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We present a highly versatile system ReS,, which transforms from a semiconductor to a two dimensional metal
under uni-axial compressive strain along ‘a’ direction in both bulk and monolayer. The 2D nature is realised
from highly flat Fermi surfaces and anisotropic transport properties. Moreover the layer independent electronic
structure properties are revisited and thermoelectric properties of ReS, in bulk, monolayer and bilayer forms
reveal the competing thermoelectric (TE) coefficients in each form. The in-plane power-factor shows an
enhancement over ‘c’-axis value as a function of strain, which is almost two orders of magnitude. In addition,
strain induced tunable in-plane anisotropy of almost one order has been observed in both bulk and monolayer
ReS, (around 20%), which further open up the possibility of TE application as nanowires. Our analysis unveils a
wide range of application for ReS, in the field of thermoelectrics as bulk and thin films for a large temperature
range. The magnitude of TE coefficients are comparable with other well established transition metal

dichalocogenides.

1. Introduction

The realization of two dimensional nature in transition metal
dichalcogenide (TMD) has elevated the research pertaining to TMD
to the next level [1-6]. The isolated 2D transition metal dichalcogenide
layers have been competing with the two dimensional material like
graphene which has several importance in the current technologies.
The strong intra layer bonding and weak inter layer bonding in the
layered materials is quite interesting, leading to the usage of these
materials in the bulk and layered forms [7-9]. ReS, is one of the
transition metal dichalcogenides which stands out with very peculiar
properties, and has drawn adequate attention in the recent past. Unlike
the other layered transition metal dichalcogenides, ReS crystallizes in
a triclinic space group. Recent study reveals that the interaction
between layers in ReS, is negligible implying that the monolayer of
ReS, might have similar electronic properties as that of bulk, enabling
ReS to be the highlight in the last decade [10]. Pressure and strain are
the robust tools which can modify the structure and electronic proper-
ties of materials, and transition metal dichalcogenides showed con-
siderable response to strain and pressure [11-13], leading to metalli-
zation at high pressure, direct to indirect band gap transitions etc.
Optical and electronic properties are also explored for both bulk and
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layered ReS, [14], and this compound has found application in field
effect transistors [15,16]. The inherent structural anisotropy of ReS,
has further shown an influential response towards pressure and strain,
resulting in tuning of in-plane, and through plane anisotropy in several
physical properties like resistivity, charge mobility etc, and significant
number of studies are dedicated to understand this especially for
monolayer ReS, [17-21]. Though plethora literatures are available
exploring ReS, in several directions, studies addressing the physical
properties and its anisotropic behaviour along different crystallo-
graphic directions of ReS, (where the out of plane component does
not represent the other crystallographic direction as the symmetry is
triclinic) are less investigated, and one of the earlier study has reported
the anisotropy in resistivity along ’b’ and ’c’ axes experimentally, and it
is worthy to analyse these properties in detail. In addition, studies
related to pressure induced structural transitions and metallization are
also reported [22]. Here we would like to explore the effect of uni-axial
strain on bulk and few layers of ReS, using first principles calculations.
The well studied TMD like MoS; is already explored for straintronic
applications [23], and we expect ReS, to be yet another perspective
compound. As discussed earlier, TMD materials have wide spread
applications, and one of the significant application is thermoelectric
power generation. Thermoelectric materials can convert waste heat
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Table 1
Calculated ground state properties of bulk and monolayer ReS,.

