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A B S T R A C T   

Structural, electronic, optic and vibrational properties of Zinc antimonide (ZnSb) monolayers and their func
tionalized (semi-fluorinated and fully chlorinated) structures are investigated by means of the first-principles 
calculations. The phonon dispersion curves reveal the presence of imaginary frequencies and thus confirm the 
dynamical instability of ZnSb monolayer. The calculated electronic band structure corroborates the metallic 
character with fully-relativistic calculations. Moreover, we analyze the surface functionalization effect on the 
structural, vibrational, and electronic properties of the pristine ZnSb monolayer. The semi-fluorinated and fully- 
chlorinated ZnSb monolayers are shown to be dynamically stable in contrast to the ZnSb monolayer. At the same 
time, semi-fluorination and fully-chlorination of ZnSb monolayer could effectively modulate the metallic elec
tronic properties of pristine ZnSb. In addition, a magnetic metal to a nonmagnetic semiconductor transition with 
a band gap of 1 eV is achieved via fluorination, whereas a transition to a semiconducting state with 1.4 eV band 
gap is found via chlorination of the ZnSb monolayer. According to the optical properties analysis, the first ab
sorption peaks of the fluorinated- and chlorinated-ZnSb monolayers along the in-plane polarization are placed in 
the infrared range of spectrum, while they are in the middle ultraviolet for the out-of-plane polarization. 
Interestingly, the optically anisotropic behavior of these novel monolayers along the in-plane polarizations is 
highly desirable for design of polarization-sensitive photodetectors. The results of the calculations clearly proved 
that the tunable electronic properties of the ZnSb monolayer can be realized by chemical functionalization for 
application in the next generation nanoelectronic devices.   

1. Introduction 

The rise of two-dimensional (2D) ultra-thin materials has started by 
the successful synthesis of graphene[1]. Following graphene, many 
different 2D materials (2DMs) have been demonstrated and added to the 
ultra-thin materials family [2–23] exhibiting unique electronic, optical, 
and mechanical properties. Recently, the effort on the synthesis of 2D 
structures of non-layered bulk materials has increased exponentially. 
With this regard, the 2D forms of Cr2S3[24], hematite[25,26], gallenene 
[27], and very recently ZnSb[28] have been demonstrated using 
different experimental techniques. Among the non-layered bulk 

materials, ZnSb has been extensively studied due to it promising ther
moelectric properties[29–34]. Zn-Sb exhibits two stable phases, namely 
ZnSb and β-Zn4Sb3 at room temperature[35,36]. The β-Zn4Sb3 phase 
has been reported to possess a low thermal conductivity due to disor
dered Zn atoms in its crystalline structure[37–39]. In a recent experi
ment, a 2D form of the ZnSb phase has been demonstrated as a new 
member of 2D family [28]. Synthesis of ZnSb ultra-thin layers has been 
been realized by a change of the hybridization from sp3 to sp2. 

The confinement of electrons in one-dimension makes the 2DMs 
suitable candidates for surface functionalization which can significantly 
modify tune their electronic and optical properties. The theoretical 
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predictions and experimental observations revealed that electronic 
properties of graphene can be tuned via either one or two types of sur
face modifications[40–43]. In addition, fluorination has been shown to 
be also an efficient way for tuning the structural, magnetic, electronic, 
and mechanical properties of 2DMs[44–50]. In addition to free-standing 
stable 2DMs, the 2D forms of non-layered bulk materials offer a rich 
variety of advantages for their surface functionalization due to the un
saturated surface orbitals. It was revealed theoretically that the surface 
functionalization may lead to dynamical stability of the 2D layer, syn
thesized from a non-layered bulk material, as a free-standing crystal 
[28]. 

