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In the present work, the density functional theory (DFT) was performed for the investigation of the structural, electronic, and optical prop-
erties of the Zn_,Cd,Se,Te; —, quaternary alloys using the full potential linearized augmented plane wave (FP-LAPW) method. For the
calculations of the structural properties, we have used the Perdew-Burke-Ernzerhof generalized gradient approximation (GGA-PBEsol). On
the other hand, the electronic properties have been computed within the local density approximation (LDA) in addition to the Tran-Blaha
modified Becke-Johnson (TB-mBJ) approach. Our results indicate that the lattice constant, as well as the bulk modulus and the energy gap fo
the Zn _,Cd,Se, Te: —, quaternary show almost linear variations on the concentratin125 < z < 0.875). In addition, the simulated

band structures for the Zn,Cd,Se,Te; _, quaternary exhibit a direct-gap for all concentrations. Moreover, low bowing parameters are
observed. Also, some interesting optical properties such as dielectric constant, refractive index, extinction coefficient, absorption coefficient,
and reflectivity have been calculated by using the TB-mBJ method. The results of our computations show that jel.3e, Te,
guaternary alloy is a promising candidate for optoelectronic applications.

Keywords: Quaternary alloys; optical properties; density functional theory; TB-mBJ.

DOI: https://doi.org/10.31349/RevMexFis.67.041001

1. Introduction ternary alloys [20] have been investigated using the density
functional theory (DFT) based full-potential linearized aug-
In recent years a very important technological interest inmented plane wave (LAPW) approach. Thus, the structural
semiconductor alloys has been reserved in the literature fqsroperties have been computed using the Perdew-Burke-
applications in the fields of optical devices [1,2]. Several auErnzerhof (PBE) generalized gradient approximation (GGA)
thors have studied a wide range of materials to search for thecheme, while the optoelectronic properties have been cal-
desired parameters [3-6]. Thus, some kinds of semicondu@ulated using both the modified Becke-Johnson (mBJ) and
tors have been investigated theoretically, especially for th&ngel-Vosko (EV-GGA) schemes. Hence the important in-
development and applications of mismatched alloys basegrest in calculating the structural, electronic, and optical
on II-VI and IlI-V compounds. Due to the importance of properties of Zn_,Cd,Se,Te, _, quaternary alloy using the
the physical properties of such materials, works were mo{FP-LAPW) method within density functional theory (DFT)
tivated in Ill-V and 1I-VI [7-9] alloys for the development in order to collect much information, complete the previous
of new devices operating in the wide spectrum range. Pamvorks, and improve the knowledge of the field. In the rest of
ticularly few authors indicate the wavelength region i+  this article, we present the sections as follows: the computa-
[10-14] for optoelectronic devices in optical communicationtional method used in this paper will be described in Sec. 2
applications. Theoretically, different methods have been usednd our results will be reported and discussed in Sec. 3. Fi-
for the calculation of the properties of semiconductor alloysnally, as conclusions, a summary of the present work will be
The full potential linear augmented plane wave method (FPgiven in Sec. 4.
LAPW) within the density functional theory (DFT) has been
used to compute the structural, electronic, and optical prop-
erties of several Ill-V and II-VI alloys. Thus, this method 2. Computational method
has recently been used for both ternary and quaternary al-
loys based on II-VI [15-17] and Ill-V [18,19] compounds. In our work, we have computed the structural, electronic,
However, a major condition of materials for optoelectronicand optical properties of Zn,Cd,Se, Te;_, quaternary al-
applications is the ability to adjust easily the band-gap tdoys, using the Full Potential Linearized Augmented Plane
obtain the desired optical properties in order to ensure itWave (FP-LAPW) method [21] within the framework of
matching with a given substrate. The quaternary (lI-VI) al-the Density Functional Theory (DFT) as implemented in
loys meet these requirements. Very recently, the structurahe WIEN2K code [22]. The FP-LAPW method principle is
and optoelectronic properties of Zn,Cd,Se,Te;_, qua- based on dividing the space into non-overlapping muffin-tin
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(MT) spheres around the atomic sites and an interstitial remesh of 50 special k-points was taken in the irreducible
gion (IR). Inside the MT spheres, the charge density and powedge of the Brillouin zone to calculate the structural and
tential are expanded by spherical harmonic functions. In adelectronic properties. On the other hand the optical prop-
dition, in the IR region, the basis set consists of plane wavesrties calculations were performed using 500 k-points. For
For structural parameters, the exchange-correlation potentitthe Zn _,Cd, Se, Te, _,, alloy, the epitaxial layers can be de-
was performed using the Perdew-Burke-Ernzerhof Generaposited on substrates by the Metal-Organic Chemical Vapor
ized Gradient Approximation (GGA-PBEsol) [23]. On the Deposition method (MOCVD) [2]. Further, the Molecular
other hand, the Tran-Blaha modified Becke-Johnson (TBBeam Epitaxy (MBE) method [2,25] can be used for lattice
mBJ) [24] in adding to the Local Density Approximation matching the epitaxial layer to the substrate. The electronic
(LDA) [21] approaches have been used to calculate the eleconfigurations Zn{d'°4s?), Cd(4d°5%), Se(3d%4s24pt),
tronic and optical properties of Zn,Cd,Se,Te,_, quater-  Te(4d°5s?5p") were chosen as valence states. The crystal
nary alloys lattice-matched to ZnTe. structure of Z9.500Cdy.5005€).437 T€.563 quaternary alloy is

