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Calculating strain energy exhibits that all compound has an asymmetric b
with respect to applied biaxial straiithe electronic results indicate that
electronic properés of the considerddyered compounds such as energy ajaq
gap directiorcan be tuned using exerting biaxialglane compressive and ten
strains. It has been shown that botmpressive and tensile strains decreas
energy gap of ZnO monolayddowever, for the other compoundansS, ZnS
Keywords: and ZnTe,the energy gap increaséy applying compressivestrain while i
ﬁi?afzﬁg;sgggr?i de decreasgeundertensile strains, respectively. The band gap direction chanc
Optical absorption imposing differentypesstrains. The optical results l@hit red shift and blue shi
Density functional theory in the optical absorption spectrum for ZnO a@hS monolayers by exerti
tensile and compressive strainespectively Our obtainedresults suggest tr
these wide gap semiconductors can be good candidatgpfoelectronicnance
base device.

1. Introduction diodes (LEDs), field effect transistors (FET), sensors,
dyesensitized solar cells and field &sion (FE)

In the last decade, twadimensional nanostructures [2,3,10] Penget al. investigated mechanical properties
could find a unique location in nanothechnologyof graphendike hexagonal zinc oxide monolayer-(g
applications and deces. Because of their unique ZnO) using firstprinciples calculations based on
properties such as high surface area, good syntheslensityfunctional theory. They proposed that compared
conditions, controlling on their propertiestc, they can to hexagonal boron nitride molager (gBN), g-ZnO
be used in many industrial fields for example energynuch softer they also proposed thaZm© has a larger
storage [1], electronic [2], biomedicine [3] and sensorPoi sson’' s rati o. They show
[4]. Some unexpected properties of graphene5 [5] hauveonst ant s i ncrease with pr
made a lot research groups to put our interest iratio decreases with increasing pressy@2-24].
predicting and studying the other twlomensional Exerting stress and sin on these types of
materials such as -BN [6-8], transition metal nanomaterials is one of the best strategies for controlling
chalcogenides [9,10], alkali halides [11,12], metallicand tuning electronic and optical properties if them. In
oxides [1315], phosphorene [16], silicone [17] and some previous work, we showed thabme two-
other types of two dimensional nano materials21®  dimensional materials such as BRb], InN [26], BeS
Among these categories, zinc oxidand zinc [27] and BeC [28] can be tuned by applying biaxial
chalcogenides are so favorable semiconductor fastress and strain. The results express that electronic
electronic and optical applications. ZnO and ZnS havproperties of these semiconductor nanostructures such
attracted attention owning to themany applications as energy gap and gap direction can be controlled by
specially in naneelectronic and nanphotoelectric such different values of strain on system, also optical
as photoluminescence, photo catalysis, Hgitting propertiessuch as absorption and optical conductivity of
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them are so sensitive to structural deformation too. denote to compressive and tensile lattpgrameters,
In our previous work, we studied the electronic andespectively. In this definition and the positive and
optical properties of ZnX and CdX (X=S, Se ahd) negativesigns refer to strained and stressed systems,
graphendike monolayers10. The results illustratédit  respectively. The strain energgr atom is defined as:
the threshold of absorption spectrum shifts towar
higher energies from S to Te atoms. So, in this articlgl,zs(d) =(Ex(0) - Efee) /N (2
the electronic properties of ZnX (X=0, S, Se and Te
graphendike monolayers are studied under differen
biaxial stress and strain conditiono tgain a
controllability of electronic properties.