Surface adsorption on 2DMs using different types of adatoms such as 
H, F, Cl, or Li have been experimentally demonstrated. Amongst all the 
atoms, the F is one of the most important adatoms because its incor
poration into the structure gives rise to significant structural, magnetic, 
electronic, and mechanical changes[51–62] as a result of its high elec
tronegativity. In the first experimental realization of fluorinated gra
phene, it was investigated that constructed fluorographene is an 
insulator at room temperature and it keeps its stability till 400 ∘C[57]. In 
addition to the F adsorption, manipulation of 2DMs by employing Cl 
atoms were also widely studied. For instance, chlorination of graphene 
surfaces with different compositions and configurations was investi
gated theoretically and it was figured out that the stable structures of 
chlorinated graphene were significantly determined by the coverage 
amount[63,64]. Apart from the theoretical predictions, chlorination 
scenarios were also demonstrated experimentally and several studies 
reported different amounts of chlorination in graphene, such as 2%[65], 
8%[66], and 25%[67]. Apparently, the present experimental techniques 
allow researchers to controllably functionalize the surfaces of 2DMs in 
order to tune their properties. 

Motivated by the recent progress in non-layered 2DMs, their stability 
engineering and experimental possibilities of surface functionalization, 
we explore the effect of one and two surface functionalization of a 
single-layer ZnSb via fluorination and chlorination, respectively. Our 
results reveal that dynamically unstable free-standing ZnSb sheet can be 
stabilized via either one-surface fluorination or by two-surface chlori
nation. In addition to the enhanced dynamical stability, we have 
discovered that the metallic ZnSb single-layer turns into a semi
conductor in both cases of surface functionalization. 

2. Computational methodology 

The structural optimization and electronic properties calculations 
were performed by the plane-wave basis projector augmented wave 
(PAW) method in the framework of density-functional theory (DFT). The 
generalized gradient approximation (GGA) with the Perdew-Burke- 
Ernzerhof(PBE)[68,69] functional was used for the exchange and cor
relation contributions as implemented in the Vienna ab-initio Simulation 
Package (VASP)[70,71]. Moreover, a spin-orbit-coupling (SOC) effect 
was included on the top of the GGA and Heyd-Scuseria-Ernzerhof 
(HSE06)[72] screened-nonlocal-exchange functional of the generalized 
Kohn-Sham scheme to get more accurate band gap calculations. To 
describe the long-range van der Waals (vdW) interactions, the vdW 
correction DFT-D2 proposed by Grimme was utilized[73]. The Bader 
technique is used for analysis of the charge transfers in the structures 
[74]. The kinetic energy cut-off for plane-wave expansion was set to 500 
eV and the energy was minimized until its variation in the following 
steps became 10− 8 eV. To get the optimized structures, the total 
Hellmann-Feynman forces were reduced to 10− 7 eV/Å. 21 × 21× 1 Γ 
centered k-point sampling was used or the primitive unit cells by using 
the Monkhorst-Pack [75]. The vibrational properties were obtained 
from the small displacement method as implemented in the PHON code 
[76]. Ab initio molecular dynamics (AIMD) simulations were also car
ried out to examine the thermal stability of functionalized ZnSb 
single-layers by using 4 × 4× 1 super cells at room temperature (300 K) 

with total simulation time of 6 ps with 2 fs time steps. The optical cal
culations were performed in the random phase approximation (RPA) 
[77] method constructed over the screened hybrid HSE06 functional 
using the VASP code. 

3. Pristine monolayer znsb 

The slightly buckled honeycomb atomic structure of ZnSb monolayer 
which has a tetragonal primitive unit cell, formed by two Zn and two Sb 
atoms, the a and b are equal vectors that make a 90∘ angle, exhibits P3m1 
space group, as shown in Fig. 1(a). The optimized structures are ob
tained in such a away that all the atomic positions and the lattice vectors 
are fully relaxed. The optimized lattice constants are equal to 4.49 and 
7.48 Å, respectively, while the bond lengths are determined to be 2.60 Å. 
A simulated STM image of the ZnSb monolayer is shown in Fig. 1(b). The 
atomistic structure is easily recognised from the predicted STM image, 
where the Sb atoms are brighter than the Zn atoms. The electron 
localization function is illustrated in Fig. 1(c). The difference charge 
density (Δρ) is calculated using the following equation 

Δρ = ρZnSb − ρZn − ρSb (1)  

where ρZnSb, ρZn and ρSb represents the charge densities of the ZnSb 
monolayer and isolated atoms, respectively. The result of difference 
charge density calculations gives the positively charged Zn atoms are 
surrounded by negatively charged Sb atoms. Based on the charge 
transfer analysis, we found out that the Sb atoms gain as 0.16e from the 
adjacent Zn atoms. According to the Pauling electronegativity scale, Sb 
(2.18) atom has a larger electronegativity than Zn (1.65) and it results in 
large difference of electron density. The cohesive energy per atom that is 
quantifying the stability of materials is calculated using the following 