The quaternary alloy computed in this work is madeShOWn n Fig. 1.

of four binary compounds ZnSe, ZnTe, CdSe, CdTe. For

these binary alloys, the normal structure, zinc blende (ZB), i$3. Results and discussions
adopted. However, in our simulation, the plane wave cut-off )

was used with the conditioR 7. Konax = 8, WhereRy,ris ~ 3:-1-  Structural properties

the smallest muffin-tin sphere radius afd, .. is the plane
wave cut-off. We have chosen the muffin-tin radius (MT)
as Ryr(Zn)= 2.2, Ry7(Cdy= 2.4, Ry7r(Se)= 2.3 and
Ryr(Te)= 2.6 atomic units (a.u). The Fourier expanded
charge density was truncated@t,., = 12(Ryd)'/?. For
the wave function expansion inside the atomic spheres th

maximum | value was confined e = 10. To d|§so— tronic, and optical properties of Zn,Cd,Se,Te,_,, alloys
ciate core from valence states, the cut-off energy is set t9vith a number of Cd concentrations(0.125 < z < 0.875)

—6Ryd. The self-consistent calculations are con5|d_ered tq':or the structural properties, the lattice parameter and bulk
b? cpnverged when the total energy of t_he system Is Stabl|%odulus were computed using the GGA-PBEsol approxima-
within 0.0001Ryd. A 2 x 2 x 2 supercell with 64 atoms was tion. In addition to the LDA approach, the recent (TB-mBJ)

used in order to compute the 7n,Cd, e, Te,_, quaternary approach has been used to calculate the electronic and op-

alloys. The obtained simple cubic supercell to simulate th%ical properties. The quaternary alloy Zn.Cd, Se, Te;
! . —y
Zm—,Cd,Se, Te, _, quaternary alloys is made by 32 atoms is bounded by four binary compounds ZnSe, ZnTe, CdSe,

of valency Il (Zn,Cd) and 32 atoms of valency VI (Se,Te). A and CdTe. The normal structure of this binary is zinc-blende.

Among 64 atom simple cubic structures, the ones that mini-
mize the total energy with respect to the cell parameters and
the atomic positions were searched. The simulated param-
eters have been computed as a function of cationic and an-
ionic compositions, y), wherex andy are the concentra-
tions of Cd and Se elements, respectively. First, the structural
properties of the binaries (ZnSe, ZnTe, CdSe, and CdTe) and
the Zn _,Cd, Sg, Te,_, quaternary alloys were computed by
the GGA-PBEsol approximation. In order to compute the
equilibrium lattice constants (a) and bulk modulus (B) for
the Zn_,Cd,Se,Te,_, quaternary alloy, the total energy
versus volume data have been calculated by fitting the to-
tal energy versus volume data into the Murnaghan’s equa-
tion of states (EOS) [28]. The lattice constant of the quater-
nary A,B,_,C,D;_, alloy is a function of the compositions
(z,y) and can be approximated by the Vegard’s law [2] given
by the following relation:

Very interesting applications in semiconductor devices with
desired band gaps were mentioned in the literature [26,27]
on quaternary (II-V1) alloys having the general chemical for-
mulas (A _-.B,C,D:_,) where AC, AD, BC, BD are the bi-
nary compounds and:(y) are the concentrations. The aim of
fhe present work is related to predicting the structural, elec-

=
t

™

ag = zyapac + (1 — y)aap
+ (1 — z)yagc + (1 — z)(1 — y)agp, Q)

FIGURE 1. Crystal structure of Zinso0Cdo.500S&).437T€0.563 whereaac, aap, asc, andagp correspond to the lattice con-
(2 x 2 x 2 supercell). stants for pure binaries AC, AD, BC, and BD, respectively.
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TABLE |. Calculated lattice constanbl‘h)(and bulk modulus B(GPa) of Zn ,Cd,Se, Te; —, quaternary and their binaries by GGA-PBEsol
method with experimental data and other theoretical calculations.

Compound This work Other works Experiment
ad) B(GPa) af) B(GPa) af) B(GPa)
ZnSe 5.647 65.32 5.680 66.11" 5.669 64.7
CdSe 6.087 52.85 6.092 52.7¢" 6.050 53.0¢
ZnTe 6.067 51.46 6.099 51.59 6.103 50.9
CdTe 6.495 45.71 6.420 46.6" 6.487 44.5
Zno.s75Co.125S@&.003 T€0.907 6.052 62.57 - - - -
Zno.750Co.250S&.218 T€n. 782 6.064 62.07 - - - -
Zno.625Co.375S@.312T€n 688 6.079 61.89 - - - -
Zno.500C0o.500S&.437 T€0.563 6.083 61.35 - - - -
Zno.375Cdo.625S@.531 T€0.469 6.094 61.02 - - - -
Zno.250Co.750S&.656 T€0.344 6.103 61.60 - - - -
Zno.125Cdo 875 S&.750 T€n.250 6.111 61.91 - - - -

°[17], °[2], °[15], “[29], “[30].

6.50

AR relation (3) below with different concentrationg0.125 <
| ——a(Zn, CdSeTe )| 1 z < 0.875).

o2s | . B 0.377x
i ] Y= 04347 —0.0037z

®3)

C ]

C ]

[ g—o—9
soor We have adopted 2n,Cd,SeTe,_, alloy lattice-
matched to ZnTe with some selected concentrati¢pi3) <
x < 24/32). We have considered different concentra-
tions along the line of lattice matching to ZnTe by assign-
ing to the pair £, y), the respective compositions (4/32;3/32),
550 Lot . , , , , , (8/32;7/32), (12/32;10/32), (16/32;14/32), (20/32;17/32),
0.125 0250 0375 0500 0625 0750 0875 (24/32;21/32) and (28/32;24/32). Using the GGA-PBEsol
Cd concentration x method, the lattice constant and bulk modulus of the bina-
FIGURE 2. Calculated lattice constant as a function of the Cd con- fies (CdSe, CdTe, ZnSe, ZnTe), and the quaternary alloy
centration in the Zn,_,Cd, Se, Te;_, quaternary alloys matched  Zn; _.Cd, Sg,Te; _,, were calculated for various Cd concen-
to ZnTe with GGA-PBEsol method. tration (r) and exhibited in Table I.
By using Eg. (1), the lattice constant for the To the best of our knowledge, there is no theoretical sim-

Zn;_,Cd,Se,Te,_, quaternary alloy can be deduced ac- ulation based on the FP-LAPW method, and no experimental

Lattice constant (A)

5.75 |- -

cording to the following expression: values of the structural properties of Zn.Cd, Se, Te, _,, al-
loy for these concentrations have been presented up to now.
azn,_,Cd,Se,Te,_, = TYACdSe Hence our calculations can be used to cover the lack of data
for the studied alloy. It is seen from Table | that the cal-
+a(l —y)acaret (1 - x)aznse culated lattice constants of Zn,Cd,Se,Te,_, are also in
+ (1 —2)(1 — y)aznTe, (2)  good agreement with the experimental value of the ZnTe lat-

