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Herein, we reveal how stimuli precisely tune and tailor the optoelectronic response of zinc blende ZnSe,
making it a candidate for advanced spintronic and optoelectronic technologies. Stimulus-driven
bandgap engineering via electric fields and mechanical strain induces dynamic modulation: the bandgap
narrows from 0.6 eV to 0.36 eV and widens from 0.67 eV to 1.45 eV under positive and negative electric
fields, respectively, due to the Stark effect and phase transitions influenced by electron—electron interac-
tions and the Mott transition. Compressive strain increases the bandgap from 1.6 eV to 2.45 eV, while
tensile strain decreases it from 1.6 eV to 0.94 eV. We also investigate the effects of stimuli on the partial
and total density of states, charge density, local density of states, and charge transfer, emphasizing the
role of Zn (2s, 3d) and Se (2p) orbitals. The HOMO-LUMO gap analysis shows that electric fields
enhance stability, while strain reduces it. Additionally, dynamic modulation of optical parameters—such
as the dielectric function, refractive index, reflectivity, extinction coefficient, and conductivity—demon-
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DOI: 10.1039/d4ma00885e strates controlled optoelectronics. Our findings highlight the potential of stimuli to significantly and

dynamically modulate ZnSe electronic and optoelectronic properties, paving the way for innovative min-
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Introduction

II-VI semiconductors, well-known for their direct bandgaps, are
recognized for their promising applications in optoelectronics
and spintronics.'™ Unlike IIA-VI compounds, II-VI semicon-
ductors have a metal d-band embedded within the primary
valence band.’”® Among the diverse range of monovalent zinc
blende chalcogenide phase II-VI materials, ZnSe stands out
due to its favourable electronic, transport, and magnetic
properties.” ' ZnSe crystallizes in a cubic lattice with a face-
centred cubic (FCC) structure and tetrahedral coordination
comprises of four zine (Zn) and four selenium (Se) atoms and
each zinc atom is covalently bonded to four equidistant sele-
nium atoms, and each selenium atom is analogously bonded to
four zinc atoms."”™** The atomic positions in ZnSe are (0 0 0),
019, (04, (1 0) for zinc, and (112), (1), G 13, G 33 for
selenium, with lattice parameters of a = b = ¢ =5.67 A, and bond
angles a = # =7 = 90°. It belongs to the space group F43m, space
group number 216, and has a unit cell volume of 181.5 A%.*"'?
ZnSe is the subject of extensive experimental research due to
its underlying optoelectronic properties,>”** which make it a
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iaturized optoelectronic technologies.

paradigm for applications in the blue-green region of the
electromagnetic spectrum, including blue lasers and optical
waveguides.'*'® Additionally, doping ZnSe with transition
metals such as manganese (Mn), iron (Fe), nickel (Ni), chro-
mium (Cr), and cobalt (Co) has further improved its properties,
emphasizing its potential as a developing dilute magnetic
semiconductor.’®® A variety of experimental methods, com-
prising molecular beam epitaxy (MBE),’**° electron beam
evaporation (EBE),”" close space sublimation (CSS),”* metal-
organic vapor phase epitaxy (MOVPE),>*** and magnetron
sputtering, have been employed to grow and fabricate ZnSe thin
films.>>?® Recently, Fe and Ni single crystals have been success-
fully grown and deposited on ZnSe using MBE, establishing
new possibilities for applications in microelectronics and
magnetic switches.”” Theoretically, numerous models and
approximations within density functional theory (DFT) have
been employed to examine the structural, electronic, optical,
piezoelectric, mechanical, magnetic, phase stability, chemical
reactivity, and photocatalytic properties of these materials.
Notably, early research on ZnSe by Bernard and Zunger et al.?®
utilized the pseudopotential method to explain the electronic
states using pseudo-atomic orbitals. The calculations employed
a mixed basis all-electron method that integrates plane waves
with localized orbitals, requiring the resolution of an atomic
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problem where the potential is presumed to be parallel to the
crystal potential. Recently, the empirical pseudopotential
method has been employed to determine the electronic band
structure and density of states (DOS) for ZnSe and ZnTe.>*°
Sukkabot et al.* explored the electronic, magnetic, and optical
properties of Mn-doped ZnSe nanocrystals applying the tight-
binding method. Huang Ching et al.*' and Karazhanov et al.*”
used the linear combination of atomic orbitals (LCAO) method
alongside density functional theory to compute the electronic
band structures and DOS for a range of ZnX compounds. Rachidi
et al.*> explored the structural and electronic properties of ZnSe-
based nanostructures applying the ab initio full potential linear-
ized augmented plane waves (FP-LAPW) method. Christensen
et al.** observed the influence of pressure on the electronic
bandgap through the self-consistent linear muffin-tin orbital
method. Gharamani et al.** examined the electronic band struc-
tures of ZnSe and ZnTe via the linear combination of Gaussian
orbitals (LCGO) technique. Theoretical studies have first ever
revealed that applying high external pressure substantially influ-
ences the structure, triggering phase transitions and distortions
at elevated pressures. Lee et al.>® explored the impact of d-state
electrons on the band structures of ZnS, ZnTe, and ZnSe employing
ab initio pseudopotential total energy calculations. Additionally,
Merad et al.®” utilized the tight-binding method to explore the
electronic structures of ternary ZnSeTe and its binary compo-
nents, ZnTe and ZnSe. Although there has been substantial
research into the structural, electronic, mechanical, and optoelec-
tronic properties of ZnSe and analogues II-VI semiconductors™?
including ZnO®" and CdS"**" etc., however there is currently no
available data on how stimuli can tailor and engineer the struc-
tural, microelectronic, and optoelectronic properties of these
materials. The capability to tune, engineer and modulate the
optoelectronic properties via electric fields and biaxial mechanical
strain for the zinc blende ZnSe will makes valuable reference
point for understanding and optimizing the potential of other
wide-bandgap materials. Therefore, we have conducted system-
atically investigation on the effect of stimuli on structural, electro-
nic, and optoelectronic properties of zinc blende ZnSe. We used
the first-principles calculations within the framework of density
functional theory (DFT) for ZnSe, conclusively demonstrating how
stimulus-controlled modifications can enhance its optoelectronic
properties.
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Methodology

