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Effect of nitrogen impurities on ZnS polymorphism
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The ZnS polymorphs – sphalerite and wurtzite – have the very close formation energies, setting their coexistence in nature. Moreover,

numerous cases of a disordered phase formation based on these polymorphs have been registered. However, sphalerite is a common mineral,

while wurtzite is rare. Perhaps the wider distribution of sphalerite can be explained by means of stabilizing effect from impurities. In this paper,

the most stable form and the localization of nitrogen impurities in both ZnS polymorphs is screened using the methods of quantum chemistry.

The influence of impurity on polymorphic wurtzite-sphalerite equilibrium is disclosed. According to the obtained results, the introduction of

nitrogen impurities facilitates the domination of sphalerite over wurtzite.
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1. Introduction

In natural deposits, zinc sulfide occurs in the form of two polymorphs: sphalerite and wurtzite. Sphalerite
is a more common mineral, while wurtzite is less frequent. Sphalerite is also predominant in ZnS of biogenic
origin [1, 2]. Wurtzite is a high-temperature phase formed from sphalerite when heated to 1020 ◦C [3]. The
phase transition temperature can be significantly reduced by reducing the size of ZnS samples to nanoscale [4] or
bringing sphalerite nanoparticles into contact with wurtzite-like ZnO nanoparticles [5]. According to theoretical
estimations, the difference in the formation energies between wurtzite and sphalerite ZnS is negligibly small
(∼ 3.25 meV/atom) [6]. Both phases can be obtained with different degree of phase purity in the lab, depending
on the conditions of synthesis [7–9]. In addition, there are examples of the formation of numerous intermediate
polytypes and disordered structures, which can be derived from the wurtzite and sphalerite polymorphs [10]. The
structures of disordered phases can be described as violations of the ZnS layers’ alternation along the c direction of
the hexagonal wurtzite lattice. The phase of wurtzite corresponds to the layers’ alternation A–B–A–B–A–B along
vector c, while sphalerite is formed by alternating A–B–C–A–B–C.

All factors affecting the formation of a particular ZnS phase in a solvent medium have not been fully identified,
yet. The addition of the tetrabutylammonium hydroxide modifier to the alcohol solution leads to the formation
of wurtzite, whereas sphalerite was mainly formed without the modifier [9]. This result was attributed by the
authors [9] to the higher modifier adsorption energy on the crystal seed of the wurtzite phase. A mechanism
for the ZnS crystal seed formation in water was proposed, relaying on the molecular mechanics calculations and
suggesting a higher stability of sphalerite seeds [11]. Other molecular dynamics studies show that wurtzite ZnS
in vacuum is more stable in a nanoscale form [12], while wetting the surface with water leads to stabilization of
sphalerite. A previous study [2] assumes that the interaction between the surface of biogenic ZnS nanoparticles
with some peptides may contribute to the formation of a crystal with fewer defects due to a decrease in the polarity
of the ZnS crystal surface. All these facts indicate a significant role of surface interactions in the formation of a
ZnS crystalline structure of one or another type.

Impurities within the bulk are another factor that may have a significant impact on the stacking order of the
ZnS layers. It was assumed in the past that under normal conditions another ZnS polymorph (matraite) could form
in addition to sphalerite and wurtzite [13]. Currently, the matraite is identified as (111)-twined sphalerite [14],
which twinning is likely forced by the admixtures of Fe, Mn, Cu, and In – the elements proned to accumulation in
(111) plane of growing sphalerite. The role of Cu and In admixtures in ZnS was investigated [15]. It was shown
that the concentration of these elements is higher in sphalerite than in wurtzite. Presumably, a higher concentration
of Cu and In in the cubic lattice of sphalerite is associated with a greater symmetry similarity between the sphalerite
and the CuInS2 structure. Meanwhile, GaN has a structure similar to ZnS and is stable in the wurtzite phase. It
was previously shown that the appearance of the sphalerite phase fragments within wurtzite GaN arose as a result
of the introduction of a Zn impurity [16].
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ZnS ores contain a large amount of various impurities. Namely, the traces of the following elements were
found in samples of sphalerite: As, Sb, Bi, Sn, Ge, In, Mo, Pb, Cd, Fe, Mn, Cu, Hg, Ni, Co, Ag, Tl [17, 18].
Often, the mineral ZnS is accompanied by sulfides of iron, copper, lead and cadmium, which can both lower and
increase the concentrations of individual impurity elements due to their redistribution [15, 17]. An impurity of N
and C attributed to peptides was found in the biogenic samples of ZnS [19]. Many attempts have been undertaken
to introduce a variety of dopants into synthetic ZnS: Mo [20], Ni [21], Sn [22], Cu [23, 24], Mn [23], N [25, 26],
C [25], etc. The effect of these impurities on the formation of the ZnS crystal lattice remains often unknown and
requires further research.

