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Abstract

The fundamental electronic and optical properties of ZnHgi.Se,S1., quaternary-alloyed nanocrystals
with structural parameters from experimental results are investigated by a virtualierystal approximation (VCA),
an atomistic tight-binding description (TB) and configuration interaction agproach {Cl)."With the reducing x and
y contents, the optical band gaps are decreased because of the low HgS band gap promoted in ZnHg1,Se,S1-
y Quaternary-alloyed nanocrystals. Numerical and experimental optical band gaps appear to agree
quantitatively and qualitatively. The optical efficiency is pronotdnced with the declining elemental
compositions (x and y) and increasing diameters. The splittings of excitons are inversely comparative to the
diameters, whereas those are directly relational to themalloy compositions as explained by the results of the
exchange interaction between electron and holel Onfthe Hg- and S-rich side, the exciton fine structure
splitting is reduced, thus being a good candidate for efficient generation of entangled photon pair. The stokes
shift is enhanced in the Zn- and Se-rich side;lintroducing the excellent pathway for the optical filters. This
work confirms that Zn.Hg1.Se,S1, Quaternary-alloyed nanocrystals are very interesting systems, not only for
fundamental studies but also for future applications of quantum technology.

Keywords: Tight-binding thgory, Zn,Hg14Se,S1., fine structure splitting, band gap, nanocrystals
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1. Introduction

Chemical semiconductor nanocrystals have outstanding optoelectronic properties that have been
readily tuned through the manipulation of nanocrystal size, shape and surface passivation. Semiconductor
nanocrystals smaller than Bohr exciton radius, termed quantum dots (QDs), display size-dependent
absorption and emission. The potential applications of nanocrystals have been established in various ways
including the utilization as bioimaging, biosensing, light-emitting diodes, photovoltaic devices, lasers and
quantum computing devices. (Qi and Gao, 2008; Smith and Nie, 2009; Zrazhevskiy and Gao, 2009; Klimov, et
al,, 2000; Sun et al,, 2007) On top of size and shape control with corresponding spectral tuning, device
applications of nanocrystals require accurate control over the electronic alloy. II-VI ternarg-alloyed
nanocrystals (AB1xC) such as CdSeTe, ZnCdSe ZnCdS and CdSSe have been synthesized with the,aim to
manipulate the structural and optical properties of semiconductors by means of ,alloy/contents %. To
overcome the limitation and extend the sensitivity of the alloy tuning, II-VI quaternary-alloyed nanocrystals
(AB1xCyD1y) with x and y tunable compositions are introduced. Mercury chalcogenide (HeX, X = S, Se, Te)
nanocrystals are a rich system for the exploration of electronic alloy. These nanostructdres have been utilized
to create intra-band photodetectors with narrow spectral response in the mid- infraréd region (Deng and
Guyot-Sionnest, 2016; Shen, et al.,, 2017; Shen and Guyot-Sionnest, 2016), thus leading to be the scope of
interest. For instance, K. Hara et al. (Hara, et al., 1995) synthesized the epitéxial layers of wide-band-gap Zn;-
«Hg,Se (x=0.0-0.14) grown on GaAs substrates. The visible spegtral region from blue to red was controlled by
changing Hg contents between 0 and 0.06. Using the molecular béam epitaxy, the synthesis of quaternary
ZnixHg,S,Sely (x= 0-0.03, y = 0-0.4) alloy layers coatedhom GaAs substrates was reported by K. Hara et al.
(Hara, et al, 1996; Hara, et al,, 1998) These alloy layersimight be utilized for practical blue-green laser
applications. The synthesis of CdS, Zn,Cdi,S, and HeyCdi,S nanoparticles with size- and composition-
dependent optical features was carried eut by Brian,AdKorgel (Korgel and Monbouguette, 2000) These
nanostructures showed the well-defined opticalispectra. The short-range principle of the charge carrier
scattering processes on the various latticefdefects in the ZnCdTe, ZnHgSe and ZnHgTe solid solutions was
informed by Orest P. Malyk (Malyk, 2009). A good agreement between theory and experimental data in the
investigated temperature range was presented. Guo-Yu Lan et al. (Lan, et al.,, 2010) described the synthesis
of highly water-soluble Zn,Hg1S&yS1, nanocrystals in aqueous solution. Zn,HgixSe,S1., quantum dots emitted
wavelengths ranging from thefUV to the near-IR region (405-760 nm). According to the previous literatures,
there were widespread experimental studies, whereas there is no theoretical work. Here, Zn,HgiSe,S1y
quaternary-alloyed nanocrystals are used as the simulation candidates.

