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Controlling the electronic and optical properties of
HfS, mono-layers via lanthanide substitutional

doping: a DFT+U study

K. O. Obodo, 2 G. Gebreyesus,*® C. N. M. Ouma, < J. T. Obodo,? S. O. Ezeonu,®

D. P. Rai’ and B. Bouhafs?®

Two dimensional HfS; is a material with potential applications in the field of photo-catalysis and advanced
solid state devices. Density functional theory with the Hubbard U parameter (DFT+U) calculations were
carried out to investigate the structural, electronic and optical properties of lanthanide dopant atoms
(LN = La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) in the HfS, mono-layer. The
calculated electronic band gap for a pristine HfS, mono-layer is 1.30 eV with a non-magnetic ground
state. The dopant substitutional energies under both Hf-rich and S-rich conditions were evaluated, with
the S-rich condition for the dopant atoms being negative. This implies that the incorporation of these LN
dopant atoms in the HfS; is feasible and experimental realization possible. The introduction of LN dopant

atoms in the HfS, mono-layer resulted in a significant change of the material properties. We found that

the presence of LN dopant atoms in the HfS, mono-layer significantly alters its electronic ground states

by introducing defect states as well as changes in the overall density of states profile resulting in
a metallic ground state for the doped mono-layers. The doped mono-layers are all magnetic with the
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exception of La and Lu dopant atoms. We found that LN dopant atoms in the HfS, mono-layer influence

the absorption and reflectivity spectra with the introduction of states in the lower frequency range (<1.30
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1 Introduction

The study of 2D materials has exploded in recent times after the
discovery of graphene."” Other 2D materials have been studied
both theoretically and experimentally in search of materials
with superior or similar properties to graphene.>*® These 2D
materials offer unique and exotic properties due to their
reduced dimensionality associated with quantum confinement
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eV). Furthermore, we showed that the applicability of doped HfS, mono-layers as photo-catalysts is very
different compared with the pristine HfS, mono-layer.

compared to their 3D counterparts. Amongst these class of 2D
materials is the 2D transition metal dichalogenides (TMDCs)
with chemical formula MX, (where M = Ti, Mo, Nb, W, Hf, Re,
etc. and X = S, Se and Te). Their electronic character can be
metallic, half-metallic, semi-conducting, insulating, etc.**'®*
Based on the various electronic characteristics, this group of
materials could be applicable for electronic, optical, spintronic,
catalytic, and optoelectronic devices, etc.

HfS,, a TMDC with promise for low power nano-electronics,
high-sensitivity optoelectronic device applications, electron
devices as a transistor, with ultra-high photo-responsivity and
catalysis properties etc.?**' The application of HfS, as a field
effect transistor with Ti/Au contacts has been shown to have
good electronic characteristics.> Also, it was demonstrated that
HfS, has strong current saturation, a high on/off ratio, high
carrier injection as well as high transport efficiency.”” The
presence of lattice imperfections such as O substitution of S or S
deficient HfS,, can affect its use as a field effect transistor. This
is because an increased band gap with changes in the electron
effective mass and formation of strong Hf-O bonds occurs.***
Yue et al’* demonstrated the use of HfS, multi-layers for
molecular detection with the aid of Raman intensities using
theoretical and experimental approaches. The presence of
excitonic effects in 1T-HfS, was also evaluated by combining

This journal is © The Royal Society of Chemistry 2020
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electron energy-loss spectroscopy and computational
methods.* Ibanez et al*® showed that the validity of HfS,
calculated properties is strongly influenced by the theoretical
method applied. In their study, reasonable agreement was ob-
tained using the generalized gradient approximation (GGA)
exchange-correlation functional with the inclusion of van der
Waals (vdW) interactions.

The presence of dopant metal atoms has been shown to
effectively modify the electronic and magnetic properties of
various 2D TMDCs*"*® as well as other 2D materials.'>** Zhao
et al. introduced transition metal dopant atoms into HfS,
mono-layers and showed that these dopant atoms can be stably
incorporated with magnetism induced by the V, Cr, Mn, Fe, Co
and Cu dopant atoms. Also, Feng et al** showed that the
magnetic properties of MoS, mono-layers are modified by Fe-Xg
(X =S, C, N, O, F) clusters. Obodo et al.*®* and Obodo et al.*
investigated lanthanide and transition metal dopant atoms in
the ReS, and ReSe, mono-layer, respectively, and showed that
the magnetic characteristics are significantly altered resulting
in different ground state configuration with potential applica-
tions in spintronic devices.