We have previously demonstrated that the O impurity replacing the S atoms has no significant effect on the
mutual thermodynamic stability of the wurtzite and sphalerite phases, as well as of their mixed polytypes [27]. Here,
the quantum chemistry method is employed to perform a comparative analysis of the chemical form, localization,
and energy difference of the N impurity hosted at sphalerite and wurtzite lattices.

2. Computational details

The self-consistent-charge density-functional tight-binding method (DFTB) was used [28, 29]. This is an
approximate method based on the density functional theory (DFT), enabling one to simulate the considerably
large supercells. Hence, a low content of impurity within a periodic crystal can be studied, eliminating any
spurious interaction between mirror images of the impurity atoms. A complete relaxation of the atomic positions
and the optimization of lattice parameters were carried out, employing the periodic boundary conditions in Γ-
point approximation as implemented in deMon program [30]. The 3OB-3-1 parametrization set of Slater-Koster
parameters for description of all interatomic interactions was employed [31, 32]. In addition, the main conclusions
of our study were confirmed by calculations on the DFT-GGA level using the SIESTA software package [33].

Extended 3a × 3a × 3a sphalerite and 3a × 3
√
va × 3c wurtzite cells consisting of 216 atoms were used as

the basic models. The admixture of nitrogen was introduced into these cells after complete optimization of their
geometry. Nitrogen was represented as one of three chemical species: an atom impurity N, molecular ammonia
NH3 or ionic ammonium NH4. An impurity was hosted instead of the Zn or S single atoms as well as at the
tetrahedral interstitial voids formed by four Zn or four S atoms. The octahedral voids in wurtzite were also
considered. Different dispositions of the H atoms in the complex impurities (NH3 and NH4) relative to a ZnS
crystal lattice were also taken into account. In a number of models, the possibility of a Zn or S vacancy near an
impurity was considered as well as the introduction of additional H atoms with the formation of SH groups near
an impurity. Hereafter, the only relaxation of atomic positions in the designed models of defective crystals was
carried out, while the values of translation vectors were maintained the same as for the pristine model of ZnS. The
thermodynamic stability of the models and the study of their electronic properties were performed after optimizing
the model geometry.

Molecular dynamics (MD) simulations at the same DFTB level were used to confirm the kinetic stability of
the most thermodynamically stable impurity defects. MD simulations have been performed using deMon code as
for canonical ensembles (NVT). The annealing temperature was set to 100 K or 300 K. In all simulations, the
temperature was controlled by global Berendsen thermostat with the time constant 100 fs. The MD trajectories
were collected during the time interval of ∼ 25 ps with the time step 0.1 fs.

Rendering of atomic structures and MD trajectories was performed using VMD software [34].

3. Results and discussion

3.1. Thermodynamic stability

According to the results obtained by DFTB, sphalerite is slightly more stable than wurtzite by only 0.2
meV/atom. DFT calculations indicate a larger difference in energies (1.3 meV/atom), which is closer to the
result 3.25 meV/atom in [6]. In any case, such tiny differences may be attributed to a numerical error during
computations.