We performed theoretical calculations for the zinc blende (cubic)
phase of ZnSe using the generalized gradient approximation
(GGA) with the core plane-wave basis set and projected augmen-
ted waves (PAW) pseudopotential (pp) inside the Quantum
Espresso simulation package,*®?° adhering to density functional
theory (DFT).**** The exchange correlation potential was com-
puted using the Perdew-Burke-Ernzerhof (PBE) non-linear core
correction functional. The structure was optimized and assessed
for the stimulus-responsive dynamics and engineering of the
electronic bandgap, total density of states (TDOS), partial density
of states (PDOS) and local density of states (LDOS). The plane
wave expansion was set with an energy cutoff of 30 Ry and an 8 x
8 x 8 k-point grid in the first Brillouin zone. Convergence criteria
for both self-consistent and non-self-consistent (NSC) calculations
were set at 10 % eV. Turbo time-dependent density functional
theory (TTDFT) method®®*° was employed to disclose the electron
energy loss Spectrum (EELS) and the dielectric function. The real
part of the dielectric function was obtained using the Kramers—
Kronig relation, whereas the imaginary part was determined by
summing the transitions from occupied valence states to unoccu-
pied conduction states.*®**' The DFT method has proven to be
one of the most accurate methods for the computation of the
electronic structure of solids.**™*°

Results and discussion

To ensure a highly accurate and systematic computational
analysis, we conducted a series of unit cell optimization calcu-
lations, determining the equilibrium unit cell parameters to be
a =b =c = 5.667 A. These findings closely match previously
reported experimental data.”"'"*® Fig. 1(a-c) depicts the stack-
ing sequence and both the 2D and 3D structures of the zinc
blende phase of ZnSe (ZB or B;) at standard temperature and
pressure (STP). ZnSe exhibits an interpenetrating face-centered
cubic (FCC) lattice with tetrahedral coordination for both Zn
and Se atoms, creating a continuous repeating pattern through-
out the crystal with an ABCABC stacking sequence. This cubic
structure of ZnSe is analogous to that of other binary semi-
conductors, such as GaAs.*”

Fig. 1 Crystal structure of zinc blende ZnS (a) stacking order (a) 2D view (b) 3D View.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The electronic bandgap provides crucial insight into the
material’s characteristics, whether it is a semiconductor, insu-
lator, or conductor, by indicating the energy difference between
the top of the valence band and the bottom of the conduction
band. Fig. 2(a and h) illustrates the effect of an electric field
(both with and without mediation/engineering) on the electro-
nic bandgap, showing the total density of states (TDOS) and the
partial density of states (PDOS) for zinc blende-phase ZnSe.

In the absence of an applied electric field, the zinc blende
phase of ZnSe exhibits a direct bandgap of 1.6 eV at 0.0 VA™",
with both the valence band maximum and conduction band
minimum located at the I' point of the Brillouin zone. This
bandgap profile is consistent with previously reported theore-
tical data.®'*™*? Fig. 2h illustrates the partial density of states
(PDOS) and total density of states (TDOS) without an electric
field, providing detailed information on the distribution of
electronic states and their implications for electronic and
optoelectronic properties. In the conduction band above the
Fermi level, substantial contributions come from Zn(2s) and
Se(2p) orbitals, with minor contributions from Se(1s) orbitals in
the energy range of 0.5 eV to 5.5 eV. Conversely, the valence
band predominantly features contributions from Zn (2s, 3d)
and Se(2p) orbitals, with negligible contributions from Se(1s)
within the energy ranges of —7.5 eV to —8.0 eV and —1.0 eV to
—6.0 eV. The TDOS analysis reveals a broad peak centered
around —7.5 eV in the valence band, primarily associated with
Zn(3d) and Se(2p) orbitals. Additional peaks are observed
around —4.0 eV to —7.0 eV and —0.5 eV to —3.5 eV, resulting
from Zn (2s, 3d, 2p) and Se (2p) orbitals. In the conduction
band, two broad peaks are present in the energy ranges of
0.1 eVto 3.5 eV and 3.6 eV to 5.5 eV, attributed to Zn (2s) and Se
(2p) orbitals. The substantial overlap between Zn(2s) and Se(2p)
orbitals indicates strong covalent and ionic interactions among
the first nearest neighbor atoms or ions, with the Zn atoms
in the zinc blende structure connected by the shortest lattice
bonds. The significant overlap of p orbitals at the valence band
maxima confirms sp® hybridization. Upon applying an electric
field, mechanisms such as the Stark effect, band bending, renor-
malization, intrinsic electric fields, electron-electron interactions,
and crystal dipole interactions come into play, resulting in a
narrowing, switching, and modulation of the electronic bandgap.
Although the response of the orbital states in the PDOS and TDOS
modulates, the overall trend remains consistent. Notably, the
Stark effect and crystal dipole interactions play a crucial role
in describing the electric field-induced responses of holes in
the valence band and electrons in the conduction band, as well
as the potential energy differences between electrons and
holes. As the applied electric field increases systematically from
0.01 VA™ to 0.1 V A7, the electronic bandgap narrows from
0.6 €V to 0.36 eV. At a critical electric field strength of 0.21, the
valence and conduction bands overlap at the Fermi level, resulting
in a phase transition from semiconductor to conductor. A detailed
examination of the electronic bandgap under varying electric
fields is provided in Table 1. These electric field-induced modula-
tion and engineering of the bandgap make these materials well-
suited for applications in controlled photovoltaics, optical
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Table 1 Detailed values of the electric field and strain mediated electronic bandgap and highest occupied molecular orbitals (HOMO) or bonding
orbitals and lowest unoccupied molecular orbitals (LUMO) or anti-bonding orbital energy wave function properties of zinc blende ZnSe