Thus, the current study uses density functional theory (DFT)
with the generalized gradient approximation (GGA) for the
exchange-correlation functional plus Hubbard U correction
(DFT(GGA)+U) to study the pristine and doped HfS, mono-
layers. The present contribution considers the effect of
substituting in lanthanide (LN = La, Ce, Pr, Nd, Pm, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb and Lu) dopant atoms on the structural,
electronic, magnetic, optical and photo-catalytic properties of
HfS, mono-layers. Different substitutional dopant atoms in the
HfS, mono-layer resulted in different electronic and optical
characters, which is further described in the manuscript.

2 Computational details

Spin polarized DFT(GGA)+U calculations*™** for the 1H-HfS,
and LN doped mono-layers were carried out as in the CASTEP**
code. The Generalized gradient approximation based on the
PBE approach was applied for the exchange-correlation func-
tional.* The total energy calculations for the pristine and doped
HfS, mono-layers were carried out using the adequately
converged energy cut-off of 600 eV. The Hubbard U correction
was introduced to account for the electron-electron correlations
due to the presence of LN atoms with unfilled 5f orbitals. The
optimized U-parameter of 6 eV presented in the CASTEP code
was used.

The HfS, unit cell mono-layer considered consists of one Hf
and two S atoms. Next, a 4 x 4 x 1 super-cell of the HfS, unit
cell mono-layer (with 48 atoms, where Hf = 16 atoms and S = 32
atoms) was used to evaluate the presence of LN dopant atoms in
HfS, mono-layers. The LN substitutional doping, which entails
replacing one Hf atom with an LN atom (as shown in Fig. 1) was
carried out. The Monkhorst-Pack k-point mesh was set to 12 X
12 x 1 (2 x 2x 1) for the pristine HfS, unit cell (super-cell and
doped configurations). The geometric and ionic position of the
unit cell was maintained until the forces acting on each atom
were less than 10 % eV A™! and 1077 eV for the total energy
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Fig.1 Schematic of the top (top) and side (bottom) view of (a) pristine
and (b) doped HfS, mono-layer crystal structures. The blue, gold and
black circles represent the Hf, S and LN atoms, respectively. The
measured bond length is indicated as din-s.

convergence. An optimized vacuum distance of about 18 A was
set to prevent out of plane periodic image interactions of the
pristine HfS, unit cell (super-cell and doped configurations).
For the super-cell and doped configurations, only the ionic
positions were relaxed, using the same convergence criteria as
the unit cell. A more refined Monkhorst-Pack grid of 24 x 24 x
1 (4 x 4 x 1) was used to evaluate the electronic and optical
properties of the HfS, unit cell (super-cell and doped configu-
rations) mono-layer.

3 Results and discussion of pristine
and lanthanide metal atom-doped HfS,
mono-layers

3.1 Structural properties and stability

HfS, mono-layer crystallizes in a triclinic structure with the
P3m1 space group symmetry as shown in Fig. 1. This has been
shown to be dynamically stable with no negative phonon
modes.*® The structure has Hf atoms sandwiched between two
layers of S atoms. The Hf atom is octahedrally coordinated with
the S atoms. The theoretically optimized lattice parameters for
the HfS, unit cell are @ = b = 3.6501 A. These calculated lattice
parameters are consistent with previous studies.'** The super-
cell lattice for the 6 x 6 x 1 HfS, mono-layer are a = b = 14.6003
A.