The key. principle behind this new work is to understand the structural and optical properties of
ZnHe1,SelSigpnanoecrystals and then provide the detailed information for the potential applications. In
addition; we focus my attention on the stokes shift and excitonic fine structure splitting of Zn.Hg1,Se,S1y
nanocrystals)According to the previous investigations, there has been neither theoretical nor experimental
research studied in this field. Computations of natural properties of innovative nanostructures must offer
atomistic accuracy with an available computational complication. In this work a numerical answer to this
problem with the essentials of the atomistic modelling is presented. The atomistic tight-binding method with
the inclusion of five orbitals sp®” per atom, the first nearest neighbouring interaction and spin-orbit coupling
(Vogl, et al.,, 1983) is used as the numerical model. Under the alloyed concentrations (x and y) in ZnsHg-
«5e,S1y nanocrystals, the revised version of the virtual crystal approximation (VCA) (Garcia, et al., 2000) in the
presence of the empirical bowing parameters is considered. This technique has been used to successfully
study the structural and optical properties of alloy nanostructures (Mourad and Czycholl, 2010; Nestoklon,
et al., 2016; Boykin, 2009; Boykin, et al., 2007). Here, the numerical results of quaternary-alloyed Zn,Hgi.Se,S1-
y nanocrystals with the experimentally synthesized compositions (x and y) and diameters are used as a

demonstration.
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By means of an atomistic tight-binding and configuration interaction technique, the paper provides
the investigations on the single particle spectra and excitonic splitting of Zn.Hg1,Se,S1y quaternary-alloyed
nanocrystals. The aim is to identify and to analyze size and composition dependence on the electronic
structures, optical properties and excitonic splitting in such alloy nanoclusters. The paper is organized as
follows. In section 2, the computational methods are described by the step-by-step solution to this problem.
In section 3, the computational results for the electronic structures of ZnsHgiSe,Si, quaternary-alloyed
nanocrystals computed with this model are compared with the experimental values. The tight-binding band
gaps are in a qualitative agreement with synthesized data. In the same section, we also show the excitonic
splittings of Zn.Hg1.5e,S1, quaternary-alloyed nanocrystals under several structural parameters. These
splittings are of fundamental importance for potential applications in optoelectronics and“quantum

technology. Finally in section 4, we finish with the conclusions.

2. Theory and Methodology

To achieve this objective, atomistic tight-binding method is implementegianddutilized. This approach
origins from the Slater-Koster scheme (Slater and Koster, 1954). Tight-binding matrix eléments are described
by several empirical parameters that can fit and provide the goad bulk properties for instance effective
masses and band gaps in the comparison with density functional theorytand experiments. The tight-binding
method applied to a nanocluster problem generates a Hamiltenian matrix with dimensions extending to 10°.
Due to the advantage in the nearest-neighbouring approximation, theysparse matrix is obtained. For selected
single particle spectra closed to energy band gap, the»eigenvalue problem is solved efficiently using
PReconditioned Iterative MultiMethod Eigensolver (PRIMME)(Stathopoulos and McCombs, 2010; Wu, et al,,
2017). Using the experimental parameters (Lan, et aly#2010), we consider the ZnHg14Se,S1y quaternary-
alloyed nanocrystals with zinc-blende structure. For_imstance, ZnossHg0.025€064S036, ZN0.96H0.045€0.60S0.40,
ZNo.90H80.105€0.5650.46 and ZnossHgo.125€044S0.56 Nanocrystals are used as the computational candidates labelled
as Sample 1 - Sample 4, respectively. For the surface passivation, the energy shift is terminated at the surface
as described by S. Lee et al. (Lee, et'al,, 2004) Once the atomic positions are obtained, we utilize them to
calculate single particle spectra by the empirical tight-binding model accounting for spin-orbit coupling and
nearest-neighbouring interactions, In the next step of calculation, the single particle states relate to the
quantities treated as empiricalfparameters. An atomic orbitals are in the linear combination forming the tight-

