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In the present study we discuss the effect of variation in the number of monolayers n on the electronic and
optical properties of superlattices (SLs) (ZnSe),,/(ZnTe),. The total energies were calculated by the full-potential
linear muffin-tin orbital (FP-LMTO) method, and the exchange-correlation energy was applied in the local density
approximation (LDA). First, the calculations show a decrease in the derivative of bulk modulus and electronic
bandgap with an increase in the number of monolayers n. Second, the radiation energies up to 15 eV, the
dielectric function &(w), the refractive index n(w), and the reflectivity R(w) are studied. These calculations
may be beneficial to understand the properties of short-period superlattices (ZnSe),/(ZnTe),,.
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1. Introduction

Superlattices play an important role in technological development due to their electronic characteris-
tics and photonic diversity. Among these, superlattices II-VI are widely theoretically and experimentally
studied. For example, (ZnSe),,/(ZnTe),, superlattices (SLs) are used due to their belonging to II-VI semi-
conductors compounds, which have direct band gaps in the visible region of the spectrum [1]]. Moreover,
ZnSe/ZnTe superlattices offer a considerable promise as a means of producing tunable light emitters by
varying the thickness of the constituent material layer [2]. These SLs may be used in manufacturing blue
light-emitting diodes (LEDs) and short-wavelength semiconductor lasers [3H6]. The successful growth
of these superlattices by molecular-beam epitaxy (MBE) and preliminary characterization studies have
already been reported [7]. Photoluminescence from these SLs was studied by Kobayashi et al. [4] and
Kuwabara et al. [8]]. In 2017, Zhitov et al. [9]] fabricated and investigated the type-II ZnSe/ZnTe SLs for
photodetector application. From the Laboratoire des Matériaux Magnétiques (LMM), we investigated
the structural, electronic, and optical properties of II-VI and III-V SLs by using the full-potential linear
muffin-tin orbital (FP-LMTO) method, among the BeTe/ZnSe [10], InAs/GaSb [11], ZnTe/MnTe [12],
and AISb/GaSb [[13]]. We found that the properties of SLs are intensely layers dependent and SLs show a
potential for technological applications.

The advantages of the properties of bulk ZnX (X=Se, Te) compounds and their (ZnSe),/(ZnTe),
superlattices for eventual technological applications are obvious, and the studies of structural, electronic
and optical properties of short-period (ZnSe),/(ZnTe), (n < 3) are necessary. In this work, we probe the
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properties of the (ZnSe),/(ZnTe),, (n is number of monolayers; n = 1,2 and 3) SLs, using the FP-LMTO
method within the density functional theory (DFT). The arrangement of this work is as follows. In
section 2, we reported the utilized method with the disclosure of calculations. Results and discussions
of the structural, electronic, and optical properties of (ZnSe),/(ZnTe), SLs are presented in section 3.
Finally, conclusions and remarks are given in section 4.

2. Calculation methodology

Calculations of our work are performed by using the FP-LMTO method implemented in the new
version LmtART computer code [[14, [15]. The local-density approximation (LDA) was used to describe
the exchange-correlation potential [[16]. These calculations are based on the DFT, which is a universal
quantum mechanical approach for many-body problems. In this theory, interacting electrons and nuclei
are represented in a system of one-electron equations called Kohn—Sham equations [[17, 18]

Table 1. Parameters used in the calculations: the number of plane wave (NPLW), energy cutoff (in
Rydbergs) and the muffin-tin radius (RMT, in atomic units).