To determine the likelihood of substituting Hf atoms with
the various LN metal atoms in the HfS, mono-layer lattice, the
dopant substitution energy (Eg,p) was calculated. Egyp, is the
amount of energy required to substitute a host ion with the
dopant ion. This was determined using eqn (1), similar to 18,
which is analogous to the Zhang-Northrup approach for
calculating defect formation energies.*

Esub = Edoped - Epristine - (,uLN - :qu)s (1)

where Eqopeq and Epristine are the total energies of the doped and
pristine super-cells, respectively. uyn and uyf are the chemical
potentials of the LN dopant atoms and Hf atom, respectively,
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obtained from their respective bulk phases. The presence of
secondary phases in the determination of the chemical potentials
was not considered. This is consistent with previous studies on
2D systems,” and simplified the exigent calculations. Two
synthesis conditions are considered due to the dependence of the
dopant substitutional energy on the environment. These two
cases are the Hf-rich and S-rich conditions. The uys under the Hf-
rich (S-poor) condition is obtained as the total energy of a single
Mo atom in the bulk phase, and under S-rich (Hf-poor) condi-
tions, upsr= AEf — 2 X ug. The bulk phase of the S system is taken
to determine its chemical potential. The dopant substitutional
energies obtained using eqn (1) under Hf-rich and S-rich (Hf-
poor) conditions are presented in Table 1. The LN atoms
substituting Hf in the HfS, mono-layer are found to be highly
favourable under S-rich (Hf-poor) conditions compared with the
Hf-rich condition. This is due to the generally lower Eg,, for all
the considered dopant atoms. However, the Tb, Dy and Ho
dopant atoms in the HfS, mono-layer with Eq;, of —0.74, —0.67
and —0.60, respectively, are favourable in the Hf-rich condition.

The bond length and percentage average change of the bond
length for the pristine and LN doped HfS, super-cells are pre-
sented in Table 1. Moving along the LN series, the LN atomic
size decreases. This phenomenon is referred to as lanthanide
contraction and can influence the properties of materials with
LN atoms. The change in bond length for LN doped HfS, mono-
layers does not follow the above stipulated trend in the current
investigation. The full understanding of the LN phenomenon
was not further investigated. The average percentage change in
the bond length of the doped mono-layers in comparison with
the pristine HfS, mono-layer ranges from 1.14% to 8.23% for
the Dy and Pm doped mono-layers, respectively. A positive
(negative) percentage change implies that substitutional doping
would result in an outward (inward) movement of the
surrounding S atoms. The Pm doped HfS, mono-layer showed
the maximum outward movement of the surrounding S atom
with consequent elongation of the Pm-S bond lengths.

View Article Online
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Generally, the presence of LN dopant atoms in the HfS, mono-
layer results in minute %Ady;_s, which has a localized effect in
the overall mono-layer. Thus, the introduction of LN dopant
atoms in the HfS, mono-layer results in minimal lattice
distortion.

The presence of LN atoms as substitutional dopant atoms was
found to change the ground state of the HfS, mono-layer from
non-magnetic to magnetic for some of the LN dopant atoms
considered, as presented in Table 1. The inclusion of a single
dopant atom in the HfS, mono-layer can lead to either a non-
magnetic or magnetic ground state (ferromagnetic). The total
magnetization obtained for the pristine HfS, mono-layer, and La
and Lu doped-HfS, lattices, are zero (0 up). These mono-layers are
non-magnetic mono-layers. The other considered LN dopant
atoms in HfS, lattices resulted in a magnetic ground state with
varying strength as shown in Table 1. We found that the LN
dopant atoms with incomplete 4f electrons in their outermost
shell give rise to a magnetic ground state, whereas those with
completely filled 4f electrons or 5d electrons in the outermost
shell were found to be non-magnetic. This is in-line with the
general assumption that dopant atoms with 4f electrons in their
outermost shell are ferromagnetic with paramagnetism found for
those with 5d electrons in their outermost shell. This is consis-
tent with previous investigations."**®* Thus, these LN dopant
atoms could result in the creation of a dilute magnetic nano-
layered structure. This magnetic character is further elucidated
in Section 3.2 using density of states calculations.