ReS, a(A) b(A) c(A) Volume( A-?)
Bulk(with vAW), o0 6.31 6.53 6.46 218.76
Bulk (without vdW),, o 6.41 6.52 7.00 242.5
Bulk,,, [38] 6.45 6.39 6.4 218.68
Bulk,,, [56] 6.417 5.510 5.461 219.32
Mono — layer 6.31 6.49 21.34 765.3

present

into electricity and waste heat generation is one of the grand challenges
in the present world. In this scenario exploring novel materials for
thermoelectric conversion is worth investigating. The capability of a TE
material is quantified using a dimensionless quantity called figure of
merit (ZT). ZT = S$%T/x, where S, o, k, and T are the thermopower, the
electrical conductivity, the thermal conductivity, and the absolute
temperature, respectively. « includes both the electronic, «,, and the
lattice contributions, «;, i.e., k = k, + k;. The rest of the manuscript is
organized as follows, Section 2 describes the computational methods
used for the present work, Section 3 describes the structure, electronic
and transport properties at ambient and strained states, followed by
conclusions.

2. Computational details

We have used the experimental structure parameters for ReS, and
performed a complete geometry optimization and phonon dispersion
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using VASP [24,25]. Since ReS» possess a layered structure, we have
included van der Waals correction using Tkatchenko -Scheffler method
[26] (see Table 1). Further electronic structure properties like band
structure, Fermi surface etc were calculated using full potential line-
arised augmented plane wave (FP-LAPW) method implemented in
WIEN2k package [27,28]. Different layered structures of ReS, were
cleaved from the bulk materials, and vacuum convergence are per-
formed for each layered structure with a k-mesh of 10 x 10 x 9 for bulk
and 12 x 12 x 3 for layers. The applied vacuum for monolayer and
bilayer structure is around 15 angstroms. We have performed super
cell calculation to ensure that the properties remain unchanged, and,
have continued with 4 Re and 8 S atom unit cell only. Presence of heavy
elements in the investigated compounds warrants the inclusion of spin
orbit coupling in our calculations. Transport coefficients such as
thermopower (S in puVK™') and electrical conductivity scaled by
relaxation time (o/r in @ 'm~'s™') were calculated using BoltzTraP
code [29] with a dense k-mesh of the order of 32 x 36 x 25 k-points
resulting 14402 k-points in irreducible Brillouin zone. Two major
assumptions are incorporated in BoltzTraP code, one is rigid band
approximation (RBA) [30—32] and the other is constant scattering time
approximation (CSTA), and appreciable number of thermoelectric
materials are successfully predicted using the same [33-37].

3. Results and discussions
3.1. Structure and stability of Investigated compound

ReS, crystallizes in distorted triclinic symmetry [38], which is
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Fig. 1. (a) Crystal structure (green color represent ‘Re’ and yellow color represent ‘S’) (b) Phonon dispersion spectra of bulk ReS, in triclinic strutcure. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. (a) Band structure of bulk ReS, (which shows small 2D nature), (b) for monolayer (c) for Bilayer, Thermopower of (d) bulk, (e¢) monolayer and (f) bilayer (which indicate the layer

independent TE property).

exceptional in TMD. One of the recent study has reported a structural
transition of the compound at around 0.1 GPa, and named the ambient
one as distorted 3R and the transformed structure as distorted 1T
structure [22]. From our analysis we have observed the energy
difference between these two structures to be negligibly small and
one can conclude these to be competing structures, and in this
scenario, we have progressed our calculation with 3R structure which
is experimentally reported. The details of the experimental crystal
structure, together with present optimized values are given in Table 1.
The weak interlayer bonding of this compound is well known [10] and
we have optimized the structure by adding the van der Waals
correction. The cleaved monolayer and bilayer structure also preserve
triclinic symmetry. The two ‘Re’ chains in the crystal structure generate
an anisotropy in several physical properties [39]. Several literatures
during the past addressed the stability of ReS» through phonon spectra
from experiment and theory [10,40]. Here we have also confirmed the
structural stability through phonon dispersion of ReS, using finite
displacement method using VASP, in conjunction with Phonopy [41],
and we find the spectra is in good agreement with the earlier reports.

