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THE Ru IMPURITY EFFECT ON ELECTRONIC, OPTICAL AND THERMOELECTRIC PROPERTIES
OF MoS, NANO-SHEET: A DFT STUDY

The electronic, optical and thermoelectric properties of MoS, nano-sheet in presence of the Ru impurity have been calculated
by density functional theory framework with Generalized Gradient approximation. The MoRuS, nano-sheet electronic structure
was changed to the n-type semiconductor by 1.3 eV energy gap. The optical coefficients were shown that the loosing optical energy
occurred in the higher ultraviolet region, so this compound is a promising candidate for optical sensing in the infrared and visible
range. The thermoelectric behaviors were implied to the good merit parameter in the 100K range and room temperatures and also
has high amount of power factor in 600K which made it for power generators applications.
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1. Introduction

The physical properties of two-dimension (2D) materials
have been opened the new windows in the material sciences
[1-4]. Transition-metal dichalcogenides (TMDs), have been
more attractive due to their electronic, optical and thermoelectric
properties, which are originated in the quantum effects by the
atomic-layer of TMD crystals. The two-dimensional (2D) tran-
sitions metals as MoX, (X =S, Se and Te) have been attractive
for science and industry based on their electronic, mechanical,
thermoelectric, sensors and photo-detectors properties [5-7] as
a surrogate for silicon or organic semiconductors. The MoX,
2D structures have a Mo layer which is sandwiched with two
X layers. Several physical properties of MoX, have been in-
vestigated in the bulk, film and 2D forms, experimentally and
theoretically [8-11]. The MoS, nano-sheet is synthesized by
mechanical exfoliation technique [12], liquid exfoliation [13]
and chemical vapor deposition (CVD) [14,15], physical vapor
deposition (PVD) [16] etc.

The experimental efforts were reported that the MoS, bulk
has an indirect band gap by 1.29 eV, meanwhile, its monolayer
with 0.65 nm thickness has the 1.8 eV p-type direct gap [17],
which is referred to contribute to low-power electronics, ther-
moelectric and flexible optoelectronic applications [18-21].

Moreover, this compound is used for energy conversion [22],
energy storage [23], and hydrogen evolution [24]. The electronic
and optical properties of MoS, 2D are depended on the same
conditions as thickness, defects and impurities, and then need
to be understood in detail for the suitable design of devices and
their functions [8].

The photoresponsivity of MoS, mono-layer was reported
as 880 A.W! for incident light at a wavelength of 561 nm with
photoresponse in the 400-680 nm range [25], which can be
applied in the ultra-sensitive phototransistors. The photolumi-
nescence and absorption capacity of MoS, mono-layer [26] in
the ultraviolet area, makes it a promising composition for the
ultraviolet detectors [27] and absorber layer in low-cost film
solar cells [28-29] and light-emitting diodes (LEDs) [30-34].

Some works have investigated the thermoelectric behaviors
of MoS, nano-sheet [35-39] to solve energy issues. The effi-
ciency of thermoelectric material is shown by the figure of merit
(ZT), which is related to the Seebeck (S), electronic conductivity
(o) and thermal conductivity (K). The ZT of MoS, 2D lies be-
tween 0.02 to 0.53 [40], and some experiment efforts have been
shown that this composition is a good thermoelectric material
with a large S parameter [41]. Some studies have been shown
the effect of the vacancy, defects and doping impurities on the
thermoelectric efficiency of MoS, 2D. The good thermoelectric
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material must behave the ZT near one or greater than one amount,
so investigating for new forms of MoS, nano-sheets by adding
the impurities of vacancies seems to be necessary.