Fig. 1. (a) Atomic structure of ZnSb monolayer. With the gray (orange) rep
resenting Zn (Sb) atoms. The primitive unit cell by a dark rectangular. (b) 
Simulated STM image. (c) Top view of the electron localization function (ELF) 
isosurface from 0.0 (blue) to 1.0 (red) and (d) Phonon band structure for ZnSb 
monolayer. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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equation: 

Ecoh = [(nZnEZn + nSbESb) − EZnSb]/(nZn + nSb), (2)  

where EZn and ESb represent the energies of isolated single Zn and Sb 
atoms; EZnSb represents the total energy of the ZnSb monolayer. In 
addition, nZn and nSb stand for the number of Zn and Sb atoms in the 
primitive unitcell, respectively. The cohesive energy of the ZnSb 
monolayer is found to be 1.41 eV/atom. The dynamical stability is 
examined by calculating its phonon band dispersions and is presented in 
Fig. 1(d). The phonon branches are almost free from any imaginary 
frequencies, except the out-of-plane acoustic phonon branch which has 
completely negative frequencies through the whole BZ indicating the a 
dynamical instability of the structure. Our results confirm that the 
pristine ZnSb does not show dynamical stability. The existence of 
negative frequencies for the out-of-plane acoustical phonon branch re
veals that the unoccupied orbitals of the individual atoms need to be 
saturated in order to possess the stability. The results of the electronic 
structure calculations, i.e., the density of states (DOS) and partial DOS 
(PDOS) of the ZnSb monolayer are presented in Fig. 2. The band struc
ture with SOC [78] is depicted in the inset. Our computational results 
show that ZnSb is a ferromagnetic-metal material with valence bands 
crossing the Fermi level and it has 1.3 μB magnetic moment in the 
ground state. Note, that the metallic characteristic is preserved when the 
SOC is included. From the DOS and PDOS as shown in Fig. 2, it is clearly 
seen that the bands around the Fermi level are composed of Sb-pz and 
Zn-dxz,yz orbitals. 

4. Functionalization of a znsb monolayer 

Adsorption is one of the efficient ways to tune the structural, elec
tronic, and magnetic properties of 2DMs. Halide atoms such as F and Cl 

are potential candidates for such functionalizations. Up to now, 
fluorinated-graphene (F adsorption on graphene) was synthesized and 
its numerous physical properties were predicted also theoretically. The 
ground state structures are obtained by placing a single F/Cl atom on 

Table 1 
The structural, electronic and magnetic parameters, a and b are lattice constants; the bond length between Zn-Sb atom d1 and adsorbed atom-Sb d2; the bond angles 
between Zn-Sb atom θ1 and adsorbed atom-Sb θ2; the bucking presented by the difference between the largest and smallest z coordinates of Zn and Sb atoms (Δz); the 
cohesive energy of (Ec); the charge transfer (ΔQ) between atoms; the magnetic moment per supercell Mtot ; electronic state (ES) is specified as ferromagnetic-metal (FM) 
and semiconductor (SC). The band gap (Egap) within GGA+SOC and HSE06 are placed outside and inside the closing parenthesis.   

a b d1  d2  Δz  θ1  θ2  Ec  ΔQ  Mtot  ES  Egap   

(Å) (Å) (Å) (Å) (Å) (∘)  (∘)  (eV/atom) (e)  (μB)   (eV) 

ZnSb 4.49 7.48 2.60 - 0.59 120 - 1.41 0.16 1.3 M - 
Fluorinated-ZnSb 4.66 7.78 2.69 2.03 0.53 117 95 2.41 0.36 0 SC 0.06 (1.0) 
Chlorinated-ZnSb 4.63 7.76 2.64 2.54 0.89 117 65 2.02 0.50 0 SC 0.50 (1.4)  

Fig. 2. (a) Electronic band structure, DOS and PDOS of ZnSb monolayer 
without corresponding SOC. Band structure with SOC is shown in the inset. 
Fermi level is set to zero. 