binding wave functions given by:
v
Ra>

Y = 2 Cv
?ﬁ Ka
Allfatomie, positions R are termed by the summation, @ is the (spin) orbital index and Cy, is the
V
eigenfunction inthe ‘Ra) basis. Using the language of the second quantization, the tight binding Hamiltonian

for a nanocrystal consisting of N atoms is given as:

N 10 ; N 10 10 " N N 10 10 ;
HTB = Zzgiaciaciu +Zzzkiaa'ciucia' + tiu,i'a'ciaci'a'
i=1 a=1 i=1 a=la'=l i=1 i=1l a=la'=l

For the demonstration, c! (c,,) is the creation (annihilation) of electron on (spin) orbital @ centered

th
oni atom. g, and t,

fo,i'a’

are correspondingly onsite (atomic) energies and offsite (hopping) parameters. A,..

t. ..and A

is the spin-orbit effect. In practical calculations, the parameter set (g, ,t;, ;. wq) Was taken from

Olguin et al. (Olguin, et al., 2001) In the presence of x and y alloy compositions in ZnHgi,SeyS1.y quaternary-
alloyed semiconductor, the virtual crystal approximation (VCA) is used to produce the tight-binding
parameters (P) as given by:

Pan g se,s, = XYPznse + X(1=Y)Pgs + (1= X)YPygs. + (1= X)L = Y)Pgs
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In the alloy semiconductors, the band gaps are non-linear dependent on the compositions.
Therefore, the empirical bowing parameters are considered by modifying the s orbital one-site terms (Garcia
et al,, 2000).

The electronic structures of single particles states are obtained by the tight-binding calculations.
Finally, we follow the single-particle calculation with a many-body calculation to obtain the excitonic splitting
and in particular excitonic fine structure. The Hamiltonian for the single exciton (electron-hole pair) is equated

in second quantization as:
H=> Eele,+> Ehih, —> Vii“'hlefe h+ > V= hiefeh,
i j

i i

The energies related to electron and hole are described in the first-two terms, respectively.“The
atomistic coulomb and exchange interaction of electron-hole pair are symbolized in the third and,fourth
term. The single exciton Hamiltonian is expanded in a basis of electron-hole configurations ¢onstructedfrom
several lowest electron and highest hole states. This approach is widely acknowledged@s, the,configuration
interaction technique (Cl) or the exact diagonalization approach (Korkusinski and Hawrylak, 2043; M. Zielinski,
2013; Reboredo, et al., 2000; De Oliveira, et al., 2012; Sukkabot, 2016; Sukkabotg£2016; Sukkabot 2016).