Compound NPLW | E.y (Ry) MTS (a.u.)
Zn Se Te
ZnSe 5064 99.5033 | 2.221 2.406 -
ZnTe 5064 89.1336 | 2.249 2.640

(ZnSe)/(ZnTe); | 16242 | 127.0687 | 2.248 2.529 2.529
(ZnSe),/(ZnTe), | 32458 | 126.7653 | 2.237 2.487 2.558
(ZnSe)3/(ZnTe); | 48690 | 126.5476 | 2.234 2.490 2.585

The charge density and potential inside the MTSs are represented by spherical harmonics up /,,5x = 6
to achieve the energy eigenvalues convergence. The tetrahedron method [19] is used for k integration over
the Brillouin zone (BZ), and is set up differently following the case. For SL (n, n), meshes of (6, 6, 6),
(8, 8,8) and (10, 10, 10) are utilized for SL (1-1), SL (2-2) and SL (3-3), respectively. The self-consistent
calculations are considered to be converged within 1076 Ry for the total energy. The values of the sphere
radii (MTS) and the number of plane waves (NPLW) used in the present calculations are listed in table[I}

3. Results and discussion

3.1. Structural properties

As previously described (ZnSe),,/(ZnTe),, SLs crystallizes in a tetragonal point group D,y symmetry,
which r is the number of monolayers ZnX (X=Se, Te). There is no experimental and theoretical parameter
to compare with our results obtained. The total energies as a function of unit cell volumes are fitted by the
Birch—-Murnaghan equation of state (EOS) [20] to determine the lattice constants ag, bulk modulus By,
and its pressure derivatives B|). Thus, first we calculate the lattice parameter of the ZnX (X=Se, Te) in the
space group F-43m (No. 216). Then, we study the (ZnSe),,/(ZnTe),, SLs, which we choose to be the [100]
as the axis of growth. Since the lattice mismatch for ZnSe/ZnTe SLs is 5.69% between its two constituent
bulk semiconductors, the lattice mismatch problem does not arise. In table@] and table E], we summarize
the calculated lattice constants and the bulk module and its pressure derivative of binaries ZnX (X=Se,
Te) and (ZnSe),,/(ZnTe),, SLs together with the available experimental and theoretical data.

As can be seen, the obtained lattice constants for ZnX (X=Se, Te) are in good agreement with
the experimental data, where the difference is 0.3% for ZnSe and 0.65% for ZnTe, which ensures the
reliability of the present first-principles computations. It was found that the calculated compressibiity
modulus and its pressure derivative for ZnSe are respectively 7.76% and 16.98% lower than the ex-
perimental values, while for ZnTe they are respectively 2.37% and 3.40% higher than the experimental
values. The lattice parameter of (ZnSe),/(ZnTe), SLs (n = 1,2 and 3) shows that a;_; is equivalent to
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Table 2. The calculated lattice parameter a (A), bulk modulus By (GPa) and its pressure derivative B(’)
for zinc blende ZnSe and ZnTe compounds at equilibrium volume compared to the available theoretical
and experimental data.

Compounds a (A) B (GPa) B(’)
Present Exp. Theor. | Present  Exp. Theor. | Present Exp. Theor.
ZnSe 5.65 5.667% 56247 5968 6474 71820 | 396 4.77¢ 4.88P
5.618¢ 67.6¢ 4.67¢
5.6664 67.324 4.599¢
5.578¢ 71.84¢ 457/
5611/ 75.20/ 3.969
5.659 59.689
ZnTe 597  6.00" 598 | 5221 517 54.03' | 4.86 470" 4.98
6.00/ 52.21% 4.86%
5.97% 51.20" 4.70™
55.90" 4.90°
4 Reference [211, 2 [22), © 23], € [24], € 23], 7 [26], 9 [270, ™ [28], ¢ [29],
J 301, * 310, ¢ 321, ™ 1330, ™ (341, © [35].

[ao(ZnSe)+ag(ZnTe)] /2, ar—; is about twice larger than a;_; and asz_3 is threefold larger than a;_;. The
lattice constant ag of (ZnSe),,/(ZnTe), SLs relies on n (the number of monolayers). In table[3] the lattice
constant of (ZnSe),,/(ZnTe),, SLs increases with the number of monolayers n increasing.

Table 3. The calculated equilibrium constant a (A), bulk modulus By (GPa) and its pressure derivative B(’)
for superlattices (ZnSe),/(ZnTe),,.