?/vhere Ewi(0), Eee andn are the total energy of system,
Yotal energyof freestrained system and the number of
atoms in considered unit cell, respectively. The obtained
strain energy versus applied different biaxétdain is
illustrated in the figure 1 for all compounds. We can see
a different behavior for strain energy in tensile and
compression conditions, so there is asymmetrical
. . o ) variation in strain energy. This asymmetry illustrates the
e ainore P eemers e, lsic sharmony ahe 20X (S, Seana e) o

' n&ensmnal structure hglkcan be refereed to bond

di
augmented plane wavep | u s l ocal - ©Jatbrk tofaclompaunds. e can see that amiheg

LAPW+lo) are used to expand Koisham wave - .
. R considered compounds ZnTe has the lowest elastic
functions[29]. WIEN2k code is utilized to perform all gymmetry(see Figla).

calculations such as optimization, structural an
electronic[30]. All input paraméers were optimizedo
gain an acceptable accuracy in presenting result- ‘
Optimized RirKmax Used 8, and the charge densitgs 04
expanded to =14 Ry?2 Since the generalized
gradient approximation (GGA) methodends to 0.34-
underestimate the band gap, weoalsomputed and
compared theesults using GGA presented by Perdew 2.
Burke-Ernzerhof[31] and screened hybrid functional,
HSEO06[32]. using MonkhorsPack scheme a 3@0x 1
and 4&48x1 k-meshes are used to expdagoint in the
first Brillouin zone [33] for electronic and optical
calculations, respectively. Also, Vacuum layevith a
minimum thickness of @ angstromin the nonperiodic
directions g-axis) were utilized in our calculations to
avoiding adjacent monolayer interaction.

2. Computational Method
Using first principles calculations, the electronic
properties of ZnX (X=0S, Se and Te) monolayare

o
—

o
(=)

o
(o)

Strain Energy (eV)
o
)

3. Results and Discussion
3.1. Structural Calculations :
In this section the structural properties and the (.14 !
stability of ZnX (X=0,S, Se and Te) monolaygeunder : A\ -/ |
stress and strain conditions are investigated. As the fir ‘ . wE (d)§
step, using tBrmodynamicequation state of Brich 00 ! LS b BN BEERE
Murnaghan([34], lattice constants are optimized. The 36420024638 36420024638
obta!ned optimized values are in a_good agreement wi Strain (%) Strain (%)
previous workq10,35,36] To investigate theffects of
strain or stress, all atoms are allowed to be fully free tbigure 1. Calculated strain energy versus apglibiaxial
move within their planes. Furthermorehe quasi Strain for (@)ZnO, (b) ZnS, (c) ZnSe and (d) ZnTe.
Newton scheme is used teelaxation process of all
atoms into equilibrium positions within the deformed32 £l i p :
unit cell that results the minimum total energy for the ™ ectronic Properties

imposed strain and stressates of the unit cell. The Studying electronic' aqd optipgl properties  of
variations of the lattice constts in differentstress and semiconductor materials BD sensitive to energy gap
strain conditions are considered as follows: values of them. There are different exchangeelation

terms to calculate gap value of materials with high
&, =a,l1° ad) (1) accuracy. Here, GGA-PBE and screened hybrid

functional, HSEO6, are used to calculagectronic
whered = 2% 4%; 6% and 8%z is the equilibrium  properties of compounds in frstrained cases. The
lattice constant (frestrained case)as and a.s are results illustrate that the energy gap values of HSE06
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functiond are larger that GGA-PBE results. All done, wherethe order of the energy band gap equation
obtained values are summarized in Tab. 1. So, allas increased to a second degrelynomial:
calculations for strained systems will be done with

HSEO06 approach. Egw = A+ Bx+B,x* )
Table 3.Calculated energy gap (eV) for frerained cases of where the values of A=3.1751,,80.0016 and B=
compounds using both GGRBE and HE06 functionals. 0.0033 were a@lculated. To estimate the accuracy of the
GGA-PBE HSEO6 fitting process a regression coefficie® was
calculated, where the value B/=0.992 was obtained
Zn0O 1.673 3.175 which confirmsa vely good accuracy of the procegs
seen in Fig. 2, by applying compressive and tensile
ZnS 2.521 3.712 strans the energy band gap of the ZnO monolayer is

slightly reduced. As about 13.5%ap reduction with
ZnSe 0.609 1.656 respect to frestrained case is occurred not only for the
ZnTe 0.169 1.087 maximum value of considered biaxial stress but also for
the maximum valueof considered biaxial m#ss