EF.(VA™") E,(ev) Biaxial compressive strain (%) E, (eV)  Biaxial compressive strain (%) Enomo  Erumo ELuMO-HUMO
0.01 0.66 0 1.60 0 7.741 8.3794 0.6378
0.03 0.64 2 1.86 2 8.579 9.5564 0.9769
0.05 0.59 4 2.16 4 9.475 10.755 1.2798
0.07 0.53 6 2.45 6 10.46 12.135 1.6708
0.08 0.47 Biaxial tensile strain (%) Eq (eV) Biaxial tensile strain (%) Enomo Erumo ErLuMmo-HUMO
0.09 0.41 0 1.60 0 7.741 8.3794 0.6378
0.1 0.36 2 1.34 2 7.017 7.365 0.348
0.2 00 4 1.13 4 6.342 6.401 0.0589
—0.01 0.67 6 0.94 6 5.723
—0.03 0.70 Uniaxial compressive strain (%) E, (eV) Uniaxial compressive strain (%) Eyomo  Erumo ELuMo-HUMO
—0.05 0.73 0 1.60 0 7.741 8.379 0.6378
—0.07 0.76 2 1.60 2 7.741 8.379 0.6378
—0.08 0.79 4 1.60 4 7.741 8.379 0.6378
—0.09 0.80 6 1.60 6 6.236 7.843 1.6072
—0.1 0.83 Uniaxial tensile strain (%) Eq (eV) Uniaxial tensile strain (%) Eyomo  Erumo ErLumMo-HuMO
—0.2 1.18 0 1.60 0 7.741 8.379 0.637
—-0.3 1.45 2 1.60 2 7.741 8.379 0.6378
—0.4 0.64 4 1.60 4 7.741 8.379 0.6378
—-0.5 00 6 1.60 6 7.752 8.423 0.6706

modulators, tunable lasers, switchable photodetectors, smart
energy harvesters, and optoelectronic technologies.

Fig. 3(a-f) demonstrates the impact of biaxial compressive
and tensile strain on the electronic bandgap of zinc blende
phase ZnSe. The data reveals substantial switching and mod-
ulation of the bandgap when biaxial strain is applied along the
a and b axes. Conversely, uniaxial strain along the c-axis results
in minimal or negligible changes (see Table 1 for detailed
values). This insensitivity to uniaxial strain along the c-axis is
due to the inherent symmetry of the cubic zinc blende crystal
structure. This structure is isotropic within the [111] plane,
ensuring uniform electronic properties across different axes.
The lattice constants of ZnSe in the zinc blende structure are
isotropic, leading to minimal anisotropy in the conduction and
valence bands. Consequently, the uniform lattice parameters
confirm that the conduction band minimum and valence band
maximum remain nearly degenerate or exhibit similar charac-
teristics in all directions. Thus, there is no significant strain-
induced variation in the electronic bandgap along the c-axis in
zinc blende ZnSe. Conversely, when biaxial strain is applied, we
observed that the electronic bandgap increases with compres-
sive strain (1.86 eV at 2%, 2.16 eV at 4%, and 2.45 eV at 6%) and
decreases with tensile strain (1.34 eV at 2%, 1.13 eV at 4%, and
0.94 eV at 6%).

The variations in the electronic bandgap of zinc blende ZnSe
under biaxial strain result from the interaction of the strain
with the crystal lattice. Biaxial strain modifies the lattice para-
meters, bond lengths, bond angles, and band splitting within
the crystal. This alteration in the lattice structure leads to
distortions that affect the energies of the valence and conduc-
tion bands, thereby modifying the electronic bandgap. As
shown in Fig. 3(a—c), compressive biaxial strain (at 2%, 4%,

© 2024 The Author(s). Published by the Royal Society of Chemistry

and 6%) significantly increases the electronic bandgap to
1.86 eV, 2.16 eV, and 2.45 eV, respectively. This increase is
attributed to the effect of lattice compression on the electronic
band structure. Compressive strain shortens bond lengths,
reduces lattice parameters in the strained plane, enhances
orbital overlap between neighboring atoms, and shifts the band
edges (conduction band minimum (CBM) and valence band
maximum (VBM)). These changes lead to an increase in the
energy of the conduction band states, which results in a
broader energy gap between the conduction and valence bands.
In contrast, biaxial tensile strain (Fig. 3(d-f)) at 2%, 4%, and 6%
leads to a decrease in the electronic bandgap, reducing it from
1.6 eV to 1.13 eV and then to 0.94 eV. The reduction in the
bandgap under tensile strain is due to the expansion of the
crystal lattice, which diminishes the overlap between atomic
orbitals. This decreased overlap lowers the energy of the con-
duction band minimum more significantly than that of
the valence band maximum, resulting in a smaller bandgap.
Consequently, tensile strain effectively narrows the electronic
bandgap, impacting the electronic, optoelectronic, and optical
properties of zinc blende ZnSe.

The observed modulation and switching of the electronic
bandgap under compressive and tensile biaxial strain high-
lights the potential for precise tuning of the bandgap in zinc
blende ZnSe. This capability opens significant opportunities for
designing advanced optoelectronic devices, such as lasers,
photodetectors, and LEDs, where exact bandgap values are
essential for achieving optimal performance. Mechanical strain
exerts a substantial influence on both the partial density of states
(PDOS) and the total density of states (TDOS) by modifying the
electronic structure, affecting orbital contributions, and altering
the positions and intensities of spectral peaks.

Mater. Adv., 2024, 5, 9656-9672 | 9659
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Fig. 3 Strain mediation and modulation of (a)—(c) electronic bandgap at 2%,
4% and 6% biaxial compressive strain (d)—(f) electronic bandgap at 2%, 4% and
6% biaxial tensile strain (g)—(i) partial (PDOS) and total density of states (TDOS)
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density of states (TDOS) at 2%, 4% and 6% biaxial tensile strain.

Fig. 3(g-1) explains how mechanical strain influences the
PDOS and TDOS, presenting detailed insights into the variation
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and distribution of electronic states within the conduction and
valence bands. This, in turn, affects the electronic and opto-
electronic properties of zinc blende ZnSe. Under ambient condi-
tions with no mechanical strain, Zn (2s) and Se (2p) orbitals are
predominantly influential in the conduction band, while Zn (2s)
and (3d) and Se (2p) orbitals dominate the valence band within
the energy range of 0.5 eV to 5.5 eV. In contrast, biaxial compres-
sive strain (2%, 4%, and 6%) alters orbital hybridization, leading
to changes in the PDOS by redistributing orbital contributions.
This results in increased localization and shifts the energy range
to 1.0 eV to 6.0 eV for Zn (2s), (3d), and Se (2p) orbitals.
Compressive strain decreases bond lengths, which enhances
orbital overlap, leading to more pronounced and distinct peaks
in the TDOS and PDOS within the bandgap energy ranges.
Conversely, biaxial tensile strain produces the opposite effects.

