative 
platform for realizing optoelectronic applications. 

 
Figure 3 (a)–(i) Band structures of monolayer -Cu2S, ζ-Cu2Se, ζ-Cu2Te, 
-Ag2S, -Ag2Se, ζ-Ag2Te, ι-Au2S, -Au2Se, and ε-Au2Te, respectively. The 
numbers in each panel indicate the band gaps. The orange and green 
shaded regions denote direct and indirect band gaps, respectively. (j) CBM 
and VBM positions of M2X monolayers. 

Furthermore, the CBM and VBM energy levels of these M2X 
monolayers are also provided in Fig. 3(j). The CBM energy 
levels of M2X monolayers are from –4.94 to –2.65 eV, while the 
energy levels of VBM vary from –6.41 to –4.41 eV. The various 
CBM and VBM energy levels are very promising for designing 
heterostructure based electronic and optoelectronic devices. 

Besides electronic band gap and CBM/VBM energy levels, 
carrier mobility also governs the applications of 2DSCs to a large 
extent. Thus, we next explored the room-temperature carrier 
mobilities of M2X monolayers based on the deformation potential 
theory [20–22], 

( )

3
2D

2D 2*
B d l

e Cμ
k Tm m E

=
               (1) 

where e ,  , and Bk  are the electron charge, reduced Planck 
constant, and Boltzmann constant, respectively. The temperature 
T is set to be 300 K. The carrier mobilities of M2X monolayers 
are determined by effective mass *m  ( * *

d x ym m m= , average 
effective mass), deformation potential lE , and 2D elastic 
modulus 2DC , which are summarized in Table S2 in the ESM. 

Most of the M2X monolayers hold moderately large room- 
temperature carrier mobilities, as shown in Fig. 4 (thousands 
of cm2·V−1·s−1). We compared them with experimentally/ 
theoretically (dark/ light gray) reported mobilities of single-layer 
transition-metal dichalcogenide (s-TMD), black phosphorus 
(BP), and graphene [23, 24]. Of particular interest is that 
-Au2Se and ε-Au2Te have high mobilities up to 104 cm2·V−1·s−1, 
comparable to black phosphorus. -Au2Se is isotropic, while 
ε-Au2Te is anisotropic. Similar to the high-mobility transport 
anisotroy of black phosphorus, the electron mobility of ε-Au2Te 
along y direction is nearly a hundredfold higher than that along 
x direction, 11,040–14,850 cm2·V−1·s−1 versus 130–140 cm2·V−1·s−1. 
Moreover, the photoconductivities of M2X monolayers are 
provided in Fig. S6 in the ESM for reference. The 
photoconductivities of ζ-Cu2Se, ζ-Cu2Te, ζ-Ag2Te, and ε-Au2Te 
monolayers are relatively high. Considering these four M2X 
monolayers possessing very high stability, relatively good optical 
absorbance, and photoconductivity, especially the experimental 
realization of ζ-Cu2Se, they may have potential application as 
photocatalysts. 

Since spin-orbit coupling (SOC) effect is usually obvious 
for the compounds containing heavy elements, such as Te, we 
further investigate the electronic properties of M2Te (M = Cu, 
Ag, Au) monolayers with SOC as shown in Fig. S7 in the ESM.  
The inclusion of SOC effects slightly decreases the band gap 
of the M2Te monolayers. In addition, the valence bands split  

 
Figure 4 Room-temperature carrier mobilities of M2X monolayers, 
compared with experimentally/theoretically (dark/light gray) reported 
mobilities of single-layer transition-metal dichalcogenide, black phosphorus, 
and graphene. For anisotropic monolayers ζ-Cu2Se, ζ-Cu2Te, ζ-Ag2Te, and 
ε-Au2Te, carrier mobilities along x and y directions are both provided. 
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around the S points due to the SOC effect. However, the band- 
edge characters around the Γ points are nearly the same with and 
without SOC effects. Considering that the CBMs and VBMs 
are all located far away from S points, it can be concluded that 
the HSE06 band structures without SOC are able to provide 
an accurate qualitative picture of the electronic structure in 
M2X monolayers in most cases. Figures S7(g) and S7(h) in 
the ESM present the band-edge energy levels and the carrier 
mobilities with and without SOC, which are in consistant with 
the above discussions. 

3 Conclusions 
In summary, we systematically investegated a family of 2DSCs, 
group-11-chalcogenide M2X monolayers, using first-principles 
calculations. We found that M2X monolayers adopt different 
stable configurations due to their non-layer bulk phases. 
Interestingly, group-11 elements prefer to be sandwiched between 
chalcogens in the form of monolayers, suggesting excellent 
oxidation resistance. More importantly, M2X monolayers 
exhibit a broad range of band gaps and various CBM/VBM 
energy levels. Meanwhile, they possess high carrier mobilities 
of about 103–104 cm2·V−1·s−1, which are essential for novel 
applications in nanoelectronics and optoelectronics. With the 
rapid development of experimental fabrication techniques, 
we believe that the predictions on the stable configurations, 
electronic band structures, and room-temperature carrier 
mobilities of group-11-chalcogenide M2X monolayers will 
inspire experimental researchers to extend 2DSCs to group-11- 
chalcogenides and some of the predicted M2X monolayers  
can be realized in the near future. 

4 Methods 
First-principles calculations were performed using the Vienna 
ab initio simulation package (VASP) [25, 26]. A generalized 
gradient approximation (GGA) in the form of Perdew–Burke– 
Ernzerhof (PBE) [27] is used for the exchange and correlation 
functional. The screened hybrid functional in the Heyd– 
Scuseria–Ernzerhof (HSE06) form [28], which can give a 
better description of band gaps in semiconductors generally, are 
used to determine the band gaps. The electronic wavefunctions 
are expanded in a plane wave basis with an energy cutoff of 
450 eV. In all the calculations, a 15 Å vacuum layer is used, 
and all atoms are fully relaxed until the residual forces on 
each atom are smaller than 10−3 eV·Å−1. Phonon dispersion is 
calculated based on a supercell using the finite displacement 
method as implemented in the PHONOPY package [29–31]. 
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