tice constant. The variation of lattice parameter versus Cd
where the binaries AC, AD, BC, and BD are CdSe, CdTeconcentration is found to be almost constant (around 6.084
ZnSe, and ZnTe, respectively. The lattice-matching condiA). Figure 2 shows the calculated lattice constant as a func-
tions are respected by puttingzn, _,Cd,Se,Te,_,) equal  tion of the Cd concentratiom (0.125 < = < 0.875). A
to aznte - Thus, using the respective experimental latticemarginal deviation of the lattice constant from Vegard'’s law
constants of the binary compoundsgcfse = 6.050 ,&), can be observed. From Fig. 2, we can notice that at given Se
(acqdre = 6.481 A), (aznse = 5.669 A) and (@znte = 6.1037 concentration, the lattice constant increases almost linearly
A), the corresponding concentrations for lattice matched ofvith increasing Cd concentration. The optimized variation of
Zn,_,Cd,Se,Te,_, quaternary alloy can be obtained by the the lattice constants(x) was fitted by the quadratic function
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FIGURE 3. Contour lines of predicted lattice constant for
Zn,_,Cd,Se, Tei_, quaternary alloys matched to ZnTe with
GGA-PBEsol method.

FIGURE 5. Bandgap energie&g versus the concentration for
the Zn _,Cd, Se, Te, —,, lattice-matched to ZnTe.

66 T e e e T T 3.2. Electronic properties
3 —%— B (Zn, Cd SeTe,

This part is devoted to calculations of electronic band struc-
ture for Zn _,Cd, Sg, Te,_, quaternary alloy without relax-
] ation using the local density approximation (LDA) [32] and
] the Tran-Blaha modified Becker-Johnson (TB-mBJ) [24] ap-
\*\/ ] proaches. This simulation was performed along the high

] symmetry lines of the first Brillouin zone, where the maxi-
mum of the valence band was fixed as the energy level refer-
ence. Table Il exhibits the calculated energy band g&jg3 (
for the Zn _,Cd,Se, Te; _, quaternary alloy using LDA and
TB-mBJ schemes for various Cd concentratiof0.125 <
e bt L L L L L L] x < 0.875). To the best of our knowledge, there are no earlier
0125 0250 0375 0500 0.625 0750  0.875 studies of the bandgap for £n,Cd,Se,Te,_, alloys with

Cd concentration x these concentrations; hence our calculations can be used to
FIGURE 4. Calculated bulk modulus as a function of the Cd con- COVEr the lack of data for the studied alloys. Figure 5 shows
centrations in the Zn_,Cd, Se, Te: _, quaternary alloys matched ~ the variation of bandgap energiéy versus the concentra-
to ZnTe with GGA-PBEsol method. tion  for Zn,_,Cd,Se,Te, _, lattice-matched to ZnTe, cal-
culated via two schemes (LDA and TB-mBJ). We remark that

to calculate the total bowing parameter (b). Thus, we havehe variation of the bandgap energies is almost linear with a
obtained the following relation:

64 [ ]

-
N

Bulk modulus (GPa)
3
—————
1

o

©
LB e
1

ZnSe CdSe

azt Esare, , = 6.0405 + 0.1042z — 0.02722°.  (4) b
By referring to relation (4), we can observe a negligible

bowing parameterb(= —0.0272 eV) corresponding to the
guadratic term of the above equation. The contour lines of the
lattice constants for Zn ,Cd,Se, Te,_, alloy as a function

of Cd and Se compositions were simulated with the GGA-
PBEsol approach and exhibited in Fig. 3. From this figure, it ‘
is observed that the lattice parameter of the quaternary alloy g ** F—,,,s
increases with increasing Cd concentration. The variation of ¢ |

the bulk modulus (B) versus Cd concentratiehfor the qua-
ternary alloy Zn_,Cd,Sg,Te,_,, is reported in Table | and b
is shown in Fig. 4. Itis seen to be almost constant. Thisresult ~ ZnTe 0.

0.6 [
05 [

04

concentration y

0.2 |

is in agreement with the well-known relationship between B Cd concentration x
and the lattice constan3(, /V},) [31], whereV} is the unit  FicURE 6. Energy band gap contour lines for Zn,Cd, Se, Te; _,,
cell volume. quaternary alloys matched to ZnTe with TB-mBJ method.
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TABLE Il. Calculated lattice constanbfh)(and bulk modulus B(GPa) of Zn ,Cd,Se, Te, —, quaternary and their binaries by GGA-PBEsol
method with experimental data and other theoretical calculations.