To comprehend the electronic and optoelectronic properties
of zinc blende ZnSe, it is essential to analyze the effects of
electric field and strain on the highest occupied molecular
orbitals (HOMO) and lowest unoccupied molecular orbitals
(LUMO). The HOMO orbitals are inherently lower in energy
compared to the LUMO orbitals, which facilitates the bonding
between Zn and Se atoms in ZnSe. The stable state of ZnSe is
achieved through the interaction between Zn and Se electrons. In
ZnSe, the HOMO orbitals are primarily composed of Zn(2s) and
Se(2p) orbitals, which exhibit bonding characteristics, while the
LUMO orbitals consist of Zn(3d) and Se(2p) orbitals, which exhibit
antibonding characteristics. The energy difference between the
HOMO and LUMO orbitals, known as the HOMO-LUMO gap,
indicates the energy required for electrons to transition from the
occupied HOMO state to the unoccupied LUMO state. This gap
plays a crucial role in determining the material’'s chemical
reactivity and electronic behavior. Fig. 4(a—f) illustrates the impact
of the electric field, while Table 1 provide detailed values of the
energy gap (AE = Eyomo — Erumo) between the HOMO and LUMO
orbitals under varying electric fields and strains.

A larger HOMO-LUMO gap requires more energy for electron
transitions, typically leading to reduced electrical conductivity.
In contrast, a smaller HOMO-LUMO gap signifies increased
chemical reactivity and enhanced electronic conductivity. The
variations in this energy gap due to strain provide deeper
insights into the chemical activity and electronic properties of
zinc blende ZnSe. Thus, understanding how strain influences
the HOMO-LUMO gap is crucial for elucidating the material’s
overall electronic behavior and reactivity. The detailed values of
the energy gap between the HOMO and LUMO states are
provided in Table 1. In the absence of external stimuli such as
electric fields or mechanical strain, the HOMO-LUMO energy
gap is 0.63 eV. However, this energy gap is tunable and varies
with applied electric fields and mechanical strain, indicating the
influence of both extrinsic and intrinsic factors on the chemical
activity and electronic stability of ZnSe. When subjected to a
positive electric field, the HOMO-LUMO energy gap increases,
reflecting enhanced electronic stability and reduced chemical
reactivity. Conversely, with a negative electric field, the energy
gap slightly decreases, suggesting decreased electronic stability
and increased chemical reactivity. Under compressive biaxial

© 2024 The Author(s). Published by the Royal Society of Chemistry
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approximation.

strain, the HOMO-LUMO energy gap increases from 0.97 eV to
1.67 €V for strain levels of 2%, 4%, and 6%. In contrast, tensile
biaxial strain causes the HOMO-LUMO energy gap to decrease
from 0.34 eV to 0.05 eV at the same strain levels. Additionally,
both electric fields and mechanical strain affect the overall shape
of the HOMO-LUMO energy states by altering interactions
among various orbitals, such as Zn-1s, Zn-2s, Zn-3p, Zn-3d, Se-
1s, and Se-2p.

The charge transfer and hybridization between metallic Zn
and chalcogen Se with electric field and strain is explored by
charge density distribution provide insight into the spatial
distribution of electrons throughout the unit cell. Fig. 5(a-1)
represent electric field and strain mediated charge density

© 2024 The Author(s). Published by the Royal Society of Chemistry

distribution in ZnSe primitive unit cells. We witnessed that in
the absence of applied electric field and strain the electron
density is higher around the more electronegative Se atoms as
compared to the Zn atoms. However, upon the electric field and
mechanical strain (2%, 4% and 6%) the charge density signifi-
cantly dynamically respond, modulates and tune. The electric
field and strain on ZnSe induce polarization leading to a
redistribution of charge density.

In the presence of an electric field and strain (compressive
or biaxial), positive Zn atoms and negative Se atoms shift
relative to each other, producing a dipole moment, charge
accumulation and sharing. The movement of the Zn cations
and Se anions relative to applied electric field and strain show
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ma00885e

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 12 November 2024. Downloaded on 11/9/2025 7:50:58 PM.

(cc)

Materials Advances

@O OO0 O

=-0.05V/A

O OO0 O

E=0.05V/A E=0.10V/A

(h) €
Compressive
Biaxial Strain

(8

Compressive
Biaxial Strain

Tensile
Biaxial Strain
(4%)

Tensile
Biaxial Strain

bO OO O

E=-0.10V/A

e OO0 0

View Article Online

Paper

O OO O

E=-0.30V/A

mO OO O

E=0.50V/A

Tensile
Biaxial Strain
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blende ZnSe unit cell calculated using the GGA scheme.

directional shared covalent bonding among the anion-anion
(Se-Se) and anion-cation (Zn-Se) atoms and charge transfer
approve ionic nature of ZnSe. Nevertheless, covalent bonding in
zinc blende ZnSe is convincing in interactions with some ionic
character develop due to the difference in electronegativity
between zinc (cation) and selenium (anion). The charge density
distribution modulates and triggers with electric field and
strain validates the phase transition from the semiconductor
to the metallic. The amount of charge (density) distribution and
transfer of total and partial atoms with varying applied electric
field (0.01 VA~ to 0.1 VA~ ") is listed in detail in Table 2. In the
absence of applied electric field and strain it is obvious that the
charge distribution is around the more electronegative Se anion
and less around the Zn cations. However, the charge distribu-
tion and density trigger and shift with electric field, such as, at

9662 | Mater. Adv., 2024, 5, 9656-9672

0.01 V A~ the amount of charge on Zn and Se is 18.7218 and
6.9879, which changes at 0.3 VA~ and 0.5 VA" to 18.8933 and
6.3786, 18.8042 and 5.7790. Upon the application of the positive
(+) applied electric field of 0.05 VA™,0.1VA™, 03V A~ and
0.5 V A™* causes the charge transfer from Se (electronegative)
to Zn (electropositive) and amounts of charges increase 0.1%,
0.321%, 0.916% and 0.44% on Zn, whereas 1%, 2.58%, 9.9562%,
17.3% decrease on Se. These results validate that with the
application of electric field the charge density modulate and
charges transfer from electronegative Se anions toward the Zn
cations. Analogous is the case for the tensile biaxial strain,
whereas converse is the case for the biaxial compressive strain.
Such charge transfer causes change in the bonding characteristic
due to modulation in the magnitude of charges on the Zn and
Se. The detailed values of distribution and transfer of charges