3.2 Electronic properties

The electronic structure of the doped system was investigated
and compared to that of the pristine system to gain insight into
the nature of impurity states. The calculated density of states
profile for the pristine and LN doped HfS, are presented in
Fig. 3. The calculated band gap within the GGA-PBE approxi-
mation using ultra-soft pseudo-potential is found to be 1.30 eV,

Table 1 The electron configuration (EC) of the lanthanide atoms, bond length between lanthanide atom and sulphur atom (dm-s), the
percentage change in the bond length (%Adw_s), the calculated total magnetic moment (M), formation energy under the Hf and S-rich conditions
i.e. Ext_ricn and Es_ich, respectively, the defect level/electronic band gap (BG), the work function (¢) and percentage change in the work function

(%Ag) for the considered LN doped HfS, mono-layers

Structures EC duvi-s ([i) %Adys M (ug) Enitricn (€V) Esrich (€V) BG (eV) ¢ (eV) %A

Hf [Xe]6s>4f"*5d> 2.551 0.00 0.00 —4.69 1.30 6.12 0.00
La [Xe]6s®5d" 2.751 7.84 0.00 1.51 -3.18 0.00 5.87 —4.00
Ce [Xe]6s®af's5d" 2.688 5.37 0.92 1.89 —2.80 0.00 6.28 2.70
Pr [Xe]6s®4f? 2.721 6.66 2.01 1.80 —2.89 0.00 6.32 3.26
Nd [Xe]6s®af* 2.726 6.86 3.01 0.47 —4.22 0.00 6.40 4.62
Pm [Xe]6s*4f® 2.761 8.23 3.95 2.42 —2.27 0.00 5.91 —3.46
Sm [Xe]6s4f® 2.724 6.78 4.87 1.32 —3.37 0.00 6.02 —~1.60
Eu [Xel6s4f” 2.742 7.49 5.84 3.55 -1.13 0.00 6.27 2.45
Gd [Xe]6s4f® 2.724 6.78 6.98 1.63 —3.06 0.00 6.04 -1.23
Tb [Xe]6s*af’ 2.615 2.51 7.00 —-0.74 —5.43 0.00 6.37 4.15
Dy [Xe]6s>af™® 2.580 1.14 5.02 —0.67 —5.36 0.00 6.25 2.14
Ho [Xelos*af'! 2.629 3.06 3.99 —0.60 —5.29 0.00 6.36 3.97
Er [Xe]6s>4f" 2.676 4.90 3.02 1.32 —3.37 0.00 6.35 3.84
Tm [Xe]6s*af*? 2.663 4.39 2.01 1.76 —2.93 0.00 6.34 3.53
Yb [Xe]6s*af™ 2.670 4.66 1.02 2.53 —2.16 0.00 6.36 3.87
Lu [Xel6s*af**5d" 2.646 3.72 0.00 0.56 —4.13 0.00 5.91 —-3.37
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Fig. 2 Calculated total magnetic moment (Mag in ug) and the work
function (WF in eV) as a function of the lanthanide dopant atoms in
HfS, mono-layers.

whereas that of the norm-conserving pseudo-potential is
1.36 eV. This is consistent with other studies.”** The calculated
pristine HfS, mono-layer shows that the top of the valence band
(VB) is dominated by the p states while the bottom of the
conduction band (CB) is dominated by the d state. There is

View Article Online
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marginal contribution from the s-orbitals around the Fermi
energy level for the pristine HfS, crystal structure. The impli-
cation from the DOS is that the hybridization of electrons
around the Fermi-level is mainly from the p and d states with
the s and f states contributing towards deep-lying and high-
lying states in the VB and CB, respectively, for the pristine
HfS, mono-layer. The deep-lying and high-lying states were not
presented in the current study.

After doping with LN atoms, it is evident from Fig. 3 and Table
1 that defect states are introduced within the energy band, or the
overall profile of the spin-polarized projected density of states
(PDOS) is modified. Consequently, there is a change of the elec-
tronic band gap of HfS, doped mono-layers. These changes
within the electronic gap are attributed to the hybridization of the
p, d and f-orbitals of the dopant atoms with both the Hf and S
atoms. There is marginal contribution from the s-orbitals around
the Fermi energy level for these doped HfS, mono-layers. The Ce,
Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb dopant atoms
with 4f electrons in their outermost shell possess 4f-orbitals
around the —6 eV to 8 eV range of the DOS profile, whereas the
pristine HfS, mono-layers, La and Lu-doped HfS, mono-layers
does not possess 4f-orbitals around the —6 eV to 8 eV range of
the DOS profile. Both the spin-up and down channels close to the