An estimation of the thermodynamic stability of nitrogen impurity defects was performed according to the
formation energies of nitrogen impurity defects in sphalerite or wurtzite (Ef , eV). The latter was calculated on the
basis of DFTB simulations with respect to the pristine sphalerite crystal and the molecular species S8, N2, NH3

and H2 according to the following formula:

Ef = Emod ·N − EZnS · 2NZn − ENH3 · 4NN − ES8 · (NS −NZn)− EH2 · (NH − 3NN ),
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where Emod is the total energy of a model with a defect (eV/atom); N is the total number of atoms in a model;
EZnS , ENH3, ES8, EH2 are the total energies of sphalerite, NH3, S8, and H2, respectively, given in the eV/atom;
NZn, NS , NN , NH are the numbers of Zn, S, N and H atoms that make up the model (N = NZn+NS+NN+NH ).

The four types of the most stable nitrogen impurity defects in ZnS are listed in Table 1 and their consequence
turns out to be similar for both sphalerite and wurtzite. The fifth possible defect in the rank is different: in
sphalerite it is the introduction of NH3 into the tetrahedral void formed by Zn atoms, while in wurtzite it is the
introduction of NH3 into the octahedral void formed by S atoms. The most stable state of nitrogen in both ZnS
polymorphs is the substitution of one ZnS unit by NH4SH unit. Its formation energy in sphalerite is found to be
0.54 eV lower, than in wurtzite. All the following defects in Table 1 demonstrate the same pattern: the appearance
of nitrogen impurity in sphalerite is energetically more beneficial than in wurtzite. However, the relative difference
between the same types of defects in the ZnS polymorphs increases, approaching 1 eV.

TABLE 1. The rank of the most thermodynamically stable models of nitrogen impurity defects
in ZnS crystals. DFTB calculations

No. Defect description Defect formation energy, eV

sphalerite wurtzite

I replacement of a ZnS unit on NH4HS unit −0.19 +0.35

II substitution of a Zn atom on NH4 +0.72 +1.75

III replacement of a ZnS unit on single NH3 molecule +1.82 +2.86

IV substitution of a Zn atom on molecular NH3 +1.82 +2.88

The difference between the formation energies of the same nitrogen impurity defects either in sphalerite or in
wurtzite was confirmed by additional DFT calculations of the models I (Table 1) distinguished as the most stable
defect type. The difference between the total energies of single defect in these models was estimated as 0.34 eV
according to the DFT results, which is well comparable to 0.54 eV after DFTB calculation.

The simple substitution of an atom in a ZnS crystal for a single N atom impurity appears as the most unstable
defect; e.g., the most stable model among these variants is the substituition of S atom by N with Ef 6.33 and 7.35
eV for sphalerite and wurtzite, respectively. The appearance of vacancies near an atomic N impurity leads only to
further destabilization of the sphalerite and wurtzite lattices.

3.2. Kinetic stability

Molecular dynamics (MD) simulations were used to study the kinetic stability of three types of defects (I–III,
Table 1) hosted in both sphalerite and wurtzite. The collection of the main results can be viewed at the links [35].

MD simulation of the model I from Table 1 was carried out at 300 K for sphalerite and at 100 and 300 K for
wurtzite. This defect in the sphalerite crystal undergoes reversible changes: the NH4 group decomposes to NH3

molecule and H that forms the secondary SH group. The resulting NH3 molecule is coordinated on the nearest Zn
atom. Afterwards, the ammonium recombines. The same defect in the wurtzite crystal undergoes similar processes
at 300 K, but ammonium recombination is not observed (Fig. 1). The defect is stable only at 100 K, where the
decay of NH4 is not observed.

Model II from Table 1 was investigated at 100 and 300 K for sphalerite and at 100 K for wurtzite. The defect
in sphalerite is subject to reversible decomposition into NH3 and SH at 100 K and irreversible decomposition
at 300 K. Released NH3 molecule binds to one of the Zn atoms. Hence, the initial structure of this defect is
kinetically unstable. This defect in wurtzite also disintegrates already at 100 K.

MD simulations of model III from Table 1 at T = 300 K in both sphalerite and wurtzite demonstrate its kinetic
stability. Molecular ammonia coordinates alternately at neighboring Zn atoms with dangling bonds.