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Electric field mediated detailed values of quantitative charge distribution and transfer of charges between orbital states (s, p and d) in the Zn and

Se in zinc blende ZnSe system

Zn Se
Total charge

No. Electric field Zn Se s p d s )

1 0.01 18.7218 6.9879 2.7754 5.9986 9.9478 1.8928 5.0951
2 0.03 18.7304 6.9526 2.7874 5.9985 9.9445 1.8972 5.0555
3 0.05 18.7416 6.9146 2.8019 5.9985 9.9411 1.9013 5.0132
4 0.07 18.7557 6.8743 2.8195 5.9985 9.9377 1.9054 4.9689
5 0.09 18.7726 6.8328 2.8398 5.9985 9.9343 1.9093 4.9236
6 0.10 18.7819 6.8118 2.8508 5.9985 9.9327 1.9111 4.9007
7 0.30 18.8933 6.3786 2.9982 5.9981 9.8970 1.9266 4.4520
8 0.50 18.8042 5.7790 2.9776 5.9975 9.8291 1.9050 3.8740
9 —-0.01 18.7149 7.0196 2.7654 5.9986 9.9509 1.8883 5.1313
10 —0.03 18.7090 7.0473 2.7565 5.9986 9.9539 1.8836 5.1637
11 —0.05 18.7038 7.0708 2.7486 5.9986 9.9566 1.8786 5.1921
12 —0.07 18.6992 7.0897 2.7415 5.9986 9.9590 1.8735 5.2162
13 —0.09 18.6950 7.1042 2.7352 5.9986 9.9611 1.8683 5.2359
14 —-0.10 18.6931 7.1097 2.7324 5.9986 9.9621 1.8656 5.2441
15 —0.30 18.7162 7.0631 2.7521 5.9986 9.9656 1.8283 5.2348
16 —0.50 18.7932 6.6281 2.8407 5.9984 9.9542 1.8230 4.8051

Table 3 Biaxial and uniaxial compressive and tensile strain mediated detailed values of quantitative charge distribution and transfer of charges between

orbital states (s, p and d) in the Zn and Se in zinc blende ZnSe system

Zn Se
Strain Total s p d Total s )
0% 18.7103 2.7453 5.9986 9.9663 7.0767 1.8304 5.2463
Biaxial compressive
2% 18.7015 2.7357 5.9986 9.9672 7.0847 1.8145 5.2702
4% 18.6921 2.7276 5.9985 9.9660 7.0913 1.7983 5.2930
6% 18.6831 2.7207 5.9985 9.9639 7.0965 1.7818 5.3147
Uniaxial compressive
2% 18.7106 2.7456 5.9986 9.9663 7.0771 1.8306 5.2465
4% 18.7106 2.7456 5.9986 9.9663 7.0771 1.8306 5.2465
6% 18.7106 2.7456 5.9986 9.9663 7.0771 1.8306 5.2465
Biaxial tensile
2% 18.7388 2.7601 5.9987 9.9801 7.0737 1.8470 5.2267
4% 18.7551 2.7753 5.9987 9.9810 7.0642 1.8623 5.2019
6% 18.7751 2.7947 5.9987 9.9817 7.0532 1.8779 5.1753
Uniaxial tensile
2% 18.7106 2.7456 5.9986 9.9663 7.0771 1.8306 5.2465
4% 18.7106 2.7456 5.9986 9.9663 7.0771 1.8306 5.2465
6% 18.7106 2.7456 5.9986 9.9663 7.0771 1.8306 5.2465

between Zn and Se using biaxial compressive and tensile strain
is listed below in Table 3. It is apparent that biaxial compressive
strain substantially fine-tunes and modulate the charges initiating
the transfer from the electropositive Zn to the electronegative Se,
such at 2%, 4% and 6% the amount of charge transfer between
Zn and Se is 18.7015 and 7.0847, 18.6921 and 7.0913, 18.6831
and 7.0965.

However, converse is the case for biaxial tensile where
charges transfer from Se to Zn such as, at 2%, 4% and 6%
the amount of charge transfer between Zn and Se is 18.7388
and 7.0737, 18.7551 and 7.0642, 18.7751 and 7.0532. In case of
uniaxial compressive and tensile strain insignificant charge
transfer is observed, which is due to intrinsic structure of zinc
blende ZnSe. We have calculated the influence of the strain and
electric field-induced quantitative modulation and dynamics
of charge transfer between s and p orbitals causing sp’
hybridization. The external electric field perturbs the energy

© 2024 The Author(s). Published by the Royal Society of Chemistry

levels and the spatial distribution of the electron wavefunctions
causes a shift in the relative energies of the s and p orbitals,
influencing charge transfer between these orbitals. The electric
field starts a separation of charge or even induces a shift in the
population of charge carriers between different bands (from
the valence band to the conduction band or between different
sub-bands). It is apparent that upon the application of positive
electric field at 0.01 V A™' the number of charges at s and p
orbitals are 2.7754 and 5.0951 transfer to 2.8019 and 5.0132,
2.8508 and 4.9007, 2.9982 and 4.4520, 2.9776 and 3.8740 at
0.05 VA 01VA?t 03VA*and 0.5V AL These results
confirm that charges modulate and tune with applied electric
field transfer from Zn(p) to Se(s) orbitals. Nevertheless, con-
verse is case for negative applied electric field where the
charges transfer from Se(s) to Zn(p) orbitals. Similarly, mechan-
ical biaxial compressive and tensile strain changes (increase or
decrease) the Zn-Se bond lengths and angles, substantially

Mater. Adv., 2024, 5, 9656-9672 | 9663
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shift the charges between the s and p orbitals alter the nature of
the bonding and antibonding states as revealed in detail in
Table 3. However, in case uniaxial compressive and tensile
strain no significant switching between s and p orbitals.