Superlattices a (A) | By (GPa) B
(ZnSe)/(ZnTe); | 5.84 58.51 4.74
(ZnSe),/(ZnTe), | 11.69 58.80 4.26
(ZnSe)s/(ZnTe)s | 17.55 58.50 3.74

3.2. Electronic properties

In this section, the electronic properties of ZnX (X=Se, Te) and their SLs (n-n) (n = 1,2 and 3) at this
equilibrium lattice constants are described. In tabledand table[5] we listed the obtained direct band-gaps,
at the high-symmetry point I" in the BZ, for the systems investigated and compared the results with the
available theoretical and experimental data.

The bandgaps E, (eV) were calculated for the ZnX (X=Se, Te), and are in perfect agreement with
the obtainable theoretical results. We can also see that, due to the approximations used in our work,
the E, values are underestimated compared to the experimental value. Figure [I] shows the calculations
of band structures (BS) for ZnX (X=Se, Te). The difference in the calculated values of the band gaps
compared to the experimental values is due to the well-known fact that in the electronic band structure
the calculations within DFT, LDA underestimate the bandgap semiconductors. The calculated E, of
SLs (n-n) as a function of the layer thickness n along the higher symmetry directions of BZ is presented
in ﬁgure@ According to the calculations, we find a direct bandgap (E£,) (I'v-I'c) of SLs (n-n), which is
of interest for optoelectronic devices.

It is important to note that the results found are automatically small, because we should not forget
that the LDA method greatly underestimates the £, in semiconductors.

From table E], we can see that the £, decreases with an increase of the number of monolayers n. We
note that the difference in the £, of the SLs (n-n) is usually attributed to the charge transfer, reflected in
terms of the electronegativity difference of the mixing cations and anions.
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Table 4. The calculated energy band gaps for ZnSe and ZnTe in (BZ) structure.

Compounds

E, V)

Present

Exp.

Theor.

ZnSe

1.096

2.82¢

1.317

1.83¢
1.8634
1.0963¢
ZnTe 1340 2.387 1.009
1.24"
1.33¢
1.409
1.167
1.32
1.34

@ Reference [36], ? ¢ ,4138], ¢ 271, 7 391,

9 [40], " (301, 4117 [@2), * [@31." (31

We also calculated the total and the partial densities of states (TDOS and PDOS) of ZnX (X=Se, Te)
and SLs (n-n), as displayed in figure[3|and figure[d] respectively. Inspection of figure[3]shows that there are
four distinct structures in the density of electronic states separated by gaps. The first structure (from —13
to —12.2 eV for ZnSe) and (from —13 to —11 eV for ZnTe), respectively, originates from 4s-Se states
with a few contributions of zinc states for ZnSe, and 5s-Te states for ZnTe with a few contributions of
zinc states. The second structure (from —6.8 to —6.0 eV for ZnSe) and (from —7.2 to —6.8 eV for ZnTe),
generally, comes from 3d-Zn states with a weak contribution of 4s/4p-Zn, 4s/4p-Se and 5s5/5p-Te states.
The third structure (from —5.5 to —0.0014 eV for ZnSe) and (from —5.2 to —0.0009 eV for ZnTe) below
the Fermi level (EF) is due to the 45/4p/3d-Zn and 4p-Se for ZnSe and is due to the 4s/4p/3d-Zn and
5p-Te for ZnTe.

r X w X K r L r X w X K r L

Figure 1. (Colour online) Band structure along the symmetry lines of the Brillouin zone for ZnSe and
ZnTe compounds.

In the conduction bands, the dominant contribution is due to the states of the elements Zn and Se for
ZnSe (Zn and Te for ZnTe). Examination of figure 4] shows that the topology of the SLs (n-n) densities
of states is the same as that of the binary compound. The lower occupied bands, located between —13

13701-4



Electronic structure of short-period ZnSe/ZnTe superlattices
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Figure 2. (Colour online) Band structure along the symmetry lines of the Brillouin zone for
(ZnSe),/(ZnTe),, superlattices.

and 10.9 eV, are primarily formed by the 5s-Te, with small contributions by the 4s/4p/3d-Zn states. The
states in the middle region between —7.2 and —6.3 eV occur mainly because of the 3d-Zn states, with
small contributions due to the other 5s/5p/5d-Te states and the 4p-Zn states. The states in the last region
between —5.3 eV and the Fermi level are dominated by the 4s/3d-Zn states. In the conduction band,
we observe the dominance of s/p/d states of all atoms, and we can also see the forceful hybridizations
between the 4p-Se and 4d-Se states.