The schematic crystal structure and phonon dispersion for ambient
ReS; are given in Fig. 1. The compound has 12 atoms, which leads to
36 phonon modes. While focusing on the phonon dispersion, one can
clearly see that the dispersion along different crystallographic direc-
tions are different. In base plane (along ‘a’ and ‘b’ directions) we have
observed almost similar behaviour of acoustic phonon modes, and
optical and acoustic phonon interactions are observed near 100 cm™,
which might increase the scattering of phonons and suppresses the
thermal conductivity [42]. Along ‘¢’ axis the scenario is quite different,
acoustic phonon modes are found to be little lesser dispersive and
overlapping of acoustic and optical modes is almost nil. This difference
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might cause an anisotropy in thermal conductivity. One of the recent
study has reported the in-plane and through plane anisotropy of
thermal conductivity and the in-plane value is found to be around
70 W m~'K™!, and through plane value is around 0.55 W m~'K™" [43].

3.2. Electronic structure and thermoelectric properties of ReS» in both
bulk and layered forms

Electronic structure of ReS, in bulk, monolayer and bilayer forms
from our study are presented in Fig. 2(a,b,c). Several previous studies
[10,44-48] investigated the nature of band gap in this compound,
which are contradicting. Among them, few studies proposed indirect
band gap of ReS, [48,44] from experiment. Very recent study by
Echeverry and Gerber theoretically predicted direct band gap in ReS,
using GW method, and our present study is in good agreement with the
same [47]. We have observed a direct band gap nature for bulk ReS,
with a band gap around 1.2 eV. The band dispersion along different
crystallographic directions is found to be different. The overall band
profile of ReS, is comparable with other celebrated transition metal
dichalcogenids. In general TMDs are well known for high thermopower
[49], and in this compound also, we can observe flat bands aligned in
both valence and conduction bands, which might contribute to thermo-
power. Looking into the band structure it is quite clear that, both
valence and conduction bands are dominated by Re-‘d’ sates [50].
Compared to Re-‘d’ states, the contribution from the S(‘s’,'p’) states are
very less, eventhough there exist a strong hybridization between Re-‘d’
states and S-‘p’ states. The effective mass values in the unit of electron
mass along different crystallographic directions, again projects the
inherent anisotropy present in the system (see Table 2). Fig. 2(b)
reveals the band structure for monolayer ReS,, which is similar to bulk
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Table 2
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Comparison of bulk/monolayer at ambient and strained state (16%) in ReSy, ni* (unit of m,), /7 (unit of 2 'm~'s71) and Power-factor (P.F in unit of W/mK? s).

ReS, ni(in-plane) ni(c-axis) o/z(in-plane) o/ (c-axis) P.F(in-plane) P.F (c-axis)
Bulk 192,15 218 2 x 1016 2 x 109 8 x 10° 3% 10°
Bulk(strain) 24,424 38.3 1% 102, 9.5 x 10" 3% 108 10 x 10'! 3% 10°
monolayer 19,1.6 2% 10'¢ 8 x 10°

Monolayer(strain) 2.48, 3.32 1 % 102 10 x 10!

band structure with slightly higher band gap compared to bulk. The
band gap of monolayer ReS, is observed around 1.42eV. It is to be
noted that in other TMDs band gap nature is found to be different from
bulk to monolayer [51]. A close analysis of the band structures of bulk
and monolayer form shows that, there is a slight change in the band
dispersion along X and Y high symmetry points, these small layer
dependent nature has been reported in the previous study also [47].
Now let us analyse the bilayer band structure (see Fig. 2(c)), which is
also almost identical to bulk and monolayer, with a direct band gap of
1.36 eV. We would also like to mention here that this small layer
dependence is not significantly reflected in the thermoelectric proper-
ties from our calculations.

