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a  b  s  t  r  a  c  t

By  performing  density  functional  theory-based  calculations,  we  investigate  the  structural,  electronic,  and
mechanical  properties  of the thinnest  ever  ZnSe  crystal  [11]. The  vibrational  spectrum  analysis  reveals
that  the  monolayer  ZnSe  is dynamically  stable  and  has  flexible  nature  with  its  soft  phonon  modes.  In
addition,  a  direct  electronic  band  gap is  found  at  the  gamma  point  for  the monolayer  structure  of ZnSe.
We  also  elucidate  that the  monolayer  ZnSe  has  angle  dependent  in-plane  elastic  parameters.  In particular,
the  in-plane  stiffness  values  are  found  to  be 2.07  and  6.89  N/m  for  the arm-chair  and  zig-zag  directions,
ensity-functional-theory
respectively.  The  angle  dependency  is  also  valid  for  the Poisson  ratio  of the  monolayer  ZnSe.  More  signif-
icantly,  the  in-plane  stiffness  of the monolayer  ZnSe  is the  one-tenth  of Young  modulus  of  bulk  zb-ZnSe
which  indicates  that the  monolayer  ZnSe  is  a quite  flexible  single  layer  crystal.  With  its flexible  nature
and  in-plane  anisotropic  mechanical  properties,  the monolayer  ZnSe  is a good  candidate  for  nanoscale
mechanical  applications.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The II–VI binary compounds are well-known and have been
xtensively studied semiconductor structures. Mostly II–VI struc-
ures crystallize in the zinc-blende (zb)  and wurtzite (wz) phases,
nd depending on their size and shape, they exhibit diverse elec-
ronic and optical properties [1–4]. On the other hand, following
he realization of one atom thick carbon crystal, graphene [5], the
wo-dimensional (2D) materials have attracted enormous interest
nd the 2D family has grown rapidly in the last decade.

Although, most of the ultra-thin crystals have layered struc-
ure in their bulk forms, there are several studies that revealed
ossibility of synthesis of 2D crystals from non-layered materi-
ls of II–VI binary compounds [6–17]. Among these studies, Sun
t al. [11] reported the synthesis of monolayer ZnSe. According to
heir observations, the monolayer ZnSe is ultra-flexible and has a
and gap of ∼3.5 eV. Motivated by this observations, several com-
utational studies were also reported. Tong et al. investigated the
arious compounds having zinc-blende form, comparatively [18].
hey predicted a phase of monolayer ZnSe resembling a slab of the

ock-salt crystal (t-ZnSe) and claimed that this phase is energet-
cally more favorable than that observed. In addition, Zhou et al.
ompared different monolayer phases of ZnSe by means of many
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body perturbation theory on top of density functional theory [19].
They also predicted that the t-ZnSe phase is dynamically stable
and energetically favorable. More recently, Zhou et al. predicted
the structural transition from the experimentally observed phase
to the t-ZnSe phase under lateral pressure at room temperature by
using molecular dynamic simulations [20].

Although, the computational studies asserted that the synthe-
sized monolayer ZnSe is meta-stable, the dynamical stability and
also the mechanical properties are still unknown. Here, using first
principles calculations based on density functional theory (DFT),
we investigate structural, electronic, and mechanical properties of
the synthesized monolayer ZnSe. Our investigation reveals that the
monolayer ZnSe is dynamically stable and possesses angle depend-
ent elastic parameters such as in-plane stiffness and Poisson ratio.

The paper is organized as follows: in Section 2 we give details
of our computational methodology. An overview of the structural
phases and the electronic properties of monolayer ZnSe are pre-
sented in Section 3. In Section 4 we  focus on the mechanical
properties of ZnSe. Finally, the conclusion of the study is given in
Section 5.