3. Results and discussions

Now we proceed to analyze and describe the influence ofithe ‘diameters and alloying contents (x
and y) on electronic structures, optical behavior, atomistic éléetron-hole interactions and excitonic splitting
in ZnHg1,SeyS1y experimentally synthesized nanocrystals. Two aniontatoms (Se with content y and S with
content 1-y) and two cation atoms (Zn with concentration’X and Hg with concentration 1-x) with the diameters
Dc are combined to be the quaternary-alloyed nanoerystals:\Using the structural parameters synthesized by
Lan et al. (Lan, et al, 2010), ZnoossHgo02S€06a50.36, + ZN0.9sHS0.0a5€0.60S0.40, ZNo.9oHL0.105€05650.4a aNd
ZnossHg0.125€044S056 Nanocrystals with zife-blende stricture are used as the simulated candidates with
Sample 1 - Sample 4, respectively. Table 1 demonstrates the number of atoms in all Samples under different
diameters. The number of atoms“mainly depends on the sizes of quaternary-alloyed nanocrystals, while
there is no alloying effect on the number of atoms. The empirical tight-binding (TB), modified virtual crystal
approximation (VCA) and configuration interaction (Cl) scheme are utilized as the atomistic modeling. Let us
start with the single-particle sspectra under various alloying compositions and diameters. For the
demonstration, Figure_1 displays the electron and hole energies of ZnHgi,Se,Siy quaternary-alloyed
nanocrystals as.a fumnction of contents (x and y) and diameters. The energies of e, states are slightly different
with those éf,e; and eaqstates. In addition, e3 and eq states are degenerate. This is due to the fact that these
states are mainly,fromyp orbitals. With the decreasing compositions (x and y), the energies of electron states
tend to,reduce butithose of hole states are mostly increased. In term of increasing diameters, the energies
of electronylevels are decreased, while those of hole levels are enhanced. To provide a very good description
of the optoelectronics properties, Figure 2 exemplifies the optical band gaps of ZnHg1,Se,S1y quaternary-
alloyed/nanocrystals under various elemental concentrations (x and y) and diameters. These calculations
show that it is probable to modify the band gaps by control of diameters and contents. With the reduction
of x and y contents, the optical band gaps tend to decrease. This can be attributed to the low HgS band gap
promoted in ZnHg1xSe,S1., quaternary-alloyed nanocrystals. In tight-binding model, the band gaps of ZnSe
and HgS semiconductor are 2.82 eV and 0.20 eV, respectively. The non-monotonic reduction of the optical
band gaps as the decreasing x and y compositions may be arisen from the non-linear tight-binding parameters
obtained by the virtual crystal approximation (VCA). The decrease of optical band gaps is displayed with the
growing diameters, as can be understood by the quantum confinement. In addition, we compare the band
gaps of our calculation results for the 4.00 nm nanocrystals with those obtained experimentally. Numerical

and experimental data appear to agree well for Zn.Hgi,Se,Siy, quaternary-alloyed nanocrystals. The

avanslag Aol Iermans un1ImeraeeuasIvel



xx | Journal of Science and Science Education Vol. 5 No. 1 (Jan - Jun 2022)

inconsistency may be occurred from the size dispersion in the experiment (Lan, et al., 2010). We reveal that
a visible spectral region can be achieved in ZnHgi1.Se,S1y nanocrystals by controlling diameters and alloying
concentrations (x and y), which is auspicious for photovoltaics and photosensor applications. Besides, 2D
charge densities of ground-state electron and hole in xy plane under different samples and diameters are
displayed in Figure 3 and 4, respectively. The charge densities of electron and hole are localized in the center
of ZnHg1xSe,S1y nanocrystals. The electron and hole charge densities of ZnHg1,Se,S1y nanocrystals with
diameter of 4.00 nm expansively more spread outward to the surface than those with diameter of 2.00 nm.
On the other hand, there is no dependence of elemental contents on the electron and hole charge densities.

Therefore, alloy compositions and diameters have been established as the key factors affecting qualitatively

the electronic structures of ZnHg1.Se,S1, quaternary-alloyed nanocrystals.

Table 1 The number of atoms in each Sample
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Figure 1 Single-particle spectra’of quaternary-alloyed ZnyHgi.Se,S1.y nanocrystals under different samples

Figure 2 Optical band gaps of quaternary-alloyed Zn,Hg:Se,S1, nanocrystals under different samples and
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diameters. The experiment was carried out by Lan et al. (Lan, et al., 2010)
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Figure 3 Electron charge densities of quaternary-alloyed ZnﬁMLy nanocrystals under different

samples and diameters in xy plane. Circles represe e nanocrystals. The charge density levels are
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Figure 4 Hole charge densities of quaternary-alloyed ZnHg1.Se,S1y nanocrystals under different samples

and diameters in xy plane. Circles represent the nanocrystals. The charge density levels are chosen as 0.70

of the maximum probability density.