Table 5. The calculated energy band gaps for superlattices (ZnSe),/(ZnTe),,.

Superlattices E, (eV) Nature
(ZnSe)/(ZnTe); 1.116 | Gap direct
(ZnSe),/(ZnTe), 1.113 | Gap direct
(ZnSe)3/(ZnTe)s 1.059 | Gap direct

3.3. Optical properties

It is very important to reach a good comprehension of the electronic behavior and deeply understand
the electronic properties illustrated in figure [2] and figure [] for our superlattices. A detailed description
of the optical investigation can be found in reference [44]. In this section, the potential optical properties
such as real €1 (w) and imaginary &;(w) parts of the dielectric function &(w), refractive index n(w),
and reflectivity R(w) are calculated up to 15 eV along a specified growth direction. In this work, we
used 1000 k-points and took 0.03 eV for broadening. The real and imaginary dielectric functions for
SL (1-1), SL (2-2) and SL (3-3) are shown in ﬁgureﬂ

From the quantitative point of view, the real and imaginary parts of the dielectric function are
similar for all configurations. If we look at the real £ (w) and imaginary &;(w) parts of the dielectric
function &(w), we can clearly see that the passage of the real part of the dielectric function by zero is
given as follows: 5.05454, 4.92727 and 5.01818 eV for SL (1-1), SL (2-2) and SL (3-3), respectively.
The minimum of these spectra is the energy 7.65455, 7.38182 and 7.49091 eV for SL (1-1), SL (2-2)
and SL (3-3), respectively. The curves of the real part at low energies show a decrease between 2.99994
and 7.57 eV for all configurations until £; becomes negative. Then, the curves slowly increase to zero
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Figure 3. (Colour online) Total and partial density of states for ZnSe and ZnTe compounds.

160 120 180 -
o E; @nSe)i@nTe),  qpoq wal B @nSe)f@nTe),  1pog |60 Er 1 @nse)zaTe);  pog
120] i 140 '
100 ! 804 : 120
i 100 !
0] 60 i
80 i
© 40 80
40 i ' 40 :
20 n . 20
0lA A A 0 J\ }»\_r""’\ N ] 0 PTG A ]
70 50 \ 80 H
| ——dsIn Zn DOS ——asZn Zn DOS i ——dszn Zn DOS
60 i 40 = 60 L iz
12 : o6 - 3d-Zn o7 {-302n
1,0 | ) 06 i
~ ! i
208 i 05 i
3 . 0.4+ 04 H h
Zos 0| 03 i 1("
oa \I ! 024 ‘\I | I‘I\‘FIL(‘ \ 02]: H | i ,“ ( .J‘l 1"‘\/\
$o2] il i AN M J\ AYARA o] 01 1 A \ Wy Va4
20, i / \ ’;‘LA}Q\ \ 3 AN S T A .
IR0 W VD SN NS - N/ % 78 TR W
= ; 74 10 i
Ss i 4sSe Se DOS Se DOS | dsse Se DOS
E’ ] | ——d4p-Se 6 ¢ ——ap-Se
4 ! 4d-Se 8 ! - 4d-Se
S 4 ' 54
= s !
3]l 4 | i
| | i ‘ | e
| '\\ : | : 2 ;
1 ﬁ ~ 1‘..‘ W | :
i \ i
oLl ] N v i o L\ \-'/ : —— o ]. A \J"MJ\U
5 h 54 ' 4 i
| —5sTe Tepos | , | . —s5sTe Teoos | | | | ——BsTe Te DOS
4 ———5p-Te 7o ¢ ——5pTe h {——5pTe
20] | ! 5d-Te 2,04 ‘ e sdTe 124 | ! s0-Te
| ! 104 |
15 : 1,64 H 08
10 ! 104 06
B f
05 ‘ I N\ 08l ‘ o
| v “ . oot
o/ H . 1Y ™, o Wi
208 “ L ) ‘ Ttk e v PR Yo et IS j:-(" - MM\.‘.,
) 12 10 -8 6 4 -2 [] 2 4 6 8 10 12 12 10 8 6 -4 -2 0 2 4 6 8 10 12 2 10 8 6 4 -2 0 2 4 6 8 10 12
Energy (eV) Energy (eV) Energy (eV)