Fig. 3. (a) Relative total energies of four possible adsorption sites in ZnSb 
monolayer. The inset shows top views of four possible adsorption sites. (b) 
optimized structures with corresponding structural parameter including bond 
length of ZnSb with adsorption of F and Cl atoms. 

Fig. 4. Atomic structures with corresponding structural parameters (left) and 
phonon dispersion (right) of (a) fluorinated-ZnSb and (b) chlorinated-ZnSb with 
difference charge density isosurfaces. Charge accumulation and depletion re
gions are represented by blue and yellow colors, respectively. (For interpreta
tion of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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four preferable for adsorption sites as shown in the inset of Fig. 3. 
Different adsorption sites of F and Cl on ZnSb given with respect to the 
position; (a) hollow (above the center of a hexagon with six Zn and Sb 
atoms (HZnSb)), (b) bridge (above the middle of a Zn-Sb bond (BZnSb)), (c) 
top-Zn (top site above a Zn atom (TZn)), (e) top-Sb (the top site above a 
Sb atom (TSb)). The most feasible site is selected from four possible 
adsorption sites according to the relative total energies depicted in Fig. 3 
(a). The inset shows top views of the four possible adsorption sites. We 
have determined the most stable adsorption site for F and Cl atoms is the 
(TSb) site. The optimized structures and the corresponding structural 
parameters of monolayers with adsorbed F and Cl are presented in Fig. 3 
(b). As the single F and Cl atoms are adsorbed on the surface through the 
Sb atom, there occurs a small distortion in the lattice along the bond 
direction. The bond lengths for F-Sb and Cl-Sb interactions are calcu
lated to be 2.01 and 2.45 Å, respectively. As compared to their 
adsorption energies on the hollow, bridge, and top of the Zn atom, the 
top of the Sb atom is significantly favourable site for the adsorption of F 
and Cl atoms. 

Eadsorp =
(
Esupercell +Eadatom

)
− Eadsorbed (3)  

where Esupercell and Eadsorbed stand for the total energies of bare ZnSb 
supercell and the single-atom adsorbed monolayers while Eadatom rep
resents the total energy of an isolated adatom (F or Cl). Once the 
favorable adsorption sites of single F and Cl atoms are examined, the 
possible full-functionalization of ZnSb is considered in two different 
configurations. In the first scenario, all Sb atoms are saturated by either 
F or Cl atoms from one surface. The atomic structures with corre
sponding structural parameter including bond length and bond angle are 
shown in Figs. 4(a,b). The difference charge density is given in the same 
panel in Fig. 4. The structural parameters such as lattice constant, the 
bond lengths between atoms are summarized in Table I. Notice that, the 
lattice constants and the bond lengths between Sb-Zn change via the 
functionalization of the ZnSb monolayer. In fluorinated-ZnSb and 
chlorinated-ZnSb an a increase of the lattice constant a appears from 
4.49 Å in pristine ZnSb, to 4.66 and 4.63 Å, respectively. The increase of 
the lattice constant is due to the increase in bond lengths, which is 
changed from 2.60 to 2.69 Å (fluorinated) and to 2.64 Å (chlorinated). In 
addition, the Sb-F and Sb-Cl bond lengths adsorption of fluorinated- 
ZnSb and chlorinated-ZnSb are calculated as 2.03 and 2.54 Å, respec
tively. From the difference charge density it is seen that because of the 
strong bonding between Sb and Cl atoms, a charge accumulation occurs 
in the region between the Cl atom and the neighboring Sb atoms. Based 
on the Bader charge analysis, in fluorinated-ZnSb each F atom gains 
about 0.36e, while in chlorinated-ZnSb, each Cl atom gains 0.5e from the 
adjacent Sb atom. 