A-recent study has been reported that the MoS, mono-layer
has high thermopower [42], also, other work was indicated a high
ZT amount of 1.6 this case [43]. The strain effect on the MoS,
was investigated by Bhattacharyya et al. [44]. Achieve higher
thermal conductivity and the ZT parameter is still the greatest
challenge in material science. Jin et al. [45] calculated the high
thermal conductivity of single-layer MoS,, i.e.116.8 Wm 'K!
resulting in a relative low ZT value of 0.26 at S00K. Increasing
the electrical conductivity and decreasing the thermal conductiv-
ity of MoS, is essential for its thermoelectric applications. In this
paper, we added the Ru impurity to the MoS, nano-sheet and
investigated the electronic, optical and thermoelectric properties
of the MoRuS, nano-sheet.

2. Calculations method

The calculations were carried out by the WIEN2K code
based on the density functional theory (DFT), using the full-
potential linear augmented plane wave (FP-FLAPW) method
and GGA approximation for the determination of exchange-
correlation potential [46-48]. The optimized input parameters
for calculations are RKmax = 8.5, Imax = 10, Gmax = 13.5,
and RMT = 2. Also, the KPoint for the pure and impurity cases
are selected to 1000 and 500, respectively, by Mankhorest pack
model [49]. All atoms’ positions are relaxed using the mini-
position program, the convergence of force is selected to be
0.1 mRyd/a.u. The optical calculations have been approximated
by random phase approximation (RPA) [50]. The thermoelectric
calculations were done by BoltzTraP code [51], which its input
parameters are used of the Wien2K outputs. Fig. 1 is shown the
MoS, and MoRuS, graphene crystals which are depicted by
XCrysden software.
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Fig. 1. The crystal shape of the MoRuS, nano-sheet

3. Results
3.1. Electronic properties

The electronic structure of the materials such as bandstruc-
ture and density of states (DOS) contains important information
about electronic, optical and thermoelectric properties. The
bandstructure diagrams of the MoS, graphene and in the pres-
ence of the Ru impurity along the symmetry direction of their
first Brillouin zone have been shown in Fig. 2. The MoS, pure is
the p-type semiconductor by a direct energy gap at K point with
1.8 eV amount which is in agreement with other reported. Based
on the p-type character for this case, the MoS, graphene can be
a candidate for thermoelectric applications. The low density of
the levels around the Fermi level reduces the thermoelectric ef-
ficiency, as mentioned in other works “0.02 to 0.53 range” [40].
The MoS, electronic structure by this energy gap indicated that
this material attractive in optoelectronic devices [18-21]. The Ru
element by [Kr] 4d’5s' orbitals shape is a transition metal with
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Fig. 2. The Bandstruture of MoS, (left) and MoRuS, (right) nano-sheets versus the symmetry directions of first Brillouin zone



high metal capability which can be an important role to change
and control the electronic, optical and thermoelectric behavior.
The MoRuS, bandstructure along the symmetry direction of the
Brillouin zone has been shown in Fig. 2(b), which refers to the
semiconductor behavior. Except around the K point, in the other
symmetry points the level which cut the Fermi level slop is zero,
so the electron mobility is very high and this composition is the
n-type semi-metallic with 1.3 eV gap. Increasing the density of
levels in the valance band maximum (VBM) and conduction
band minimum (CBM) can make a thermoelectric compound
of MoRuS, graphene. Add the Ru to MoS, graphene has been
shifted the levels and the energy gap toward the lower energies.