Compound This work Other works Experiment
LDA TB-mBJ LDA TB-mBJ

ZnSe 1.102 2.443 1.080 2.761 2.72¢
Cdse 0.397 1.849 0.316 1.938 1.675
ZnTe 0.941 221 1.101 1.83 227
CdTe 0.286 1.56 0.623 - 1.51¢
Zno.875Co.125S&.093 T€0.907 0.997 2.365 - - -
Zno.750C0o.250S@.218 T€0.782 0.925 2.304 - - -
Zno.625Co.375S@.312 T€n 688 0.879 2.257 - - -
Zn0.500C0o.500S&.437 T€0.563 0.751 2.158 - - -
Zno.375Cdo.625S@.531 T€0.469 0.577 2.083 - - -
Zno.250C0o.750S&.656 T€0.344 0.496 1.967 - - -
Zno.125C0o 875 S&.750 T€0.250 0.433 1.854 - - -

°[17], °[15], °[29], “[2].

Zn _Cd ._Se Te

Zn. Cd _Se Te

12 12 0750 02500218 0782
10 10
8 : 8
6E 6
4 E 4
5 2 2
<P}
ED :
= 2
2 -4 4
-6 6
-8 8
-10 -10
-12 I 12 e
R A A X Z z R A A X Z 2
Wave vector (K) Wave vector (K)

FIGURE 7. Band structure calculated for £875Cdy.1255&.093 T€0.907 and Zny.750Cdo.250S& 218 T€y. 782 With TB-mBJ method.

slight decrease of the curves with increasing Cd concentra- EglPA(z) = 1.1029 — 0.6757z — 0.131022,  (5)
tion (z). A fitting operation to curves presented in Fig. 5 TB—mBJ 5

was performed to determine the dependence of the energy £9 () = 2.4443 — 0.5489z — 0.0456z".  (6)
band gaps#g) versus the composition of the cadmiun) (
for the Zn _,Cd,Seg, Te; _,, lattice matched to ZnTe. Hence,
we have obtained the following relations:

From these equations, we can determine for a given
composition ¢) the related band gap Efg) in the
Zn,_,Cd,Se,Te; _, alloy lattice matched to ZnTe. Thus, for
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Zn Te Zn _Cd __Se _Te

0.: 0.563 0.250 0.750 "~ 0.655 0.344

Energy (eV)

R A T A ZM X T R A T A ZM = T
Wave vector (K) Wave vector (K)

FIGURE 8. Band structure calculated for £800Cty.500S&).437 T€y.563 and Zmny.250Cdy.750S&).656 T€0.344 With TB-mBJ method.

the studied structure, we got the values)(1310 eV) and  culations were performed at the equilibrium lattice constant
(—0.0456 eV) corresponding to the bowing parameter (b)of Zn;_,Cd,Sg,Te;_, with z (0.250 < z < 0.875) using

for LDA and TB-mBJ schemes, respectively. As presentedlB-mBJ approach. This method has an essential role in opti-
in Fig. 5, one notes the slight decreasing of the bandgap ofal applications [33]. On the other hand, using the FP-LAPW
Zn,_,Cd,Sg,Te; _, alloy with the increase of the Cd con- method, Abtet al. [34] and Ambrosch-Draxl and Sofo [35]
centration £). The computed TB-mBJ energy bandgap con-have detailed the procedure of optical properties calculation
tour lines of Zn_,Cd, Sg, Te; _, alloy versus Cd and Se con- for semiconductor alloys. From the complex dielectric func-
centrations are exhibited in Fig. 6. The contour lines allowtion dependent on the frequengfw), several optical param-
the reading of values from the curve. The electronic bancters of semiconductor materials can be deduced. The cited
structures were computed for Zn,Cd,Seg,Te;_, quater-  function is composed of two terms as follows:

nary alloy with the predicted lattice constant using the TB-

mBJ method. The corresponding results are shown in Figs. 7 e(w) = e1(w) + iez(w), 7

and 8 for both quaternaries (£g75Cdy.1255).093T€0.907;