40
20 (a) HfS, (b) HfS,-La (c) HfS,-Ce (d) HfS,-Pr
0 - ;_% )_% ;_%
. —20A . -
% _40 1 1 1 1 1
B 40
() (e) HfS,-Nd (f) HfS;-Pm (g) HfS2-Sm (h) HfS,-E
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S
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Fig. 3 The calculated spin-polarized projected density of states of the pristine and doped HfS, mono-layer structures. The green, blue, red and
black lines represent the s-, p-, d- and f-orbitals, respectively. The energy levels are adjusted with respect to the Fermi energy.
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Fermi level possess 4f-orbitals in the Ce, Pr, Nd, Pm, Sm doped
mono-layers around the —6 eV to 8 eV range of the DOS profile,
whereas the Eu, Gd, Tb, Dy, Ho, Er, Tm and Yb doped HfS, mono-
layers possess 4f orbitals in either the spin down or up channels
around the —6 eV to 8 eV range of the DOS profile. Thus, the
electronic character for these doped HfS, mono-layers are deter-
mined by the hybridization of the p, d and f orbitals. The presence
of La, Ce, Pr, Gd, Tb, Dy, Ho and Lu dopant atoms in the HfS,
mono-layer shifted to the top of the VB into the Fermi energy level
resulting in a metallic ground state, whereas the presence of Nd,
Pm, Sm, Eu, Er, Tm, Yb dopant atoms in the HfS, mono-layer
modifies the energy gap region by introducing new states
within the gap in comparison with the pristine HfS, mono-layer.

There is an observed symmetry and asymmetry in the spin-
down and up channels for the non-magnetic (pristine, La and
Lu doped HfS, mono-layers) and magnetic (other considered LN
dopant atoms in the HfS, mono-layers) structures (see Fig. 3),
respectively. The observed trend of the total magnetization as
a function of the dopant atoms in the HfS, mono-layers (see
Fig. 2) shows that the magnetic moment increases across the
lanthanide series and peaks at the Gd and Tb doped HfS, mono-
layer, and further decreases across the lanthanide series to the
non-magnetic ground state. This observation is important when
considering the choice of LN dopant atom to induce magneti-
zation and the magnitude in 2D systems.

3.3 Work function

The work function (¢) of the considered pristine and doped
HfS, mono-layers are presented in Table 1 and Fig. 2. The ¢ is
an important quantity to determine the suitability of a given
material for possible device integration and photo-catalysis. ¢
can be defined as the minimum amount of work required to
remove an electron from the interior of a solid to the vacuum
level. ¢ = Eyacuum — Er (OT Eygy), where Eg is the Fermi energy
and Eypy is the energy of the VB maximum. This above equation
is equivalent to taking the difference between the Fermi energy
from the vacuum level of a given material. The vacuum level is
obtained from the average electrostatic potential at the centre of
the vacuum region. The variation of the average electrostatic
potential in the considered doped mono-layers results in
changes to the vacuum level, the VB maximum and CB
minimum. Consequently, the changes in the average electro-
static potential results in changes to the calculated ¢.

The ¢ and %A¢ show that La, Pm, Sm, Gd and Lu possess
lower ¢ than pristine HfS, mono-layers unlike the other LN
dopant atoms with higher ¢. The lower ¢ implies that it is easier
for electrons in those structures to migrate towards the vacuum
compared to the ones with higher ¢. The implication of the
slightly higher ¢ for the other doped HfS, mono-layers leads to an
increase in the binding affinity of HfS, mono-layer to electrons,
making it less probable for integration into a device. However, in
the case of photo-catalysis, the calculated work function is
inversely proportional to the catalytic activity of the material. The
possibility of the HfS, mono-layer as a photo-catalyst has been
demonstrated in other studies.** However, further analysis of the
photo-catalytic properties of the LN doped HfS, mono-layers were
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not considered because the doped structures are metallic and do
not fulfil the criteria for use as photo-catalysts.'**

3.4 Optical properties

We investigated the optical properties of LN metal doped HfS,
mono-layers to elucidate the influence of these dopant atoms.
This can be obtained from the real and imaginary part of
dielectric function. The matrix elements of the full many-
electron wave function for the occupied and unoccupied
states can be used to calculate ¢,. The Kramers-Kronig relation,
which links &; to ¢, can be used to determine &;.*® Several
properties can be determined from the dielectric function, such
as absorption coefficient, reflectance, refractive index, optical
conductivity and energy loss function.