Needless to say, to control energy band gap of theondition. This behavior is due to the natufe-O
semiconductors is essential in electronic and opticdonds. The ZD bond has almost a strong ionic nature
applications. For the aim of energy band garpecguse of thelifference betwee_:n the electro'negatlwty
ergineering, different methods such as imposing stre<y Zinc and Oxygen atoms, which 1s65 for Zinc and
and strain, dopingand applying an electric field are 3- 44 f or oxygen aketByamlyingn F
used. In this research, the effect of biaxial strain anBiaxial compressive and tensile strains, the strength of
stress on the energy band gap of ZnX (X=0O, S, Se afjeé Planarc bonds aredecreased, so the energy
Te) graphendike monolayers is invelgated, where, the difference between vale_nce gnd conduc_:tlon ban_ds
FPLAPW-+o methodis used. As the first case, the zincdecreases. Now, let us investigate the zinc sulphide
oxide monolayer is studied (see figu2e As seen in monolayer. The electronic amiagnetlc_propertles of
figure2, by applying stress and strain on ZnO monolayef"S monolayer have been studied by some

its energy band gap is reduced. computational groups. Aocding to the fitting process,
the band gap versus straialues can be represented by
® Ourdata — Fitting a second order equation:
320 T T T
gy = A+ BX+ B @

w
o

where A=3.465, B=-0.12131 and B--0.0035, where
the obtained valuef 0.999 for the regression coefficient
R? denotes a good fitting process. Bpplying stress,
the ZnS bond length is reduced, so that a strong sigma
bondin x-y plane ép bonds) is occurred, i.e., the energy
band gap is increasedhere, the band gap ireasing of
Lo about 25% is occurred in 8% compress with respect to
8 6 4 2 0 2 4 6 8 free-strained case (see Fig. 3). However, for tensile

w
=)

Energy gap (eV)

Strain (%) strain condition, the band gap reduction of about 35% is
seen for 8% strained case witlsspect to frestrained

Figure 2. Calculated energy gap of Zn@ersus strain. The

blue cubesire our data and red line is fitted curve. system.

To more investigate, the energy band gap of the 45, & Ourdata  ——Fitting
monolayer under different stress and strain conditions is 3
calculated. To gaim deeper insight on the behavior of AT [T

<3171 0 R NS S .. (. rrrrr

the in our study, wén strain or stresare applied to the
monolayer compound, all atoms are allowed to be fully
free to move within their planes. Furthermore, the gquasi
Newton scheme isised to relaxation process of all
atoms into equilibrium positions within théeformed
unit cell that results the minimum total energy for the 20
imposedstrain and stress states of the unit cell. To gain

more accurate predictionf the behavior of the ZnO

monolayer under stress and strain condition, using thegure 3. Calailated energy gap of Zversus strain. The
obtained energy band gap Va|uesjtmg process was blue cubesre our data and red line is fitted curve.

3.0 -t e

Energy gap (eV)

2.54

e 4 26 2 466
Strain (%)
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In continue, the energy band gap variatioh&nSe and & Tiuedais
ZnTe compounds are studied. The behavior of the ; ,
energy bandjap of ZnSe monolayer is similar to ZnS
(see Fig. 4). Furthermore, usinge fitting process, the

Fitting

order of the energy band gap equation was incresed E
a second degree polynomial g‘?;
o)
Egep = A+ BX+ B (5) 5
53]
where A=1.654, B--0.13888 and B- 0.00292and the
obtained valueof 1 for the regression coefficient 0.0 +—————+——+——+——+————+
indicates a high accuracy of the fittipgocess. Finally, 8 6 4 éztrai(r)l (o/f) 4 6 8

as seen in figure 5, similar to ZnSe, the energy band gap

of ZnTe compound moves towards zero by applyingrigure 5. Calculated energy gap of ZnTe versus strain. The
biaxial tensile strain upo higher percent of strain. One blue cubesire ourdata and red line is fitted o

may claim that this general trend from Zn& ZnTe, 7n X 7n X

vanishing energy gap, maybe its related to anionic radii

that effectson ioniccovalent behavior of bonds. As by

i ncreasing i n tleriemyngammoees r a
toward zeo value in lower strain ranges. The obtained

gap variation function for ZnTe compound presented
below:

EZNe= A+ Bx+ B,x? (6)

gap

> «

Figure 6. Schematic presentation of orbital situations in (a)
where A=1.097, B= -0.12905 and B-0.00481, and compress an¢b) tensile strain conditions.

square regressiaroefficient s R?=1. Therefore, we can The energy band structure of ZnO monolayer under
see a tuning of energy band gap @onsidered (gifferent compressivand tensile strain conditions are

monolayer by applying stress and strain. These resulfstrated in the figure 7. As seen in figufethe ZnO

based devices in electroraad optic industries. is remaineda direct band gapemiconductor in the
o whole considered stresand strain ranges. Band
B Ourdata Fitting structure analysis demonstratést the valenceéband

maximum (VBM) belongs tgx+py orbitals of oxygen

atoms while the conduction band minimum (CBM)
refers topz unocapied states of zinatoms. Although
thegp directi on r exardng of straif t
causes to arising the energy levelKndirection with
respect t orhelenedyy level ¢ direction

for valence band isomposed bypz orbitals of oxygen
atoms. Or may claim by applying tensikgrain to the
monolayerthe px+py bonds becme weak, so the energy

of theseorbitals changes wittespect to porbitals

v

Energy gap (eV)

0.5

8 6 4 2 0 2 4 6 8 - \?/\?
Strain (%) >
Figure 4. Calculated pergy gap of ZnSe versus strain. The L%’ O R4 | B R N e 7 AN
blue cubesre our data and red line is fitted curve. %k %k

To more investigation in the electronic properties of the

“\/:7 @7 /; L]
Vi izl

considered materials, the electronic band structure of ¢ &

. . . ) ZnO
compounds under different stressd strain conitlons %
is studied. A schematic of the bond interactionboth ig ‘B,

compressive and tensile strain conditions are shown
Fig. 6. Needlesto say that due to the occupation state:
of bondingpx+py and norbondingpz orbitals of each
atom in these compoundsiffdrent bond interactions Figure 7. Calculated energy band structure of ZnO monolayer
areexhibited by the monolayers. for all values of considered strain.
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As seen in figure 8, the ZnS muayer exhibits a direct optical properties of materials are related energy
energy bandg a p of about 3. 7 levels ofithem. I direction.

Different from ZnO monolayer, for thenS monolayer, o ‘
. . . . . . 8 = ~
by applying biaxial tensile strain a displacement oﬁe% 7Z 7£ _ \
1\

<

/

energylevels changes the VBM point, so the energ)?g 4:
band gap becomes indire@ I ) .
compressed syem, the energy level ik point moves

I
o
=
™
<
™
rg

=

Energy

2 H
\ . ) O | N —
towards lower energies with respect to bondimepy _2_\7 _\7 iy
or bi t adirection, rso that the energy band gar i
remains direct. 1= ?éﬂzw\_@m‘ tov
NN NN N R IR TR T
L 44 I 1 1/ ZnSe
s IIDITIRINTY s NATNATNAN
\E: 4'/ I I /\'7[ /\'7[ F giq ,_,(_—‘ _,_[—q ___(- ,,.( ________ E|:
EINSING ROT0N MU i iy iziv s
LLI e el N 1 otk <t 1= == == — — -1
21 I MK T MMK T MMK T MMK T M
'g: i K T M Figure 9. Calculated energy band structure of ZnSe
~ 6 % 7£ monolayer for all values of considered strain.
S 6 I I
o %f— NA 2 ROESCEES IS
5 29 H ~ 6- H | 1
LICJ 0")’ o AT R e iy S pee—t cedoad EIV ?:/‘4"7Z /\.L% "% -%
-2-\7 -\7 \7%\7? 2 2] YTV
MK T MMK T MMK T MMK T M a (2) % 7%:7%: i
Figure 8. Calculated energy band structure of ZnS monolaye :
for all values of considered atn. 8 S ~ ianll
< 6l ™ N
The band structures of the ZnSe and ZnTe monolaye2 - 1 InTe
under differentbiaxial compressive and tensile straing’z_ _/\ _/\ 8
conditions are given in figuse9 and 10, respectively. = ;1 | . / / """" F
As seen in figure 9, and figure 10, the both monolayer ] 7 _\7 \7§
exhibit an indirect type bandap in free condition. L |