Zno.750'Cd),2soSQ).21sTeo.7sz) and  (Zn.500Cth 500S@.437  wheree, (w) ande»(w) present the real and imaginary part
T€0.563; ZNo.250Ch. 750 S@ 650 T€0.344) respectively. The cal- o the dielectric function, respectively. The(w) values are
culations were performed along the high-symmetry lines Ofyetermined directly from the electronic structure calculation

the first Brillouin_ zone,_and the_ Fermi level has been_set tQhrough the joint density of states and the maximum matrix
zero. As shown in the figures cited above, the respective levgiements between the occupied eigenstates [2,36-38]:
els for the maximum valence band (¥Bx) and minimum

conduction band (Chin) are located al’ point. Therefore, Ar2e2
we conclude that the Zn,Cd,Se,Te, _,, quaternary is a di- g2(w) = (W) Z /(Z'Mj>2

rect bandgap alloy for the studied concentrations and is in- ij

tended for optoelectronic applications. x f;(1— f)6(Ef — E; —w)d®k @8)

3.3. Optical properties whereM, f;, andw are the dipole matrix, Fermi distribution
function, and the frequency of the incident photon, respec-

The rest of our work will be devoted to studying the optical tively. Thus, knowingss(w), we can then calculate; (w)

properties of Zn_,Cd,Se, Te; _, quaternary alloy. The cal- using the Kramers-Kroning [39]: relation expressed as:

Rev. Mex. 5. 67041001 1-11
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FIGURE 9. Imaginary part of the dielectric functiom (w) for

Zn,_.Cd.Se,Te,, alloys using TB-mBJ method. FIGURE 10. Real part of the dielectric functiom;(w) for

Zn_,Cd,Se,Te,_, alloys using TB-mBJ method.

2 [ ea(w)
giw) =1+ —p [ —5—>"du'. 9) .
1 g / e afw) = (), (13

wherep is the principal of the integral value. The knowledge
of a dense mesh of eigenvectors [22] allows to determine th@herew and\ present the angular frequency and the light in
optical parameters. Thus, in our study, we have used 172kracuum wavelength, respectively. In this work, the variations
points in the irreducible part of the Brillouin zone. The half- of the real and imaginary parts of dielectric functiongw)
width Lorentzian broadening was set to 0.1 eV, and the simandz,(w), versus the incident photon energy were computed
ulated material structure has a cubic symmetry. Moreovemwith TB-mBJ method for Zp_, Cd,Se, Te; _,, with different
other interesting optical parameters related to the dielectriconcentrations:(0.250 < = < 0.875). The low energy limit
function can be calculated [40,41]. Among these parametersf the real part; (w) is defined as the static dielectric con-
we limit our study to the refractive index(w), the extinc-  stants;(0). In Table 11l are summarized the calculated0)
tion coefficientk(w), the absorption coefficient(w) and the  values and the peaks values in the dielectric functigi)
reflectivity R(w), which are defined by the following rela- for the Zn _,Cd,Se,Te, _, quaternary alloy. In Figs. 9 and
tionships [2,42]: 10 are shown respectively, the variations of the real and imag-
- . 1/2 inary parts of dielectric functions; (w) and ez(w) , ver-
n(w) = <( e1(w) +e3(w)) + 51(‘“)> ’ (10)  sus the incident photon energy on the range of (0-20eV) for
2 Zm,_,Cd,Se, Te, _, with 2(0.250 < = < 0.875). The peak
values 1,F5,E3) of the dielectric imaginary part function

1/2 . .
k(w) = (Ve (w) +e3(w)) —e1(w) (11) e2(w) based on photon energy are derived from Fig. 9 and
w) = 2 ’ resumed in Table Ill. These energy peak values illustrate the
) ) electronic crossing of the valence band to the transmission
Riw) = (n(w) —1)% + k*(w) (12) band. Generally, we remark the same behaviorgf) for
(n(w) +1)2 + k2(w)’ both Cd concentrationdy is defined as the threshold energy
TABLE Ill. Calculated critical points of the peaks (eV) in the dielectric functiefw) and the static optical paramete(0) for
Zn,_,Cd,Se, Te,—, quaternary alloys with TB-mBJ method.
Compound This work Other work Experiment
Eo Ey Es Ej; €1(0) Ey E E; E; Es Es