The phonon dispersion of fluorinated- and chlorinated-ZnSb mono
layers are shown in the right part of Figs. 4(a,b). In such a configuration, 
the fluorinated-ZnSb is found to exhibit dynamical stability, while the 
chlorinated-ZnSb is dynamically instable. One-side fluorination is suf
ficient for the stabilization of unoccupied orbitals of the Sb atoms which 
results in dynamical stability. In contrast, in the second scenario, in 
which the Sb atoms are saturated from both surfaces of ZnSb by one F or 
Cl atoms, the fluorinated structure is found to possess dynamical insta
bility, while the chlorinated is dynamically stable. Notably, although the 
single Cl atom tends to be adsorbed on Sb atom, in fully functionalized 
structure it shifts to a bridge site position while F atoms still stay on the 
top of Sb atoms. Our calculated results demonstrate that dynamically 
unstable free-standing monolayer of ZnSb can be stabilized via chemical 
functionalization by either F or Cl atoms. In addition, F adsorptions on 
Sb sites possess perpendicular bonds compared to the case of Cl atoms 
while Cl atoms tend to bind on bridge sites. Therefore, the stabilization 
mechanisms are quite different for the two types of adatoms. Notice that, 
the Cl-Sb bond stretching is found to be at smaller frequencies than that 
of the F-Sb vibrations. Such frequencies display also quite stronger F-Sb 
bonds in the structure as compared to the Cl-Sb bonds. The crystal 

structures and the variation of total energy of ZnSb-Cl (left) and ZnSb-F 
(right) around room temperature is shown in Fig. S1 of the supple
mentary information. our molecular dynamics simulations of the func
tionalized single layers revealed that while the chemically adsorbed 
atoms are stable on the surface at room temperature, Zn and Sb atoms 
have a tendency to distortion. In the case of ZnSb-Cl the single layer is 
much more distorted, while the ZnSb-F is more stable. 

The electronic band structure, DOS and PDOS with corresponding 
SOC for fluorinated-ZnSb and chlorinated-ZnSb, respectively, are pre
sented in Figs. 5(a,b). On the other hand, the electronic properties of 
fluorinated and chlorinated ZnSb structures reveal their semiconducting 
behavior in contrast to metallic ZnSb. The direct band gaps of fluori
nated and chlorinated ZnSb are calculated to be 0.06 and 0.5 eV, 
respectively. In both of the structures, it is shown that the valence and 
the conduction band edges are mostly dominated by the Sb-states while 
the Cl atoms also have contributions to the conduction band states. Due 
to underestimation of the electronic band gap values of semiconductors 
in the PBE functional, the screened hybrid functional HSE06 were also 
used to provide more accurate estimations for the band-gap values of 
these materials as depicted in Fig. 5 by the blue line. It is conspicuous the 
HSE06 functional does not change the sort of direct semiconducting 
band gap in fluorinated-ZnSb and chlorinated-ZnSb monolayers. Ac
cording to the HSE06 results, the direct band-gaps of the fluorinated- 
ZnSb and chlorinated-ZnSb monolayers at Γ-point were predicted to 
be 1 and 1.4 eV, respectively. Our results also showed the hole effective 
mass of the fluorinated-ZnSb along Γ ⟶ Y is 0.41 me

* while it is 0.55 

Fig. 5. The electronic band structures and its related DOS and PDOS calculated 
at PBE level including SOC effect for (a) fluorinated-ZnSb and (b) chlorinated- 
ZnSb. The zero of energy is set to the Fermi level energy. Notably, the electronic 
properties are presented for the dynamically stable functionalized structures. 
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me
* for chlorinated-ZnSb along Γ ⟶ X. The effective electron masses of 

the fluorinated-ZnSb were obtained to be 0.36, 0.22 and 0.46 me
* along 

Γ ⟶X, Γ ⟶ Y and Γ ⟶ M, respectively. The corresponding values of 
the chlorinated-ZnSb along the same directions are 0.20, 0.07 and 0.27 
me

*. These light electron and hole effective masses lead to high carriers 
mobility in the nanostructures investigated. 