The DOS diagrams of the MoS, and MoRuS, nano-sheets
have been considered in Figs. 3 and 4 which are in agreement
with the bandstructure diagrams. The total DOS of MoS, is
shown the continued behavior in the valance and conduction
ranges which are separated be a 1.6 eV gap, implying a good
base for the excited electrons for transports. The DOS curve is
tangent to the Fermi level but and the van-hove singularities are
exists in the VBM and CBM. The Mo-d and S-p overlapping
under the Fermi level is referred to strong bonds between them.
Add the Ru metal and replaced to the Mo site has been changed
the electronic behavior in the MoRuS, (See Fig. 4). The Mo has
[Kr] 4d°5s' orbitals form and Ru has [Kr] 4d’5s! the orbitals
structures, so increasing the d orbital electrons have been caused
to shift the density of states to the lower energies. The total DOS
is shown the nonmagnetic behavior which for better comparison
we zoom on the states in the Fermi range at Fig. 4(a). Also, the
energy gap is shifted to under Fermi level while decreased it to
1.2 eV and the electron states on the Fermi are perpendicular
to the energy axis which referred to the van-hove singularity.
The main contributions of the electron states at the Fermi level
belong to the Mo-, Ru-d and a few S-p Fig. 4(b-d). Increasing
the states at the Fermi level will be effected by the optical and
thermoelectric properties. Fig. 4 is shown that the maximum sates
of electrons are originated of Ru-d orbitals. So, we expected to
add Ru impurity to the MoS, graphene structure to modify the
optical and thermoelectric behaviors. The Eu-d overlapping with
the Mo-d and S-p orbitals has been generated the energy band
gap inthe —1.5 eV to —0.5 eV energy range. These orbitals make
the electronic instability in the Fermi which referred to the van-
hov singularity. Also, these orbitals have the main contribution
to the conduction bands.

3.2. Optical Properties

The dielectric function, &(w) is a complex tensor that de-
scribes the optical response of the matter to the light and serves as
a source to extract other optical parameters based on the Kramers-
Kronig relations [52,53]. The &(w) ontains two real (Re e(w))
and imaginary (/m &(w)) which indicated the optical response
of the material in the real and imaginary spaces. The Re () of
the MoRuS, nano-sheet has been shown in the Fig. 5(a) for two
perpendiculars (zz) and in-plane (xx) directions. The Re &(w) has
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Fig. 3. The total and atomic DOS of the MoS, nano-sheet

the anisotropy behavior along with the two mentioned directions
of zero to 5eV photon energy and after this energy has isotropic
behavior. The static amount of the Re &(w) along xx has several
times greater than zz one which referred to the semi-metallic
nature along xx and semiconductor property along zz direction.
But in the infrared region, it is shown the optical instability along
xx because of the sharp dropping of the Re e(w) diagram and then
has a peak at the visible area and has decreased to zero vicinity in
5eV. On the other hand along with the zz one it has more stability
in the zero to 5eV interval and dropped in the end of this range.
It is several Re ¢(w) roots in the ultra violet (UV) area and its
amount is near the zero which. The Im ¢(w) curve peaks have
been shown the optical transitions at the full orbitals to the empty
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Fig. 4. The total and partial DOS of MoRuS, nano-sheet

ones. Fig. 5(b) is displayed the semi-metallic behavior along xx
direction but has semiconducting treatment in the IR and the
visible area of zz one. After the Dirac peak at 0.35¢eV, two little
peaks are located in a visible area and one great peak is in the
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UV edge for xx, but the main peak of zz one has the blue-shifted
which is located at 5eV. By increasing energy after 5eV, the Im
e(w) diagrams are shifted to zero which referred to the vacuum
nature along two mentioned directions. The energy loss function



(Eloss) is an important parameter to find the reasons of losing
the photon energy (Fig. 5(c)). It is indicated that the Eloss great
peaks of the two mentioned directions are in the 15¢V to 20eV
interval while the Re ¢(w) has the roots for xx and zz directions.
So the plasmonic frequencies for the mentioned directions are
occurred in higher photon energy and the MoRuS, graphene can
be proposed for optical applications in the IR and visible area.
The Eloss low amount and high amounts of the Re- and Im ¢(w)
in the IR and along the xx direction indicated the very good opti-
cal absorption with low energy loss in this area.