Figure 4. (Colour online) Total and partial density of states for (ZnSe),,/(ZnTe),, superlattices.
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at higher energies, where the negative energy value of &|(w) demonstrates that the incident photons are
completely reflected. The static dielectric constants (at the limit of zero frequency) obtained in this study
are as follows: 4.38, 4.52, and 4.67 for SL (1-1), SL (2-2) and SL (3-3), respectively. We now turn to the
analysis of the imaginary part of the dielectric function; &, shows that all configurations are similar. The
first peak of £;(w) spectra is related to the optical band gap which is a threshold for optical transition
between the valence band maximum and the conduction band minimum. In addition, the highest peaks
in the &7 (w) of all configurations are located at 4.87496 eV.

18 (ZnSe)1/(ZnTe), 18 (ZnSe)2/(ZnTe); 21 (ZnSe)3/(ZnTe)3

- -
© N (3]
2 . "
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Figure 5. (Colour online) The calculated dielectric functions (real and imaginary) for (ZnSe),/(ZnTe),

superlattices.
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Figure 6. (Colour online) The calculated refractive index n(w) for (ZnSe),/(ZnTe), superlattices.

In figure |§| and figure (7} the refractive index n(w) and the reflectivity spectrum R(w) are plotted for
several different SLs (n-n) [SL (1-1), SL (2-2) and SL (3-3)]. The optical spectra of the SLs (n-n) are
similar. The static refractive index n(0) values are observed to be 2.09, 2.013, and 2.16 for SL (1-1),
SL (2-2) and SL (3-3), respectively. From our examination of the reflectivity spectra of the SLs (n-n),
the static reflectivities R(0) of 12.51%, 12.98%, and 13.50% are obtained in SL (1-1), SL (2-2) and
SL (3-3), respectively. In addition, we note that R(w) increases up to 70% and then starts to decrease
at approximately 13.5 eV, which indicates that the SLs (n-n) reflects a photon, whose energy lies in the
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ultraviolet (UV) region. From these results, we can say that these SLs (n-n) behave like semiconductor
compounds. As far as we know, there are no theoretical or experimental studies of the optical properties
of SLs (n-n), so this work may be a predictive study.

03 (ZnSe)i/(ZnTe), 03 (ZnSe)2/(ZnTe): 08 (ZnSe)s/(ZnTe)s
0,6 0,6 0,6
s
&
i
Z04 0,4 0,4
2
=
D
&
0,2 0,24 0,2
0,0 T T T v 0,0 T T T T 0,0 T T T T
0 3 6 9 12 15 3 6 9 12 15 0 3 6 9 12 15
Photon energy (eV) Photon energy (eV) Photon energy (eV)

Figure 7. (Colour online) The calculated reflectivity R(w) for (ZnSe),/(ZnTe),, superlattices.