avanslag Aol Iermans un1ImeraeeuasIvel



xx | Journal of Science and Science Education Vol. 5 No. 1 (Jan - Jun 2022)

Likewise, the first electron-hole wave function overlap is performed to detect changes in the
excitonic splitting in quaternary-alloyed Zn.HgixSe,S1y nanocrystals (Efros, et al., 1996). The overlaps of the
ground-state electron-hole wave functions directly depend on the splitting of the excitonic states. The

overlaps of the ground-state electron-hole wave functions equate to <‘Ph:1“l’°:1> where ¥ and " are

the ground electron and hole wave function. Taking the elemental contents (x and y) and diameters into
account, the ground electron and hole wave function overlaps are showed in Figure 5. The overlaps of ground
electron and hole wave functions are gradually reduced with the decreasing alloy contents (x and y), while
those are increased greatly with the decreasing diameters. These behaviours can be clarified by 2D charge
densities of ground-state electron and hole in Figure 3 and 4. This tendency will describe the behaviours,of
the excitonic splitting in the succeeding. The next goal is an attempt to answer the key question related to
optical properties in the existence of the alloy contents and sizes. Figure 6 displays the ground-state oscillator

strengths of quaternary-alloyed ZnsHgi,Se,Si, nanocrystals with different compositions (x,and y) and

2
x(E, —Egh. M, is the free-

2My ~ =
diameters. The ground-state oscillator strength is computed via h_20|e[Deh

electron mass. E, and E, are the ground electron and hole energies, reSpectivelymThe vector of the
polarization (&) in the xy plane [110] is used. Dij are the dipole moments between, sround-state transition.

There is a drastic increase in the oscillator strengths with the decreasing @lemental compositions (x and y)
and increasing diameters. Therefore, the optical effectivenessdsypromoted in Zn-rich and Se-rich ZnHg1.S5e,S1-

v nanocrystals with a large diameter, hence deserving for the optoeleetronic devices.
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Figure 5 Ground, electron-hole wave function overlaps of quaternary-alloyed Zn.Hg1,Se,S1, nanocrystals

under different samples and diameters.
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Figure 6 Ground-state oscillation strengths of quaternary-alloyed ZnHgi,Se,S1., nanocrystals under

different samples and diameters.
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It is also enlightening to look at the influence of diameters and compositions (x and y) on the
atomistic electron-hole interactions. The description of coulomb and exchange integrals calculated from the
tight-binding wave functions is described in more detail in these papers (Sheng, et al., 2005; Schulz, et al,,
2006; Zielinski, et al., 2010). The energies of ground-state coulomb and exchange interaction under different
diameters and alloy contents (x and y) are schemed in Figure 7 and 8, respectively. With the increasing
diameters, the energies of electron-hole coulomb interaction are decreased. This means that the weak
confinement of electron-hole pair is realized in the large nanocluster. There is no perturbation of electron-
hole coulomb interaction by the alloy contents. To analyze the electron-hole exchange interaction under
structural parameters, let us first move back to the intersection of the electron-hole wave function and utilize
them to describe this tendency. The exchange interaction between electron-hole pair is decreased with the
growing diameters owing to the pattern of the electron-hole wave function overlaps. Additionhally) the
energies of this interactions are gradually decreased with the reduction of alloy contentstbecause of the
configuration of the electron-hole wave function overlaps. The behaviours of thepexcitonic splitting is
explained by the exchange interaction between electron-hole pair subsequentlysfThese computations
illuminate that these structural constraints are the key factors to qualitatively analyze the‘atomistic electron-
hole interactions.