To explore how electric fields and mechanical strains (both
compressive and tensile) affect local band patterns, band struc-
ture, and carrier redistribution in Zn and Se atoms, we performed
local density of states (LDOS) calculations for zinc blende ZnSe.
These calculations provide a detailed view of charge localization
and transfer. Fig. 6(a-1) depicts the 2D and 3D modulations of the
LDOS in ZnSe induced by an electric field. We observed that the
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electric field has a complex impact, altering the electronic band
structure and causing a redistribution of carriers between Zn and
Se atoms. LDOS is also connected to optical properties, influen-
cing optical transitions and absorption spectra. Understanding
how LDOS responds to external stimuli is crucial for the develop-
ment and optimization of new electronic and optoelectronic
devices using ZnSe. When an electric field is applied, charges,
initially concentrated around the electronegative Se atoms,
become polarized. These charges redistribute, with electrons
and holes moving from Se to Zn atoms. This directional transfer
of charge results in a shift in the absorption edge.
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biaxial tensile strain.

However, converse is the case for the negative applied
electric field where the charges shift from Zn atoms to Se
atoms. These results confirm that electric field substantially
manipulates the charge localization/transfer and band bending
which provides a window of opportunity to design stimulus
controlled optoelectronic technology. Similarly, mechanical
strain (biaxial compressive and tensile) affects the local density

© 2024 The Author(s). Published by the Royal Society of Chemistry

of states (LDOS) in ZnSe. Tensile biaxial strain elongates the
lattice structure, while compressive strain contracts it, both of
which impact polarization, charge transfer, band structures,
and the energy gap. Fig. 7(a-1) shows the 2D and 3D modula-
tions of the local density of states (LDOS) in zinc blende ZnSe
induced by biaxial compressive and tensile strains. Our obser-
vations reveal that both compressive and tensile strains

Mater. Adv,, 2024, 5, 9656-9672 | 9665
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Fig. 8 Electric-field mediated engineering and modulation of the (a)—(f) real (¢;(w)) part of dielectric (g)—(l) imaginary (ex(w)) part of dielectric function of

zinc blende ZnSe compounds calculated by GGA process.

Table 4 Comprehensive values of electric field and strain (biaxial com-
pressive and biaxiall mediated real (e(w)) part of dielectric function,
imaginary (ex(w)) part of dielectric function, dielectric constant (e(w)),
refractive index (n(w)), extinction coefficient (k(w)), optical conductivity
(a(w)) and reflectivity (R(w)) of zinc blende phase ZnSe compound

EF. (VA) &(0) e(w)  &w) n(w) ko) o) R(w)
0.00 —52.59 45.16 —7.43 4.36 2.08 26.13 0.47
0.01 —-7.70  26.29 18.59 5.11 5.16 64.84 0.68
0.03 2590 24.74 50.64 5.56 4.16 52.27 0.63
0.05 17.74 48.06 65.80 4.21 2.08 26.13 0.46
0.07 12.08 42.82 54.90 6.56 3.46 43.47 0.62
0.09 8.64 38.52 47.16 6.84 4.07 51.14 0.64
0.1 8.20 36.66 44.86 6.81 3.85 48.38 0.64
0.3 7.57 18.04 25.61 12.34 0.79 9.92 0.72

—-0.01 —13.62 27.94 14.32 4.82 4.77 59.94 0.65

—0.03 —25.17 29.92 4.75 4.83 4.79 60.19 0.66

—0.05 —68.97 30.57 —38.40 1.83 9.09 114.22 0.91

—0.07 —225.13 31.96 —193.17 2.23 851 106.93 0.89

—0.09 —194.37 30.15 —164.22 1.81 7.51 94.37 0.88

—0.1 —37.53 33.30 —4.23 2.45 7.38 92.73 0.85

-0.3 —53.89 44.00 -9.89 1.97 4.40 55.29 0.72

significantly affect the LDOS of ZnSe, as they alter the electronic
band structure. Compressive strain reduces the lattice con-
stants, leading to changes in the electronic band structure,

9666 | Mater. Adv, 2024, 5, 9656-9672

including shifts and modifications in band positions. This
results in variations in the conduction band minimum and
valence band maximum, influencing the available energy levels
for electrons, band curvature, and causing localized modula-
tions near the band edges.

These effects are consistent with our findings on bandgap
modulation under compressive strain. Fig. 7(a—f) illustrates
that compressive strain alters the shape of the local charge
distribution, indicating charge transfer and localization
between Zn and Se atoms. Without compressive strain, the
local charge density is higher around Se atoms, but this density
shifts towards Zn atoms under compressive strain. Conversely,
tensile strain affects the localized charge distribution and
density in the opposite manner, as depicted in Fig. 7(g-1) for
the LDOS of ZnSe under tensile strain.

To reveal the potential of zinc blende ZnSe as stimulus
responsive (electric field and strain) optoelectronic and photo-
nic materials, we have step-by-step explored the optical para-
meters, which include real (¢,(w)) and imaginary (e,(w)) part of
dielectric, optical conductivity (o(w)), optical reflectivity (R(w)),
refractive index (n(w)), extinction co-efficient (k(w)) and energy
loss function (ELS). The dielectric constant (relative permittiv-
ity) is a crucial parameter that reflects a material’s capacity to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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store electric charge or energy offers insight into how the
material interacts with an electric field and mechanical strain,
enables us to derive various important optical properties. The
dielectric function can be tailored, engineered, and controlled
through intrinsic and extrinsic stimulus such as electric fields
and strain. Fig. 8(a-1) represents electric field engineered real
(61(w)) and imaginary (ey(w)) part of dielectric function from
005 VA" t003VA " and —005VA'to-03VA'asa
function of energy (eV) approve that zinc blende phase ZnSe is
electric field sensitive/responsive dielectric material. The detailed
values of real (¢;(w)) and imaginary (ey(w)) part of dielectric
function under the broad ranging applied electric field are listed
in Table 4. Fig. 8(a-c) illustrate that the real part of dielectric
function decreases with increase in the positive applied electric
field as a function of energy (eV), such as the real part of dielectric
constant changes into 17.74, 8.20, 7.57 at 0.05 VA™%, 0.1 V A~
0.3 V A™'. Such decrease in real (&(w)) dielectric function via
applied electric field may be attributed due to the increase in
absorption near the bandgap energy and interband transition.
The decrease in the value of real (&(w)) dielectric function with
positive electric field from 17.74 to 5.67 at 0.05 VA~ to 0.3 VA™
and increase from —68.97 to —53.89 with negative electric field
between —0.05 V A~ to —0.3 V A™* agree with the bandgap shift
with externally applied electric field.