5. Optical properties 

We have also investigated the optical response of the novel 
functionalized-ZnSb systems using the RPA method constructed over the 
HSE06. The in-plane (E‖x and E‖y) and out-of-plane polarized directions 
with imaginary and real parts of the dielectric function have been 
calculated and the acquired results are illustrated in Fig. 6. The insets 
show the Im(ε) at the frequency range of 4–7 eV. Obviously, the optical 
spectra of both strained systems are highly anisotropic for the light 
polarizations along the x-, y- and the z-axis. For the fluorinated-ZnSb, 
the first absorption peak of Im(ε) is at 0.69, 0.84 and 5.80 eV for E‖x, 
E‖y and E‖z, respectively. The corresponding values of the chlorinated- 
ZnSb along the same directions are 1.24, 1.13 and 5.69 eV. These results 
indicate that the first absorption peaks of Im(ε) of both monolayers are 
in the infrared range along the in-plane polarizations and are related to π 
⟶ π* transitions. The mean two peaks which are related π ⟶ σ* and σ 
⟶ π* occur in between 7 and 8 eV energy range along the out-of-plane 
direction. While real part of the dielectric constant has been found zero, 
the static dielectric constants of the fluorinated-ZnSb monolayer were 
calculated as follows 8.33, 5.49 and 1.41 for E‖x, E‖y and E‖z, respec
tively. The corresponding values of the effective electron masses for 
chlorinated-ZnSb along the same directions are 0.20, 0.07 and 0.27 me

*. 
In the Drude model the plasma frequencies are defined by the roots of 

Re(ε) with x = 0 line [79–81], and were calculated for both systems. The 
corresponding values of the first plasma frequencies of fluorinated-ZnSb 
along the x-y-axes are at 0.76 and 0.95 eV, respectively, while they are at 
1.39 and 1.17 eV for chlorinated-ZnSb monolayer which are related to 

the π electron plasmon peak. The plasma frequency along the z-axes 
occurs at an energy 8.11 and 7.65 eV for the fluorinated-ZnSb and the 
chlorinated-ZnSb monolayers, respectively, which are related to the π +

σ electron plasmon peaks. 
The absorption coefficient α of both studied systems along all po

larizations are plotted in Fig. 7. The first absorption peak of the 
fluorinated-ZnSb along E‖x, E‖y and E‖z occurs at energy of 0.77, 0.91 
and 5.06 eV, respectively, while the corresponding values of the 
chlorinated-ZnSb are 1.36, 1.19 and 5.40 eV. The first absorption peaks 
of these novel monolayers along the in-plane polarizations are located in 
the infrared range (IR), while they are in the middle ultraviolet range 
(UV) for out-of-plane polarization. The second absorption peaks of both 
monolayers occur at energy range between 1.6 and 2.3 eV along the in- 
plane polarization, which is a desirable property for practical 

Fig. 6. Imaginary and real parts of the dielectric function as a function of photon energy for fluorinated-ZnSb (a and c) and chlorinated-ZnSb (b and d) for the in- 
plane and out-of-plane polarizations. Insets show the Im(ε) at the frequency range of 4–7 eV. 

Fig. 7. Optical absorption spectra as a function of photon energy of fluorinated- 
ZnSb (a) and chlorinated-ZnSb (b) for the in-plane and out-of-plane 
polarizations. 
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applications in optoelectronic devices in the visible spectral range. The 
main absorption peak of the aforementioned systems for in-plane po
larizations situate at the energy range between 4.0 and 6.0 eV while it 
occurs around at 8.0 eV for out-of-plane polarization. In general, the in- 
plane optical anisotropy of these novel nanosheets is highly desirable for 
design of novel optoelectronic nanodevices that exploit anisotropic 
properties, such as e.g., polarization-sensitive photodetectors [82,83]. 

6. Conclusion 

In summary, we have explored the structural, electronic and optical 
properties of the ZnSb monolayer and its functionalized derivatives by 
using DFT calculations. Phonon band dispersions have revealed the 
monolayer of ZnSb exhibits dynamical instability in its free-standing 
form and has a metallic behavior. We have demonstrated that ZnSb 
monolayer can be stabilized via surface chemical functionalization with 
F and Cl atoms. Semi-fluorinated and fully-chlorinated ZnSb monolayers 
are direct semiconductors with 1 and 1.4 eV band gap values, respec
tively as well as they have very light electron and hole effective masses. 
Moreover, from the optical response data of the functionalized ZnSb, we 
can see the first absorption peaks along the in-plane polarization reveal 
that the functionalized ZnSb monolayers can absorb IR and visible light, 
suggesting their prospect toward applications in optoelectronics and 
nanoelectronics. Our results revealed that dynamically unstable free- 
standing ZnSb monolayer can be stabilized via fluorination and chlori
nation such that the metallic ZnSb monolayer turns into semiconducting 
monolayer crystal. 
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