Now we brief the transport properties of ReS in both bulk and layered
forms. Thermoelectric coefficients such as thermopower, electrical con-
ductivity scaled by relaxation time (will be represented as electrical
conductivity throughout the manuscript) and powerfactor are calculated
for bulk, monolayer and bilayer form of ReS,. Similar to the other TMDs,
the thermopower value of ReS, is found to be appreciable, and the same
for bulk, monolayer and bilayer forms are given in Fig. 2(d,e,f). For better
understanding, the variation of thermopower, electrical conductivity and
power-factor as a function of carrier concentration at different tempera-
ture are represented in S1 (see Supplementary Fig. 1). From the analysis,
we find both holes and electron doping to be favourable for TE
applications. Magnitude of thermopower is found to be decreased with
increasing carrier concentration for both holes and electrons. Small
anisotropy along different crystallographic directions are observed, in
accordance with band dispersion anisotropy. For hole doping, the
thermopower value along ‘a’ axis is found to be little higher than the
other two, and for electron doping ‘¢’ direction values are found to be
slightly enhanced. Maximum thermopower for hole doping is found to be
600 pv K~! and for electrons the same is found to be around 540 pV K7,
which is comparable with well-established MoSe, and WSe,, where the ‘S’
value are found to be 590 pV K~! and 580 uV K~ respectively [52]. In the
case of electrical conductivity, we can observe a significant anisotropy
between the crystallographic directions, and basal plane values secured
the maximum for both holes and electrons, which projects the inherent
quasi two dimensional nature, and the magnitude of electrical conductiv-
ity for electrons is found to be more than holes. From the power-factor
values, it is clearly seen that both holes and electrons are beneficial with
electron possessing slightly higher value, and the range of power factor is
not very far from well-established TMD TE materials. The thermoelectric
coefficients are found to be promising for a wide range of temperature (see
Fig. S1). We have computed the range of relaxation time with help of
reported conductivity value of ReS,, and the estimated relaxation time is
found to be around 10! s, which is of the same order of WSe, [52].

Since electronic structure properties are same for both bulk and
layered forms, we can expect the same to be reflected in transport
properties also. Fig. 2(e,f) shows the thermopower of monolayer and
bilayer, and the magnitude of thermopower is found to be little
enhanced in monolayer (Fig. 2 (e)), than the bulk, but the trend is
found to be the same for both monolayer and bilayer. In the case of
electrical conductivity (see S2 (Fig. 2 in Supplementary)), we could see
similar behaviour as bulk. Altogether the thermoelectric properties of
bulk and layered forms are found to be similar, implying the layer
independent transport properties of ReS,. Further we were inquisitive

to improve the transport properties, and we have applied uni-axial
compressive strain along ‘a’ on bulk and monolayer ReS,. The
upcoming section deals with the effect of uni-axial strain on electronic
structure and TE properties.

3.3. Effect of uni-axial strain in bulk and monolayer form of ReS»

As hinted earlier, a systematic analysis of electronic and TE
properties are performed under the application of uni-axial compres-
sion strain along ‘a’ direction, which covers up to a wide range of 20%
lattice variation. The percentage of uni-axial strain is defined as
((@a — ag)/ay)) x 100. The basic strain tensor for three dimensional
system is

e(1) e(12) €(13)
e(21) e(22) €(23)
e€(31) e(32) €(33)

where e(ii) are strain along i direction, and e(ij) is shear strain.