The complex dielectric constant, &(w), within the linear
response regime is given as

e(w) = e1(w) + iex(w) = N2, (2)

where ¢;(w), Ie;(w) and N are the real and imaginary part of the
complex dielectric constant, and complex refractive index,
respectively. For 2D materials, optical anisotropy is generally
observed with the absorption spectra intensity stronger in the
xy-plane compared to the z-direction.'*'*** Therefore, only the
results from the xy-plane are presented in this study.

Fig. 4 shows the calculated absorption and reflectivity
spectra as blue and red lines, respectively. The section shaded
in gray represents the pristine absorption spectra for the HfS,
structures. The various dopant atoms in the HfS, mono-layer
lead to a marginal change in the general absorption spectra
profile at a higher frequency range (>1.30 eV). The doped
structures investigated in this study have reduced the electronic
band gap compared to the pristine structures as mentioned in
Section 3.2. The implication of LN doping in the HfS, mono-
layer leads to the change in the onset of optical absorption
towards the lower frequency level. The onset of the optical
absorption frequency for the pristine HfS, mono-layer is found
to be higher than the electronic band gap. For all the doped
structures, there is an observed shift in the onset of the
absorption spectra with new levels introduced in the IR and UV
regions. The intensity of the new level introduced in the
absorption spectra due to the LN dopant atoms is low. Thus, the
intensity of these lower frequency absorption levels is depen-
dent on the nature of the dopant atoms considered.

The optical reflectivity at the low frequency for the pristine
HfS, mono-layer is found to be altered due to the presence of LN
dopant atoms. The pristine HfS, mono-layer shows an intensity
peak in the reflectivity spectra at around 2 eV, and other asso-
ciated lower intensity peaks. There is an observed spike in the
reflectivity intensity close to the 0 eV frequency, which is absent
from the pristine HfS, mono-layer. This can be attributed to the
metallic character of the electronic structure observed in the
presence of LN dopant atoms. The highest reflectivity intensity
due to the presence of LN dopant atoms in the HfS, mono-layer
is lower than the pristine mono-layer. Thus, the presence of
these LN dopant atoms alter the reflectivity spectra and inten-
sity. It is evident from this study and other investigations'®*°

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The calculated optical properties as a function of the photon frequency of the pristine and doped mono-layer HfS;, structures. The red
and blue lines represent the reflectivity spectra and absorption spectra, respectively.

that the nature of dopant atoms results in changes to the optical
properties of HfS, mono-layers. Thus, the obtained results
illustrate that LN-doped HfS, mono-layers would enhance the
utilization of the solar spectrum, especially in the near-infrared
light region due to the observed shift.

4 Conclusion

DFT was applied to investigate the electronic, magnetic and
optical properties of LN metal atoms substituting Hf in HfS,
mono-layers. The E,;, of HfS, in the presence of the dopant ions
mainly depends on substitutional ions and doping conditions.

Considering the calculated dopant substitutional energies, we
observed that doping LN metal ions into the HfS, crystal structure
is feasible, with the S-rich condition being preferable. Generally,
we found that LN metal atom doping at the Hf site is an effective
way to incorporate dopant atoms into the HfS, structure.

The electronic band gap of HfS, is reduced in the presence
these substitutional dopant atoms resulting in states above the
Fermi level for all the LN dopant atoms. Also with the exception
of La and Lu, a magnetic character is observed for the LN doped
HfS, mono-layer. The work function changes depending on the
dopant atoms. We found that doping with LN atoms induces
magnetization in the HfS, crystal structure, with the exception
of La and Lu atoms.

The onset of optical absorption changes due to the presence
of the LN dopant atoms in the HfS, mono-layer. The dopant

This journal is © The Royal Society of Chemistry 2020

ions result in a spike close to the 0.0 eV frequency range for the
reflectivity spectra. This can be attributed to the influence of the
dopant atoms on the electronic character. The absorption
spectra for the pristine HfS, mono-layer changes due to the
presence of LN dopant atoms with associated low frequency
peaks attributed to the dopant atoms. This study showed that by
doping 2D materials such as HfS, mono-layers, the electronic,
magnetic and optical properties can be modified, with potential
applications in the design of tunable electronic, optoelectronic
and magneto-optic devices.
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