450
%‘ 400 -
= ——D_=2.00nm
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& 350
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" — o o
300 1 — : . .
1 9 3 4
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Figure 7 Electron-hole coulomp energies of quaternary-alloyed Zn,Hg:,Se,S1y nanocrystals under different

samples and diameters.
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Figure 8 Electron-hole exchange energies of quaternary-alloyed ZnHg1.Se,S1.y nanocrystals under different

samples and diameters.
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As mentioned in the introduction, the applications of the quaternary-alloyed Zn.Hgi.SeySi.,
nanocrystals are also presented. The polarization-entangled photon pairs were initially proposed by Benson
et al. (Benson, et al., 2000) using the biexciton (XX) — exciton (X) —> ground state (0) cascade process. In
the presence of the anisotropic electron-hole exchange interaction, the splitting of the exciton states (X) is
presented. The splitting between the dark and bright excitonic energies, namely stokes shift, is instigated for
the optical filters (Butler, 2011). The splitting between these bright excitonic states, called fine structure
splitting, terminates the entangled photon generation. These splittings of excitons are directly proportional
to the electron-hole exchange interaction. Understanding the physical mechanisms of the bright excitonic
splitting is thus indispensable for quantum technology. According to the literature, there has been neither
theoretical nor experimental work done in the quaternary-alloyed Zn,Hg1.SeyS1., nanocrystals. Solving by the
configuration interaction method (Cl), the two-body Hamiltonian is extended in a product of electronzhole
configurations from 12 lowest single particle electron and hole levels with spin-up and «down components.
The dark-bright (stokes shift) and bright-bright (fine structure splitting) excitonic splitting “of ZnHgi«Se,Si.y
nanocrystals are displayed as a function of diameters and alloy content (x and.y)"in Figure 9 and 10,
respectively. The splittings of excitons are inversely relational to the diameters dué to the exchange
interaction between electron-hole pair. The excitonic splittings are reddcediwhen, the alloy contents are
decreased, described by the outcomes of the electron-hole exchange interaction, On the Hg- and S-rich side,
the reduced fine structure splitting is realized as a key prerequisite for efficient entangled photon pair
generation. On contrary, the pronounced stokes shift is presentediingthe Zn- and Se-rich side, introducing the
pathway for the excellent optical filters. Under the optimized structural parameters, vanishing bright exciton
fine structure in ZnHgiSe,S1y, quaternary-alloyed nanoctystals may have the applications in entangled
photon generation, whereas the enlargement of stokes shift. may allow for efficient utilization of optical filter.
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Figure 9 Dark:-bright exciton splitting of quaternary-alloyed Zn,Hg1,Se,S1., nanocrystals under different

samples and diameters.
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Figure 10 Bright-bright exciton splitting of quaternary-alloyed Zn.Hg:,Se,S1y nanocrystals under different

samples and diameters.
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4. Conclusion

Inspired by such techniques, the atomistic tight-binding calculations of the electronic structures and
optical properties in the quaternary-alloyed Zn,Hgi.Se,Si, nanocrystals with synthesized parameters are
demonstrated. These calculations point out that it is in principle possible to tailor the natural properties of
these alloy nanocrystals by the control of diameters and elemental compositions. The optical band gaps
corresponding to the visible wave lengths are manipulated by changing the diameters and alloy contents (x
and y), which is promising for photovoltaics and photosensor implementations. The good consistency of
optical band gaps between the atomistic tight-binding approach and experiment is successfully realized.
Theoretical modeling underlines that the energies of ground-state electron-hole coulomb and éxchange
interaction depend on the diameters and elemental compositions. The splittings of excitonic states are
inversely proportionate to the diameters, whereas those are directly proportional to the allgy compositions.
The excitonic fine structure splitting on the Hg- and S-rich side of ZnHg1Se,S1., nanocrystals‘issreduced, thus
introducing to a good candidate for generation of quantum entanglement. The stokésrshiftiis enhanced on
the Zn- and Se-rich side of Zn,Hg1x5e,51y nanocrystals, implementing for the optical filters. Finally, these
insights will be crucial in supporting the design of optoelectronic nanodevices and enabling the capability to
accurately forecast the generation of polarized photon entanglement in the active pitch of quantum

technology.
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