One of the recent study on ReS, has revealed the pressure effects on
the electronic structure resulting in metallization at high pressure around
70 GPa, and the same inspired us to investigate the effect of uni-axial
strain on ReS,. First let us analyse the case of bulk ReS,. The band gap is
found to decrease and the band gap nature is found to turn from direct to
indirect as a function of compressive strain along ‘a’ direction (see
Supplementary Fig. 3(b)). An appreciable amount of change is observed
in band dispersion along different crystallographic directions as a function
of a-axis compressive strain, which eventually is reflected in the aniso-
tropic nature in transport properties. The band structure at different
strained states are given in Supplementary (Fig. 3(a,b)). At around 5%
strain, the compound is almost quasi two dimensional, where the I" - X
and I" - Y band dispersions are very similar and along I" - Z, we could see
highly flat bands. For further strain around 10% the scenario is changed
completely, where we could see a significant difference in band dispersion
within the plane and between basal plane and ‘¢’ axis. Around 16% strain
the system metallizes and the band structures at 16% strained state
together with ambient one are represented in Fig. 3(a). From the figure it
is evident that apart from metallization the band profile of the compound
is drastically changed. At strained state, the dispersion along I' - X is
found to be very high compared to other two directions, which might
induce a huge anisotropy in system resulting in dimensional reduction.
The calculated effective mass along different crystallographic direction
further provide the glimpse of two dimensionality of the system, where
effective mass in the unit of ‘electron mass’ along I" - X and I" - Z are 1.92
and 2.18 respectively at ambient and for strained state it turns out to be
2.49 and 38.3 reflecting the flat bands along the I" - Z direction. At the
metallized state, there are two bands which cross the Fermi level, and that
corresponds to two Fermi surfaces, among which one is a hole like FS and
another is an electron like FS (see Fig. 4(c)). These two surfaces are very
thin sheets with different shapes. It is quite evident that the bands along I
-Y is found to be very flat, and indicate the two dimensional nature of the
system. The stability of this strained stated is further confirmed by
phonon dispersion analysis, and the same is given in Fig. 3(c). A quick
comparison with ambient state brings out the fact that, the phonon
dispersion is found to be different at the strained state, the optical
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Fig. 5. Schematic of ReS,, and comparison with other established compounds. a: Ref. [55], b: Ref. [52].