According to our calculation, bgpplying more percent ~ MX [ MMK [ MMK T MMK T M

of considered tensile strain, the nature of the ZnSe arkdgure 10. Calculated energy bahn structure of ZnTe
ZnTe monolayers are changed from semiconducting t@onolayer for all values of considered strain.

metallic. Generally exerting compressive and tensile The real part of dielectric function is derived from
strains has somsignificant effects on enerdgvels of  kramerskronig relation89. Our previous works

these compounds. It is obvious that applying tensilgnowed that exerting strain is a good strategy for
strain causes teeparation conduction band minimum engineering the optical properties come two

from other levels in conduc_tion bandc_) it shifts to  gimensional monolayefg0-42].

lower energy near the Fermi level. This trend leads to _ ) ) _

erergy gap reduction in tensile strain cases. The tensiléhe imaginary part and optical absorption for ZnO
strain like a perturbatiofiactor causes to degeneracymonolayer are illustratenh the Fig. 11. O_ptlcal spectra
reduction in energy levels of conduction batdother ~are plotted for+8%, +4% and free strained casés
hand, the conduction band minimum moves towardivestigate the strain effect on optical spectra.réhs
higher energyranges by exerting compressi strain @n anisotropy iroptical spectra in both directiong||x
cases, the energy gap increases in ticases. Both of and El|z dlr'ectlons of incident Ilghtthl's is due to thQ
these effects, compressive and tensile strains, in valengéféerence in bond nature Zn and O in these directions,

bandchange energy situation g and px+py orbitals SO the energy Ie\_/els have _diff(_erent behavior._ The
with respect to each ot hdmaginarypart of dielectriéunction is related to optical

) ) transition in materials, so it refers to the optical
3.3. Optical Properties _ absorption spectrum. The threshold of optical absorption
Next, we studied the dipal properties on ZnO and ZnS corresponds to optical gap in materig39. The
monolayer usingandom phase approximation (RPA) gptained results expressed that the optical gax
[37]. As itis clear, HSEO_6 in one of tecurate method yjrection & equal to energy gap of materials in energy
to calculate the electronic band structure of mat&®ls pang structuresivhile, we can see a larger optical gap
so it is acceptable to study optical properties of oug; 7 direction absorption. The thresholds of optical
corsidered materialsising this potential because the gpsorption inx direction do not have any significant
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variation versus applied strain, but fardiredion this light range, and the reflectivity spectra also present a
spectrum experienced a red shift for tensile strain casesflectance about 2% z direction of light. So, we can
and a blue shift to higher energy for compressedlaim that both ZnO and 2ZnS monolayemre

strain systems. transparent nanosheets.
—-8% —-4% Free +4% +8% -8% -4% Free +4% +8%
24
E|lx E|z
I @) ,](b)
g | /W 1
= LA | 1 £,
M 77 NG
"E|z
) =115 —
2 E|z
. ©)] [ i
= 101
S ‘
5 404 N
Bz M J\ /)é\
0 T T T r — 0 ——A . , . I NV . ‘
0 3 6 9 12 15 0 3 6 9 12 15 | "J.)/ O e i
Energy (eV) Energy (eV) 0 3 6 9 12 15 0 3 6 9 12 15
Energy (eV) Energy (eV)

Figure 11.Imaginary part of dielectric function in (x)and
(b) z directions,Optical absorption spectrum in (gand(b) z
directions for ZnO monolayer.

Figure 13. Real part of dielectric function in (& and (b)z
directions, reflectivity spectrum in (ax and (b)z directions
for ZnO monolayer.

Generally, the main portion of optical absorption lies ir

the UV range of light. These descriptions also apply fol 6
ZnS monolayer (see Figl2). But, the threshold of
optical absorption of this monolayer locates in the 8
visible range. This caes a different application for o
ZnO monolayer. The wide gap semiconductor
nanomaterials can be a good candidate to ddsigm
temperature processors. As it is clear from optice
absorption spectruin x direction (see Fig. 12c), wa
tune optical gap of ZnS using exertisigain.