2. Computational methodology
We  performed density functional theory (DFT) based calcu-
lations to investigate the structural, electronic, and mechanical
properties of the monolayer ZnSe by using the Vienna ab-initio
simulation package, VASP [21–23]. To describe electron exchange

dx.doi.org/10.1016/j.apsusc.2017.03.039
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http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.03.039&domain=pdf
mailto:cihanbacaksiz@iyte.edu.tr
dx.doi.org/10.1016/j.apsusc.2017.03.039


C. Bacaksiz et al. / Applied Surface Science 409 (2017) 426–430 427

Fig. 1. (a) The top and side views of monolayer ZnSe. The red vectors stands for unitcell vectors. In panel (b), the phonon band structure and phonon density of states are
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hown.  In phonon-DOS panel, the total and the � projected phonon density of state
o  color in this figure legend, the reader is referred to the web version of this article

nd correlation, the Perdew–Burke–Ernzerhof (PBE) form of the
eneralized gradient approximation (GGA) [24] was  adopted. The
dW forces were taken into account by using the DFT-D2 method
f Grimme  [25,26]. The vibrational properties were calculated for
28-atom-supercell using the small displacement methodology
27]. To obtain the charge distribution of the configurations, a Bader
harge analysis was used [28,29].

The analyses were carried out by using following parameters.
he total energy difference between the sequential steps in the
terations was taken 10−5 eV as convergence criterion. The con-
ergence for the Hellmann–Feynman forces on each unitcell was
aken to be 10−4 eV/Å. 0.05 eV of Gaussian smearing factor was  used
nd the pressures on the unit cell were decreased to a value less
hen 1.0 kB in all three directions. For the determination of accurate
harge densities, Brillouin zone integration was performed using a
0 × 30 × 1 �-centered mesh for the primitive unit cell. To avoid

nteractions between adjacent monolayer ZnSe, our calculations
ere performed with a large unit cell including 15 Å vacuum space.

. Structural and electronic properties

In this section, we investigate the structural and electronic prop-
rties of the monolayer ZnSe. As the experimental observation [11]
f 4-atom-thick monolayer ZnSe, we truncate 4 Zn–Se sublayers
rom the bulk zb-ZnSe for the initial configuration of the DFT-based
tructural optimization. As shown in Fig. 1(a), a rectangular unitcell
ith 8 atoms is constructed and the lattice parameters are found

o be a = 5.57 and b = 3.96 Å as given in Table 1. At the optimized

urfaces of the monolayer ZnSe, the outermost Zn and Se atoms
re distorted as shown in the side view of Fig. 1(a). The outermost
n atoms have three coordinating Se atoms with the same bond
ength of 2.40 Å. The inner Zn atoms have 4 coordinating Se atoms

able 1
alculated parameters for monolayer ZnSe are; the lattice constants in the lateral directio

rom  Zn to Se atom, ��; and the cohesive energy per atom, Ec . EGGA+SOC
g is the band gap v

a (Å) b (Å) dZn–Se (Å) 

Monolayer 5.57 3.96 2.40–2.50 

zb-bulk  5.65 – 2.45 
hown as grey area and red curve, respectively. (For interpretation of the references

with a tetrahedral type as in bulk crystal but the bong lengths vary
between 2.43 and 2.50 Å. These bond lengths are not significantly
different from the bulk value of 2.45 Å. The Bader charge analysis
reveals that slightly varying bonds exhibit the same charge deple-
tion of 0.7 e− from Zn to S. In addition, the cohesive energy is found
to 2.69 eV which slightly differ from the bulk value of 2.84 eV per
atom.

After the structural optimization, the dynamical stability of
the monolayer ZnSe is also examined. As shown in Fig. 1(b),
the phonon-band dispersion reveals that the monolayer ZnSe is
dynamically stable. In addition, the maximum frequency which
corresponds the optical phonon mode appears at 262 cm−1. The low
frequencies of the vibrational modes indicates the flexibility of the
monolayer ZnSe. The total and the � projected phonon density of
states are shown in Fig. 1(b) so that a possible Raman measurement
of a monolayer ZnSe can be compared.

In addition, the energy band gap of monolayer ZnSe is calcu-
lated to be 1.91 eV within GGA + SOC. As shown in Fig. 2(a), the
valence band maximum (VBM) and conduction band minimum
(CBM) appears at the � point. For comparison, using the same
methodology, the band gap of bulk zb-ZnSe is also calculated to be
1.32 eV which is ∼0.6 eV lower than that of monolayer. Note that
the bulk zb-ZnSe is known to have direct the band gap of ∼2.8 eV
[30] and the band gap of the monolayer is reported to be 3.5 eV [11].
Although the calculated band gap values are underestimated, the
difference between the bulk and monolayer is consistent with the
experimental difference of ∼0.7 eV.