phonons are shifted to low frequency range along I" - Z direction, which
increases the possibility of interaction between acoustic and optical
phonons, thereby one might expect a reduction in thermal conductivity
value. For further strain around 17% we could observe more flat nature of
bands and highly nested Fermi surface. The hole like FS is represented as
FS-1 and electron like FS is named as FS-2 (see the Fig. 4(c)). From the
Fermi surface plots, one can evidence the nesting of Fermi surface
happening in two directions, as represented with arrow marks. To
elucidate more about nesting of Fermi surface authentically, we have
calculated the real and imaginary part of the generalised susceptibility
x(q), where q is the wave-vector of FS-1 along the high symmetric
direction I" - Y. The singularity observed in the imaginary part of the
susceptibility gave a clear evidence of Fermi surface nesting (See Fig. 4(d))
along that direction. More prominent flat Fermi surface is observed in the
second direction, and due to the lack of high symmetry points along that
direction, we did not calculate the y(q), but one can always expect higher
amount of nesting towards that direction. In the previous study, the
pressure induced structural transition (at around 90 GPa) and super-
conductivity in the transformed structure (around 102 GPa) was reported.
Here, the observed peak in density of states (as shown in Fig. 4(b)) at
Fermi level and highly nested Fermi surface are throwing light on the
possibility of superconducting state and need to be verified [54]. Moreover
the anisotropy in transport property like electrical conductivity gave
further evidence for this two dimensional nature in strained bulk ReS,.
In addition, the response of uni-axial strain is examined in monolayer
also, and we could see a very similar kind of metallization happening
around 16% strain (see Fig. 3(b)), which again substantiate the dimen-
sional reduction. A recent study has examined the stability of ‘x’-axial
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strained states using phonon dispersion [17], where they have claimed the
stability to be vanish around 12%. It is to be noticed that the initial
volume of the reported study is found to be lesser than our ambient
volume for monolayer, and our 16% volume is well within their stability
region, which ensure the dynamical stability of the strained state.
Interesting thermoelectric coefficients are found as a function of
strain, and the anisotropic nature is more pronounced. The anisotropy
in the band dispersion as a function of strain is reflected in the transport
properties also. The power-factor at different strains are provided in
Supplementary Fig. 3(c,d). At 5% strain we could see a quasi two
dimensional nature, where basal plane properties are almost found to
be same and enhanced compared to ‘c’ axis. Subsequently for 10% strain,
almost one order difference in power factor is observed within the basal
plane and between ‘a’ and ‘¢’ axis the anisotropy has turned to 2 order.
Concentrating on the metallized state (17%), the magnitude of thermo-
power is found to be reduced as expected due to metallization, and the
vital point is, along ‘a’ direction the value of thermopower is found to be
around 40 pV K~ for hole doping and for the other two direction we
could see the sign change because of carrier flipping. A compensating
incremental nature is observed in electrical conductivity which again
benefits for net thermoelectric performance. Higher value of electrical
conductivity and moderate value of thermopower, result in promising
value of power-factor in the basal plane, which is found to be higher than
the ambient value at low carrier concentrations. The variation of electrical
conductivity and power factor as a function of carrier concentration at
17% strained state is represented in S4 (Supplementary Fig. 4(a,b). The
in-plane power factor values are found to be two orders higher than the
out of plane power factor, which again supports the two dimensional
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characteristics of the strained state [53]. A similar in-plane electrical
conductivity values are observed for monolayer also, which is represented
in Supplementary Fig. 4(c). Moreover the phonon dispersion at the
strained state is found to be promising, where the interaction between
the acoustic and optical phonons are found to be in low frequency range
around 60 cm™', which might result in low values for thermal conductivity
in this state. In general the semiconducting states are considered to be
more promising for thermoelectric application, but here, we could find a
higher value of power factor in the metallized state. At metallization in this
strained state, the band dispersions along I' - X, I" - Y and I" - Z are
anisotropic, which lead to an asymmetry in density of states as seen in
Fig. 4(b), which further emphasises the fact that holes are more
favourable carriers in ReS,. While focusing on the power factor plot,
one can clearly observe that there is a small in-plane anisotropy in the
strained state. For further strain around 20% we could see more than one
order difference between the power factor along ‘a’ and ‘b’ axis, and two
order difference between ‘a’ and ‘¢’ axis (included in Fig. 5). The developed
enormous in-plane anisotropy indicates the possibility of using ReS,
nanowires for TE applications, which has to be taken as future project.
Sequence of calculations have provided the clear picture of metallization,
increasing anisotropy and an enhancement in power-factor along ‘@’
direction in the system as an effect of uni-axial strain, and ReS, has
turned to be an excellent candidate for diverse fields like thermoelectrics,
straintronics applications etc. In Table 2 we have represented the effective
mass, electrical conductivity and power factor for ambient and strained
state of bulk and monolayer, which clearly shows the enhanced anisotropy
as a function of strain. Moreover, Fig. 5 represents the schematic of our
overall study together with the comparison of other TMD, and summarize
the semi-conductor to metal transition in ReS,. As a function of strain, the
electrical conductivity is found to be enhanced, and the phonon dispersion
analysis has further provided the clue for reduction of thermal conductiv-
ity. This shows the possibility of better thermoelectric performance in the
strained state. In addition, a similar kind of metallization is observed in
the monolayer which further shows promising dimensional reduction with
enhanced electrical conductivity, which certainly projects ReS» to be more
versatile TMD compared to others. If one can improve the thermopower
value, without suppressing the conductivity value, ReS, might turn to be a
promising candidate for nanowire TE applications.

4. Conclusions

Semiconductor-metal transition together with enhanced 2D nature
is predicted in ReS, under the application of uni-axial strain in bulk
ReS,. In line with bulk, monolayer ReS, also emerges to be a metal at
strained state (around 16%), further emphasising the layer indepen-
dent properties of ReS,. The anisotropic property in the strained
monolayer opens up the possibility of further dimensional reduction
in the system which need to be inspected. In addition to that the
thermoelectric properties are also analysed, and are found to be
promising in ReS, for both bulk and layered forms. Our results indicate
the possibility of using ReS, as a TE material in different forms.
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