Zno.750C00.250S@).218 T€n. 782 2.237 4.293 5.231 6.400 6.564 - - - - - -
ZnNo.625Co.375S@.312 T€n 688 2.257 4.364 5.306 6.522 6.421 - - - - - -
Zno.500Co.500S@.437 T€0.563 2.150 4.395 5.580 6.706 6.204 - - - - - -
Zno.375Co.6255@).531 T€. 469 2.008 4.263 5.546 6.858 6.002 - - - - - -
ZNo.250Co.750S&.656 T€0.344 1.967 4.179 5.715 7.040 5.799 - - - - - -
Zno.125Cdo.875S@).750 T€0.250 1.954 4.163 5.573 7.199 5.639 - - - - - -
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TABLE IV. Calculated refractive indexj versus the concentratiom)for Zn, _,Cd,Se, Te; —, quaternary alloys with TB-mBJ method.

Compound This work Other work Experiment
n n n
Zn;_,Cd,Se,Te;_, T
0.250 2.562 - -
0.375 2.534 - -
0.500 2.490 - -
0.625 2.450 - -
0.750 2.408 - -
0.875 2.374 - -

of the dielectric function and determines the direct opticalFor energy values between 6 and 10 eNw) decreases
transitions between the highest valence band (HVB) and thprogressively. The minimum value of(w) is obtained for
lowest conduction band (LCB) &t point. £, andE3 peaks E, > 10 eV. Also, the variation of the refractive index)(
move to lower energies whil&, peaks shift towards lower versus the concentratior:) was studied and presented in
energies. On the other hand;; and F5; peak sizes de- Fig. 12, which indicates thatj varies linearly and decreases
crease with the increase of Cd concentration whilepeak  with increasing Cd concentratior)( By extrapolating the
increases with increasing af concentration. Referring to calculated refractive index(x) to a polynomial equation, a
Table Ill, it is observed that the; (0) value decreases with bowing parameterb(= —0.025 eV) was obtained, as shown
increasing of Cd concentration for the ¥n.Cd,Se,Te, _,, in the following relation;

guaternary alloy. We also note from Fig. 10 that the real part .
£1(w) increases for the photon energy values between 2 and Nz oCd, Se,Ter ., (¥) = 2.637 — 0.282z — 0.02527. (14)

7 eV with two peakst;, andEy, equalto 5and 7 eV, respec-  As described in previous expressions of optical properties
tively. Thene; (w) decreases sharply with the energy increasshowing the relationships between the dielectric constant, the
ing from the value of 7 eV and reaches its minimum for theextinction, and absorption coefficient, hence we have sim-
energy value of 10 eV. ulated this last parameter(w) for the Zn_,Cd,Se,Te,

The refractive index() was computed at the equilib- quaternary alloy. In semiconductor materials, the absorp-
rium lattice constant. The results performed with the TB-tijon phenomena manifest itself when the photon energy of
mBJ method are exhibited in Table IV. The spectral curves ofhe incident beam is higher thdi), (hy > Eg), leading the
the refractive index(w) for Zn, ,Cd,Se,Te,, alloy are  electrons excitation from the valence band (VB) to the con-
presented in Fig. 11 and show that the critical pointa@f)  duction (CB). The calculated absorption coefficiefit) for
change with the variation of the direct bandgap valtig)(  zn, ,Cd,Se,Te,_, quaternary alloy is plotted in Fig. 13.
The refractive index:(w) increases with;, between 0 and  Thus, we remark a sharp variationf.w) occurring approxi-
21.0 eV, th(;n reaches its maximum value in the energy ranggatively in the photon energy rangz{10 eV). More specif-
4.5—6 eV).

260 — 04— F———————————————
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FIGURE 11. Calculated refractive index(w) for Zn;_,Cd, FIGURE 12. Refractive index+) of Zn,_, Cd,Se, Te;_, quater-
Se, Te,—, quaternary alloys using TB-mBJ method. nary alloys versus the concentratiat) (vith TB-mBJ method.
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FIGURE 15. Calculated reflectivity?(w) for Zn; _, Cd.Se,Te;

FIGURE 13. Calculated absorption coefficient(w) for Zn; . quaternary alloys using TB-mBJ method.
Cd,Se,Te: —, quaternary alloys using TB-mBJ method.