We also calculated the electronic density of state which is shown

in Fig. 2(b). The VBM is dominated by the Se atoms. In the CBM, it
is seen that the Zn and Se atoms contribute. Since the outermost
atoms have different bond coordinations, more detailed analysis
is needed. Therefore, we  focus on the band edges by calculating

ns, a and b; the atomic distance between Zn and S atoms, dZn–Se; the charge transfer
alues within GGA + SOC.

�� (e−) Ec (eV) EGGA+SOC
g (eV)

0.7 2.69 1.88
0.7 2.84 1.32
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Fig. 2. The energy-band dispersion is shown in (a). The VBM and CBM are labeled as I and II, respectively. In panel (b), the density of states with Zn and Se contributions are
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hown as the grey and green curves, respectively. The band decomposed charge den
re  represented by ac and zz, respectively. (For interpretation of the references to c

he band decomposed charge densities of the VBM and CBM. As
hown in the right panel of Fig. 2, the VBM (I) is dominated by the px

rbitals of Se atoms, on the other hand, the CBM (II) is dominated by
he py orbitals Se atoms. For both band edges, the charge densities
f the inner atoms are more localized. The outer Se and Zn charge
ensities extend over the surface of the monolayer especially along
he zig-zag (y) direction.

. Mechanical properties

The dimensional reduction from bulk to monolayer brings not
nly novel electronic properties but also some unusual mechani-
al properties. The flexibility of the monolayer ZnSe is emphasized
y Sun et al. [11] however it is still needed to be elucidated in
erms of elastic parameters. Therefore, in this section, we investi-
ate the mechanical properties of the monolayer ZnSe. To obtain the
esponse of the monolayer to the in-plane strain, the total energy
ifferences are calculated under the combinations of strain values
long the arm-chair and zig-zag directions as shown in Fig. 3(a).
e restrict our calculation in elastic region in which the strains are

onsidered to be between ∓2% in each direction. As it is seen, the
aximum energy increase is obtained under biaxial strain. More-

ver, the change in the energy is larger when the structure strained
long the arm-chair (x) direction as compared to that of the zig-
ag (y) direction. Since there is remarkable difference between
he strain directions, which is a direct indication of the structural
nisotropy, the energy difference is also calculated for the applied
train along the specific direction having an angle � to the arm-
hair (x) direction, so that the angle dependent elastic parameters
an be depicted.

In Fig. 3(b) and (c), the tensile and compressive strain-
ependent energy curves are shown separately. As it is seen, the
esponse to the strains are not circular but varying with the angle.
he maximum energy differences of 92 and 91 meV  are obtained

hen the system strained along the direction of 30◦ and 90◦ (zig-

ag) angle with respect to the arm-chair direction, respectively.
he minimum energy difference (a few meV), on the other hand,
s obtained at the angle of 0◦ and 60◦. The response in the level
 of the VBM and CBM are shown in right panel. The arm-chair and zig-zag direction
 this figure legend, the reader is referred to the web version of this article.)

of meV  indicates the flexibility of the monolayer ZnSe. Using the
strain-energy relation, we further investigate the in-plane stiffness
and the Poisson ratio with considering the angle dependency.

The relation between strain and the total energy difference is
considered to be obey the formula of Es = c1ε2

�
+ c2ε2

�
+ c3ε�ε� ,

where the ε� and ε� applied strain values along the corresponding
direction and the direction which is perpendicular to � (� − � = 90◦),
respectively. The coefficients of c1, c2, and c3 are obtained sepa-
rately by fitting the energy-strain equation given above. Since the
monolayer ZnSe possesses anisotropic response depending on the
strain direction, the c1 and c2 are not equal. By using the coefficients
of c1, c2, and c3 the elastic parameters such as in-plane stiffness and
Poisson ratio can be obtained.

4.1. In-plane stiffness

The stiffness defines the resistivity of a material to the structural
deformation under mechanical force. It is one of the fundamental
properties that describes the flexibility or rigidity of a material. To
reveal the mechanical properties, we  investigate the in-plane stiff-
ness by using the relation of C� = [4c1c2 − (c2

3/2c2)]/A0, where the
c1, c2, and c3 are the coefficients that are determined by the energy-
strain relation given above, and A0 is the area of the unstrained
supercell.