+4% +8%

+4% +8%

(b)

-8% ——-4% Free

o
n

E|z

w
o
1

—-8% —-4% Free

=
o
N

Reflectivity (%)
N
o

o

0 3 6 9 12 15 0 3
Energy (eV) Energy (eV)

Im g(o)

Figure 14. Real part of dielectric function in (&) and (b)z
directions,reflectivity spectrum in (ax and (b)z directions
for ZnS monolayer.

1504 4. Conclusion

The electronic properties of ZnX (X=0, S, Se and Te)
graphendike monolayers have been studiedngsiFP
LAPW+lo methods in the framework of first principles

(o]
o
1

100+

B
o
1

N\ 504

Absorption ( 10*/cm)

o

2 - SE—
0o 3 6 9 12 145 0 3 6 9 12 15
Energy (eV) Energy (eV)
Figure 12. Imaginary part of dielectric function in (x)and
(b) z directions,Optical absorption spectrum in (gpnd (b)z
directions for ZnS monolayer.

Next, the real part of dielectric function areflectivity

calculations. The results indicate that energy gap of
these compounds can be tune using exerting biaxial
strains very well. Theap variation of each compound
has been interpolated versus appligdis. ZnO showed

a gap reduction for both compressive and tensile strains
while for the other compounds, ZnS, ZnSe and ZnTe
monolayers, the energy gapcreases and decreases
after applying biaxial compressive and tensile strains,

spectrum arealculated for both monolayers (see Fig. 13espectively. The energypand structure calculations

and 14). The results exhibit thdbth ZnO and ZnS

illustrate that for ZnOand ZnSe the ga direction

monolayer do not have optical absorption in the visible e mai ns direct type (I to
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well as equilibrium cases. However, the gap directio[11] F.A. Fernandezima, A.V. Henkes, E.F. da Silveira, M.A.
varied toK I under tensil e co Chaer Nascimentdilkali Halide Nanotubes: Structure and
ZnTe, the gap direction remains indirect in the whole ¢ _ Stability,J. PhysChem. C116 (2012) 49681969.

. . . - [12] M. Safari, P. Maskaneh, A.D. Moghadam, J. Jalilian,
considered strain range$he electronic resultexhibit Lithium halide monolayers: Structural, electronic and optical

that biaxial compressive and tensile strain are goc  properties by first principles studphys. E83 (205) 426-
strategy for controlling energy gap of considerec  433.

monolayers. These results can suggesbudesign new [13]H. Behera, G. Mukhopadhyay, Straimable band
nancbas devices using twdimensional parameters of Zn@nonolayer in grapherike honeycomb
nanostructures. Opticalalculations illustrate that the  _StucturePhys. Lett. 876(2012) 32873289.

. : - [14] J. Jalilian, M. Safari, S. Naderizadeh, Buckling effects on
optical gap and optical abs_,orptlon @hO _and ZnS electronicand optical propertieef BeO monolayer: First
nanQSheet$_Can be tune L_Jsmg compres_swe and _ten: principles studyComp.Mater. Sci.117 (2016) 12€1.26.
strain conditions. A red shift and blue shift for optical [15]Sh. Valedbagi, J. Jaliian, S.M. Elahi, S. Majidi, A.
absorption spectra gainetder tensile and compressive Fathalian, V.Dalouji, Ab initio calculations of electronic
strain conditions, respectively. A reflectanedout 2% and optical properties @eO nanosheeElec. Mat. Lett10
obtained inz direction of incident light. Results of this _ _(2014) 511.

. . [16] A. Maity, A. Singh, P. Sen, A.a Kibey, A. Kshirsagar, D.G.
study suggest that this type of wide gap -two Kanhere, Structural, electronic, mechanical, and transport

dimensional monolayer can be a gaachdidate for high properties  of phosphorene  nanoribbons:  Negative

temperature processors. differential resistance behavioPhys. Rev.B 94 (2016)
075422.
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