Thus, single-type defects in wurtzite and sphalerite crystals exhibit similar kinetic stability. Replacement of a
ZnS unit by a NH4HS unit or by a single NH3 molecule leads to the formation of a kinetically stable defect. The
defect in which the Zn atom is replaced by single ammonium is kinetically unstable and prone to decomposition
into NH3 molecule and H joining the S atom.
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FIG. 1. Optimized model of the most thermodynamically stable nitrogen impurity defect (re-
placement of a ZnS unit on NH4HS unit) in wurtzite (on the left) and the results of its MD
simulation at T = 300 K (on the right, see also the supplementary movies 1 and 2 [35]). Atom
color coding: Zn – gray, S – yellow, N – blue, H – white

3.3. Electronic properties

The electronic properties of sphalerite and wurtzite ZnS pristine crystals, as well as crystals containing various
nitrogen impurity defects, were investigated using the DFTB method. The plots of the electron densities of states
(DOS) for wurtzite crystals are given in Fig. 2. DOSs of sphalerite crystal with similar types of defects have the
same appearance.

FIG. 2. Total and partial densities of states (DOS) for the wurtzite ZnS perfect crystal (a) and for
the wurtzite ZnS crystal with different defects: replacement of a ZnS unit on NH4HS unit (b),
substitution of a Zn atom on NH4 (c) substitution of a Zn atom on molecular NH3 (d) (models I,
II and IV in Table 1, respectively)

The sphalerite and wurtzite are semiconductors with the fundamental band gaps (Eg) equal to 3.73 and 3.80 eV,
respectively (Fig. 2(a)). These values are in good agreement with the experimental data of 3.68 and 3.91 eV [36].
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The valence band of both crystals is formed predominantly by S3p states, and the bottom of conduction band by
Zn4s states.

Replacement of single ZnS unit by NH4HS (model I, Table 1) leads to the splitting of a part of the localized
Zn4s states from the bottom of conduction band (Fig. 2(b)). Similar changes in DOS occur for the introduction of
the NH3 molecule at the tetrahedral void formed by four Zn and for the substitution of a ZnS unit on single NH3

molecule (model III, Table 1).
Substitution of a Zn atom on NH4 (model II from Table 1) leads to a shift of the Fermi level (EF ) to the

edge of the valence band (Fig. 2(c)), which is characteristic for a p-type semiconductor. DOS near EF are formed
predominantly by S3p states. Similar changes in DOS can be observed for other unstable defect – the replacement
of one atom S by atom N which agrees with the earlier DFT study [37].

Substitution of a Zn atom on NH3 molecule leads to a new state located within the fundamental band gap
(Fig. 2(d)). This state is formed mainly by S3p and N2p orbitals. Orbitals’ visualization of the electron wave
function isosurfaces reveals that this state is strongly localized (Fig. 3), hence, it cannot lead to a decrease of the
value Eg .

FIG. 3. Orbitals visualization of the electron wave function isosurface for the states located
within the fundamental band gap of the model IV (Table 1). Color coding: Zn – gray, S – yellow,
N – blue, H – green

4. Summary

A comparative analysis of the most stable form and the localization of nitrogen impurities in sphalerite
and wurtzite ZnS crystals has been carried out using DFTB method. The effect of impurities on polymorphic
equilibrium in ZnS is considered. It was found that the most stable type of N impurity, irrespective of the ZnS
polymorph, is the substitution of one ZnS unit on NH4SH. However, the thermodynamic stability of this defect
depends on the ZnS polymorphism. The rise of this defect in the ZnS lattice leads to the removal of enthalpy
degeneracy of wurtzite and sphalerite in favor of the latter. Perhaps, this effect may also be caused by other
impurities, which would explain the wider distribution of sphalerite in nature.

Various types of N impurities modify differently the band gap of ZnS polymorphs. The most stable substitu-
tional defect – the NH4SH unit – may lead to a slight narrowing of the band gap.
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