The optical conductivity (Sigma), Absorption and Reflec-
tion of the MoRuS, nano-sheet have been depicted for xx and
zz directions which have the anisotropy in the lower energies.
It is shown that the optical conductivity at zero energy is very
low for xx which referred to the semiconducting nature by zero
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gap and is fully semiconductor along with another direction
(Fig. 6(a)). But the higher amounts of Sigma have occurred at 5
eVand 11 eV for xx direction. In the higher energies, the optical
conductivity shifted to zero and also the Reflections of the two
directions are very low which is referred to transparent nature
of this compound. The Absorption along zz has a gap nearly to
the electronic gap and has a very small gap along xx one which
indicated semi-metal behavior in this direction. By increasing
photon energy the absorption of the mentioned directions are
increased dramatically in the visible and UV edge of xx and zz
directions, respectively. Comparing the optical Reflections agree
on the semi-metallic nature along xx because of its static amount
and is very low in the zz one. The Reflections at high energies
shifted to low amounts which originated from the transparent
behavior of this compound.
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3.3. Thermoelectric

The gradient temperature can be made the potential differ-
ence or, this process occurs inversely in thermoelectric materials.
So these materials have an important position in the electronic
and thermoelectric industry. Thermoelectric materials have
attracted intense interest due to wide applications in chip cool-
ing, power generation, and infrared sensing [54-56]. Within the
framework of the constant scattering time approximation, the
Seebeck (S), Power factor (P), merit coefficient (ZT), thermal
(K) and electronic (s/t) conductivities of the MoRuS, nano-sheet
have been depicted in Fig. 8. The good thermoelectric materials
must have a narrow band gap and multiple bands near the band
edges. The s/t diagram versus temperature is shown in Fig. 8(a)
which is zero till 200K which is referred to the semiconductor
nature and after this temperature is increased with a steep slope.
The thermal conductivity has been displayed the same behavior
of s/t in Fig. 8(b), but its amount in any temperature than other
compound is a good sign for increase ZT. The S is a sensitive
tool for knowing the electronic structure near the Fermi level.
The S has a very low amount for metals (in order of mVK ™) and
much higher for semiconductors. The high value and positive
sign of the S parameter for the MoRuS, in Fig. 8(d) has been
confirmed the p-type concentration by good thermoelectric

property. The high value from S is originated of the flat levels
around the gap edges which are related to the Mo-d and Ru-d
orbitals. By increasing temperature the well dispersed deep level
bands in transport, but at low temperatures, the contribution for
the transport due to low lying bands is very less and it is only
from flat bands near the Fermi. The power factor is another
important thermoelectric parameter (P = S%s) that provides in-
formation about thermoelectric nature of materials. Fig. 8(c) has
been shown the zero amount of P in the 50K to 200K interval
and reached to its maximum at 600K. So this compound can be
a good candidate for power generators. Finally, we calculated
the dimensionless coefficients of ZT in Fig. 8(e) that is 0.98
amount in 50K and decreased gently by increasing temperature,
and in the room temperature has 0.8, which indicated that this
composition is a suitable case for thermoelectric application in
the room temperature and lower than it. The ZT is directly related
to the S, s, T and inversely to K parameters (ZT = S?sT/K) and
a proper thermoelectric material must have a merit coefficient
of one or more.

4. Conclusions

The electronic, optical and thermoelectric calculations
of the MoRuS, nano-sheet have been done based on the DFT
framework with GGA approximation. Replacing the Ru atom
to the Mo site in the MoS, nano-sheet has been changed the
electronic properties of the p-type semiconductor to the n-type
one by a direct energy gap by 1.8 eV amount. The total DOS
diagrams in the up and down spins were referred to the non-
magnetic behavior. The optical coefficient parameters were
shown the semiconducting treatment along with the xx and zz
light directions. Also, the energy loss functions of the light were
located in the higher energies and the plasmonic oscillations
occurred in these energies. So, the MoRuS, nano-sheet has the
good sensitive in the IR, visible and UV edge and the light is
transparent in this compound in the higher energies, completely.

Our thermoelectric results were shown that this composi-
tion has the great of power factor in the 600K, which made it for
power generator applications. Also, this compound has a good
ZT parameter in the 100K range around 0.98 and also, in the
room temperature, around the 0.85 amount.
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