The referenced work [20] presents many similarities in
objectives and methodologies to the present work. Both stud-
ied the same quaternary alloy using the Wien2k code with
20 PBE and the approximation mBJ. On the other hand, Veg-
ard’s law and the same principle were used to calculate the
optical properties. In our work, an improvel € 2 x 2)
model cell was chosen, and calculations were performed with

0s PBEsol and the approximation TB-mBJ rather thar { x 1)

model cell, PBE and mBJ method used in [20], respectively.

o This work uses another range(0.125 < z < 0.875) for
=05 &o“ equating the parameter to ZnTe. Globally, the quaternary al-

Lo &S loys studied in both works present the same behavior. Our
w0875 (P results and those of reference [20] are consistent with each
other and have similarities in particular as regards the energy
gap Eg(zx), real and imaginary part of the dielectric func-
tion £;(w) and ez (w), and the refractive index(w). Fi-
nally, the results obtained in the present paper confirm that
ZnTe is a suitable substrate for the growth of zincblende

ically, in low energiesZ — 7 eV), the absorption coefficient .
increases rapidly and then decreases strongly for energies i%_nl,ICdeeyTel,y quaternary alloys as suggested in [20].

cluded in the interval{— 10 eV). The lowest values af(w)
were obtained for higher energieB{ > 15 eV). 4. Conclusion

The extinction coefficient:(w) was determined using
the same method and conditions as the refractive index fofo summarize, we have performed the FP-LAPW method
Zn,_,Cd,Sg,Te, _, quaternary alloy. Figure 14 exhibits the within DFT to study the structural, electronic, and optical
curves of the extinction coefficieri{(w), which increases properties of Zn_,Cd,Se,Te; _, quaternary alloys matched
quickly in the energy range2(— 6.5 eV) and decreases for to ZnTe as a function of the Cd composition. For the bi-
(Eg > 8.0 eV). We note that the maximum values lofw) nary compounds, the computed structural parameters using
correspond to the minimum valuesaf(w) for the same en- the GGA-PBEsol approach, as well as the calculated en-
ergy interval. On the other hand, we observe th@t) is  ergy gap with LDA and TB-mBJ methods, are found to be
larger in the energy gap aroun@ € 10 eV). This is an in- in good agreement with experimental data and other previ-
teresting criterion for the fluorescence phenomenon. The lastus works. The variation of lattice constant, bulk modu-
parameter studied in this paper is the reflectiityw) for lus, and energy gap for 4n,Cd,Sg,Te,_, quaternary al-
Zn,_,Cd,Se,Te,_, alloy that was simulated using the TB- loys on the concentratiom(0.125 < = < 0.875) are seen
mBJ method. The corresponding results are shown in Fig. 150 be almost linear. It should be noted that the direct na-
which indicates that the maximum reflectivif§{w) occurs  ture of the bandgap in the binary compounds is well pre-
for photon energy values within a range dfX — 12.0 eV).  served in the studied quaternary alloys. The effects of the Cd
In addition, R(w) declines rapidly for higher energy( > concentration and photon energy on the optical properties of
15 eV). According to the literature, the maximum reflectiv- Zn, _,Cd,Seg,Te;_, quaternary alloys were also predicted.
ity is related to the resonance plasmon that appears in thgpecifically, the refractive index:f varies linearly and de-
visible-ultraviolet area. creases with increasing of Cd concentration. On the other

Zn, Cd Se Te
XXy Ay

k(o)

2 4 6 8 10 12 14 16 18 20
Energy (eV)

FIGURE 14. Calculated extinction coefficiert(w) for Zni_,
Cd,Se, Te; —, quaternary alloys using TB-mBJ method.

Rev. Mex. 5. 67041001 1-11



10

K. BENCHIKH, M. BENCHEHIMA, H. ABID, AND A. C. CHAOUCHE

hand,n(w) change with the variation of the direct bandgaploys should be expected as a reference for future works due
value (Fg) and reaches its maximum value in the energyto the lack of experimental and theoretical data using the FP-

range ¢.5 — 6.0 eV). In addition, the Zp_,Cd,Seg,Te; _,

guaternary alloys show strong absorption in the energy range
(5.0 — 10.0 eV). Moreover, the extinction coefficiehtw) is
larger in the energy gas.0 — 10.0 eV), which corresponds Acknowledgments
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