View Article Online

Materials Advances

In Fig. 8(g-i) it is apparent that upon the application of
positive electric field till the critical field the values of imaginary
dielectric function are non-linear, modulate and increase in
range from 26.29 to 42.28. However, these values continuously
decreases and at critical applied electric field (E. = 0.3 V A™Y)
there is sharp decrease due to the overlap between conduction
and valence band establish the behavior transition from semi-
conductor to metallic. The rise in dielectric loss with increasing
positive electric field can be ascribed to several physical factors
that contribute to energy dissipation. These factors include
increase in polarization loss, nonlinear higher polarization rate,
increased conductive losses, dielectric breakdown, hysteresis
effects, and alterations in relaxation processes. Furthermore,
converse response is observed for the dielectric loss on negative
applied electric field. The imaginary part of dielectric function
represents four major absorption peaks present in the energy
ranges 2-3 eV, 4.5-5.0 eV, 5.2-5.8 €V and 6.2-6.8 eV for the zinc
blende ZnSe at 0.05 V A~ ™.

We have considered these four major absorption peaks and
calculated average value of the imaginary part of dielectric
function witnessed that the response is non-linear but overall
values decreases as a function of applied electric field. The
absorption peak dynamically responds to the electric field
cause peaks shift from lower (peak 1, 2 and 3 as function
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Fig. 9 (a—l) Biaxial compressive and tensile strain mediated engineering and
of zinc blende ZnSe compounds calculated by GGA process.
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modulation of the real (¢1(w)) and imaginary (ex(w)) part of dielectric function
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energy 2.4 eV, 4.7 eV and 5.5 eV on the application of
0.05 V A7) energy to higher (peak 1, 2 and 3 as function energy
2.8 €V, 4.9 eV, 6.2 eV and 6.9 eV on the application of 0.1 VA™)
energy upon the application of applied electric field. The shift
in absorption peak validates the decrease in the electronic
bandgap. It is apparent from Fig. 8(g-1) that the sharpness of
the absorption peaks increases with applied electric field,
which is initiated due to enhanced polarization, non-linear
optical effect and quantum interference effect etc. We observed
increase in width of few absorptions peak, which is initiated by
the mixed optical transition at low electric field (0.01 V A™Y,
0.03 V A%, 0.03 V A7 etc.) have main influence from Zn-d
and Se-p orbital shift with high electric field (0.1 V A%,
0.3 V A7 etc.) to s-p-d orbitals. Similarly, converse is the case
for the negative applied electric field because of the reverse in
the polarization with applied field. These results confirm the
electric field mediated dielectric response of ZnSe validate the
potential in the controlled optoelectronics. Fig. 9(a-1) repre-
sents biaxial compressive and tensile strain mediated and
engineered real (¢,(w)) and imaginary (e,(w)) part of dielectric
constant as a function of energy (eV).

It is obvious from Fig. 9(a-c) that biaxial compressive strain
is linked with the real part of the dielectric function and at
0%, 2%, 4% and 6% strain the real part of dielectric function
increases and the values are —53.59, —19.45, —9.69 and 6.61.
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Fig. 10 Electric field and strain mediated electron energy loss function for zinc blende ZnSe compounds (a) and (b) positive and negative electric field (c)
and (d) compressive and tensile strain calculated by GGA process.
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The biaxial compressive strain induces and alter the symmetry
and lattice parameters which result is the arrangement of
dipoles (polarization) in effective way causes the increase in the
real part of the dielectric function. As evident from Fig. 9(a—c), that
the real part of the dielectric function (¢{w)) display a sharp
increase within the energy range of 4 eV, reaching to its maximum
at 4.5 eV. Beyond this point, it steadily decreases, exhibiting
similar variations below zero and eventually reaching its mini-
mum values. Furthermore, the intensity of peaks above and below
the zero rises with the compressive strain 2%, 4% and 6% confirm
increase in the real part of the dielectric function (¢(w)). We also
reveal that the increase in the biaxial compressive strain causes
the non-linear decrease in modulation in the imaginary part of
dielectric function (Fig. 9(d-f)). Such as in the absence of applied
strain the value of imaginary part of dielectric function is 45.16
which abruptly decrease to 15.96 with increase in the compressive
strain. The compressive strain causes the stabilization of polariza-
tion via reducing the dipole movement, impact on the carrier
charge density, reduced domain wall motion, consequence in
decrease in the energy loss lead in decline in the imaginary part of
dielectric function. Upon the further increase 4% and 6% biaxial
compressive strain there is slight but insignificant increase in
values 18.38 and 19.14. This may be caused by slight destabilisa-
tion in polarization, charge density and domain wall motion upon
further increase in the strain. However, converse is the case for the
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Table 5 Comprehensive values of biaxial compressive and tensile strain
mediated refractive index (n(w)), extinction coefficient (k(w)), optical con-
ductivity (x(w)) and reflectivity (R(w)) of zincblende phase ZnSe compound

Compressive strain (%) n(w) k(w) o(w) R(w)
0 7.79 2.91 36.56 0.63
2 4.72 1.68 21.11 0.46
4 3.90 2.35 29.53 0.47
6 3.66 2.61 32.79 0.48
Tensile strain (%) n(w) k(w) o(w) R(w)
0 7.79 2.91 36.56 0.63
2 6.24 3.00 37.69 0.59
4 6.28 2.51 31.54 0.57
6 9.81 2.63 33.04 0.68

biaxial tensile strain (Fig. 9(g-1)). The values of 0%, 2%, 4% and
6% biaxial compressive and tensile strain are extracted by calcu-
lating the average value for four major absorption peaks. The four
major absorption peaks at 2% of biaxial compressive and tensile
strain are present in the energy ranges 8-8.5 eV, 8.7-9.5 €V, 10.5-
11.2 eV, 12-13 €V and 4.5-5.5 €V, 8.5-9.5 eV, 10.3-11.3 eV for the
zinc blende ZnSe. It calculated average values of 0%, 2%, 4% and
6% biaxial compressive and tensile strain for zinc blende ZnSe
system are 45.16, 15.96, 18.38, 19.14 and 45.16, 37.57, 31.60,
47. 85.