The calculated in-plane stiffness, C� , is shown as a polar plot in
Fig. 3(d). As a consequence of the angle dependent strain energy,
the in-plane stiffness values also vary between 1.0 and 8.0 N/m
depending on the strain direction. The in-plane stiffness values for
the arm-chair and zig-zag directions are found to be C0 = 6.89 and
C90 = 2.07 N/m, respectively. In addition, the maximum and mini-
mum  values are obtained for the angles of 30◦ and 75◦, respectively.

Here, the calculated stiffness can be compared with the Young’s
modulus of the bulk zb-ZnSe yet differing from the bulk form, the
thickness of the monolayer ZnSe is considered when the in-plane

stiffness is obtained. Therefore, we divide the calculated in-plane
stiffness by the thickness of the monolayer ZnSe and these effec-
tive values in the arm-chair and zig-zag directions are found to be
3.2 × 109 and 10.5 × 109 N/m2. The Young’s modulus of the bulk
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ig. 3. (a) The surface plot of the total energy difference of the system under the s
he  total energy difference of the system under the tensile (b) and compressive (c) s
tiffness and the Poisson ratio are shown, respectively.

b-ZnSe is known to be 67.2 × 109 N/m2. As it is seen, the there
s a dramatic decrease in the stiffness when the dimensionality of
tructure reduces from 3D to 2D. The small in-plane stiffness values
onfirmed the flexibility of the monolayer ZnSe which is reported
y Sun et al. [11]. In addition, as compared to calculated values of
1 and 77 N/m for GaS and GaSe [31], respectively, the in-plane
tiffness of the monolayer ZnSe is also very low.

.2. Poisson ration

One of the important fundamental elastic constants of a material
s the Poisson ratio. Briefly, when a material is stretched (com-
ressed) along one particular direction, it usually shrinks (expands)

n the perpendicular direction. The amount of that kind of deforma-
ions are governed by the Poisson ratio which must be investigated
or well-identification of the mechanical properties. Therefore, we
alculated the angle dependent Poisson ratio of the monolayer ZnSe
y using the relation of �� = c3/2c1, where the c1 and c3 are the
oefficients introduced above.

The polar plot of the calculated Poisson ratio, �� is shown in
ig. 3(e). Apparently, the angle dependency of the Poisson ratio dif-
ers from that of in-plane stiffness. The values vary between 0.0
nd 0.75. The maximum Poisson ratio is obtained when the direc-
ional angle with of the strain is 15◦. For the arm-chair and zig-zag
irections, the Poisson ratio are �0 =0.21 and �90 =0.69, respectively.
ore significantly, the Poisson ratio for the angle of 45 is about 0.0.
hen we compare the calculated Poisson ratio of the monolayer

nSe with that of bulk zb-ZnSe, which is known to be 0.28, values

re not compatible. Since the monolayer ZnSe is very flexible, the
oisson ratio values given above must be considered qualitatively.
herefore, one can conclude that the in-plane anisotropy is still
alid for the Poisson ratio of the monolayer ZnSe.
in the arm-chair and zig-zag. The energy levels are color coded. The polar plots of
, respectively. In panels (d) and (e), the polar plots of the angle dependent in-plane

5. Conclusions

In this study, we investigate the synthesized monolayer ZnSe by
performing state-of-the-art first principles calculations. The struc-
tural optimization reveals that outermost Zn and Se atoms relaxed
in a distorted form and the inner Zn and Se atoms have tetrahedral
bond coordinations. The phonon analysis shows that the monolayer
ZnSe is dynamically stable. In addition, the monolayer, ZnSe has a
direct electronic band gap at the � symmetry point. The electronic
density of states analysis shows that VBM and CBM are dominated
by the px and py orbitals of Se atoms, respectively. Furthermore, we
investigate the mechanical properties of the monolayer ZnSe in the
elastic region. First of all, the energy-strain calculation shows that
the monolayer ZnSe has anisotropic response which depends to the
direction of the strain. In particular, the in-plane stiffness values are
found to be 6.89 and 2.07 N/m for the arm-chair and zig-zag direc-
tions, respectively, which are effectively very low as compared to
the Young’s modulus of the bulk zb-ZnSe. The low in-plane stiff-
ness values are also confirmed the experimental observation of the
flexibility of monolayer ZnSe. Moreover, the Poisson ratio is calcu-
lated to be 0.21 and 0.69 for the arm-chair and zig-zag directions,
respectively. With its flexibility nature and in-plane anisotropic
mechanical properties, the monolayer ZnSe appears quite suitable
for flexible nanoscale device applications.
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