4. Conclusion

In the present work, the FP-LMTO method is used to calculate the structural, electronic, and optical
properties of (ZnSe),/(ZnTe), SLs (n-n: 1-1, 2-2 and 3-3) based on DFT using LmtART 7.0 code. For
both compounds, ZnSe and ZnTe, the calculated ground-state properties such as the lattice parameters
and bulk modulus are in agreement with the available data. In comparison with the experimental data,
we find that the lattice parameters are underestimated, due to the use of LDA. On the other hand, the
lattice constant a (A) [5.84, 11.69, and 17.55 A, for SL (1-1), SL (2-2) and SL (3-3), respectively], and
the derivative of bulk modulus [4.74, 4.26 and 3.74 for SL (1-1), SL (2-2) and SL (3-3), respectively] at
the equilibrium of (ZnSe),/(ZnTe),, SLs increase with an increase of the number of layer n. Furthermore,
our results for the BS and DOS, show that the ZnSe, ZnTe and (ZnSe),,/(ZnTe),, SLs demonstrate a
semiconductor behaviour. The bandgap E, of SLs [1.116, 1.113, and 1.059 eV for SL (1-1), SL (2-2)
and SL (3-3), respectively] are direct (I'v-I'c) and decrease with increasing the number of layer n.
The optical properties €1 (w), &2(w), n(w), and R(w) are discussed up to 15 eV. The values of the static
dielectric constant £ (0) [4.38, 4.52, and 4.67 for SL (1-1), SL (2-2) and SL (3-3), respectively], the static
refractive index n(0) [2.09, 2.013, and 2.16 for SL (1-1), SL (2-2) and SL (3-3), respectively], and the
static reflectivities R(0) [12.51%, 12.98%, and 13.50% for SL (1-1), SL (2-2) and SL (3-3), respectively]
increase with increasing the number of layers n. The highest peaks of the reflectivity coefficient R(w)
are detected in the UV region. The obtained results predict that the (ZnSe),/(ZnTe),, SLs are a potential
candidate for quantum well lasers and solar cell heterostructures.
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M. Caid et al.

EneKkTpoHHa CTPYKTypa KOPOTKONEpPioANYHUX cyneprpaTok
ZnSe/ZnTe Ha OCHOBI po3paxyHKiB B paMKax MeToAy
$yHKUioHany ryctTuHmn

M. Kaig (D2 1. Pawes, /. Pawea 2 O. Weped/ 2 H. Pawes P2,
C. beHanbs ,M.Mapa6em

L Bua HopmanbHa wkona by-Caaga, PakynbTteT TOUHMX Hayk, by-Caaga (28001), Mcuna, Amxkup

2 JlabopaTopis MarHiTHUX MaTepianis, pakynbTeT TOYHMX HaykK, YHiBepcuTeT [xinnani Nliabeca, Cigi benb-Abbec
(22000), Amxunp

3 Kadeapa matepianoszHaBcTBa, PakynbTeT Hayku i TexHikun, YHiBepcuTeT Axmeja beHa fxia Enb-BaHuapici
TiccemcinT, Ticcemcint (38000), Anxump

4 YHiBepcuTeT Xaccibn beHbyani B LLnedi, PakynbTeT TOUHMX HayK Ta iHpopMaTuky, PisudHmnin pakynbter, LLned
(02000), Amxmp

Y Ui po60Ti 06roBOPOETLCS BNANB 3MiHU KiNbKOCTi MOHOLLAPIB 72 HA eNeKTPOHHI Ta ONTUYHI BAaCcTMBOCTI cynep-
rpatok (ZnSe),/(ZnTe),. MoBHi eHeprii po3paxoBaHO 3a AOMOMOrOK MOBHOMOTEHLiaNbHOIO MeTOAY NiHIAHNX
opb6iTanein, Ans 06MiHHO-KOPeNALiHOI eHeprii 3aCTOCOBaHO HabAVKeHHS N0KaNbHOI rycTUHW. MMo-nepLue, pos-
PaxyHKM CBif4aTb NP0 3MeHLUeHHSs NoXigHOT KoediLieHTa 06'EMHOT CTUCANBOCTI Ta LUIMPUHMN 3a6OPOHEHOI 30HK
3i 36i/IbLLEHHSAM KiIbKOCTi MOHOLLIAPIB 1. Mo-Apyre, A0CNiAXY0TbCS eHeprii BUNpoMiHtoBaHHS go 15 eB, gienek-
TpruHa GyHKUis &(w), NoKasHUK 3a10MAeHHs 1(w) Ta koediLieHT Big6uBaHHs R (w). Taki po3paxyHKn MOXyTb
NoKPaLLMTX PO3yMiHHA BNAacTMBOCTEl KOPOTKOMNepiogHUX cyneprpaTok (ZnSe), /(ZnTe),,.

KnrouoBi cnoBa: e/ieKTpOHHa CTPYKTYpa, ONTUYHI BAACTUBOCTI, Cyneprparku
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