These results conclude the ability to control, modulate and
engineer the dielectric properties of zinc blende ZnSe using
stimulus such as electric fields and strain empowers the devel-
opment of novel advanced micro/nano and optoelectronic tech-
nologies with improved functionality, accuracy, and flexibility.

The electron energy loss (ELS) function gives information
concerning how electrons lose energy as they interact with a
material, are the reflection of the dielectric and collective
excitations. It is a fundamental tool for characterizing materials
at the local atomic and nanoscale, with applications covering
from fundamental basic research to practical device engineer-
ing and designing. Electric field and strain modulated electron
energy loss (ELS) function are represented in Fig. 10(a-d) These
are confined to specific energy regions wherever the electrons
are not hampered to their lattice site and oscillates with the
exposure of light.

It is evident that electron energy loss (ELS) function is
related to the imaginary part of dielectric function. Such as
the minimum value of electron energy loss correspond to the
higher value of imaginary (gi(w)) dielectric function and con-
verse is for high value, modulate with switching and engineer-
ing of the electronic bandgap which is tailored and tune with
stimulus (electric field and strain). The modulation in electron
energy loss (ELS) function with strain and electric field arise
due to shift in the excitation (plasmons, phonons) mechanisms
and material response because they stimulate numerous col-
lective modes and electronic transitions. At different levels of
energy loss, various excitation modes are activated. Higher
electron energy losses consequence in excitations that are less
efficient in absorbing energy or show different spectral profiles,
heading to a reduction in the imaginary (¢(w)) part of the
dielectric constant.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The refractive index (n(w)) is fundamental physical property
of the optoelectronic materials, is the measure of interactions
and bending of light pass-through materials compared to its
speed in the vacuum. It is a crucial physical parameter in
designing and constructing optoelectronic systems. The values
of refractive index ((n(w)) are evaluated from the real ¢(w)) and
imaginary (&(w)) part of dielectric function using formula.***®

n(w) = %[{ar(w)z + Ei(w)2}1/2+sr(w)]

ko) =5 [{s(0P + a0} (0]

The electric field and compressive and tensile strain mediated
values of the refractive index, n(w), and attenuation or extinction
coefficient, k(w), as a function of photon energy (eV) are presented
in detail in Table 4. It is obvious that refractive index response to
electric field is non-linear switch/modulate with applied electric
field. The non-linear response is substantial at high electric field
is attributed due to Kerr effect which involve a quadratic relation-
ship between electric field and refractive index. In cases of 0%,
2%, 4% and 6% compressive biaxial strain the refractive index
decreases from 7.79 to 4.72, 3.9, 3.66 (Table 5) with increase
in strain. The decrease in refractive index is attributed due to
collective physical factors involve increase in electronic bandgap,
lattice distortion, photoelastic effect and electronic polarizability.
The refractive index (n(w)) decreases (7.79, 4.72, 3.90 and 3.66)
linearly with increase in 0%, 2%, 4% and 6% biaxial compressive
strain. The values of electric field engineered optical reflectivity

are extracted using the fundamental relationship;*®*°
i—1] (n—1)7>+k?
R(w) = |= ‘ = 3 5
n+1]  (n+1)+k

We witnessed that optical reflectivity R(w) respond non-
linearly with positive applied electric field, while the values
decrease with negative applied electric field. Optical reflectivity
also responds to the biaxial compressive and tensile strain, such
as it increases 0.63, 0.46, 0.47 and 0.48 with 0%, 2%, 4% and 6%
strain, whereas for biaxial tensile strain where the values are
non-linear 0.63, 0.59, 0.57, 068. The non-linear changes and
increase in optical reflectivity in certain range of electric field
point toward the selective optical reflection of materials lead to
potential applications in filters and optical sensors.

Conclusions

In summary, we have effectively investigated the controlled
engineering, dynamic modulation, and switchable tuning of
the electronic bandgap of zinc blende ZnSe using stimuli such
as electric fields and mechanical strain. This approach enables
precise tailoring of ZnSe structural, electronic, and optoelec-
tronic properties. Our findings reveal that electric fields and
mechanical strain dynamically adjust the electronic bandgap.
Specifically, an electric field ranging from 0.01 V A~ to
0.1 VA" and —0.01 VA" to —0.1 V A" modulates the
bandgap between 0.66 eV and 0.36 eV (~44% decrease) and
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0.67 eV to 0.83 eV (~23% increase), respectively. Biaxial com-
pressive and tensile strains ranging from 0% to 6% alter the
bandgap from 1.60 eV to 2.45 eV (~53% increase) and 1.60 eV to
0.94 eV (~41% decrease), respectively. This dynamic modulation
enhances ZnSe versatility for applications including infrared
detectors and high-speed electronics (<1 eV), solar cells, LEDs,
and laser diodes (1 eV to 2 eV), as well as blue-green LEDs, high-
power electronics, and UV photodetectors (2 eV to 3 eV). More-
over, the modulation can induce a transition from semiconduc-
tor to metallic behavior. Our analysis of the total density of
states, partial density of states, local density of states (LDOS),
electron energy loss (ELS) function, charge density, and quanti-
tative charge transfer confirms that stimulus-induced orbital
modulations primarily involve Zn(2s) and Se(2p) orbitals in the
conduction band, and Zn(2s) and(3d) and Se(2p) orbitals in the
valence band, underscoring the impact of stimuli on optoelec-
tronic properties. The stability and chemical reactivity of ZnSe
are fine-tuned by systematically monitoring the energy gap shifts
between HOMO and LUMO states under strain and applied
electric fields. Furthermore, the electric field and strain-
mediated dynamic modulation of optoelectronic parame-
ters—such as the real and imaginary parts of the dielectric
function, refractive index, optical reflectivity, extinction coeffi-
cient, and optical conductivity—demonstrates controlled opto-
electronics with stimulus. Our comprehensive investigations
conclude that stimulus controlled switchable dynamical modu-
lation of the electronic and optoelectronic responses of zinc
blende ZnSe, offering extensive prospects for utilization in the
diverse multifunctional miniaturized novel optoelectronic
technologies.
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