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Recently, the two-dimensional (2D) d8 planar π-conjugated transition-metal complexes have 

gained extensive attention owing to their extra-high electrical conductivity. Meanwhile, low 

lattice thermal conductivities can be expected for their soft and microporous structures, 

suggesting very promising thermoelectric applications. Herein, based on first-principles 

calculations and molecular dynamics simulations, it is identified that mono-layered 2D nickel 

bis(dithiolene) complex, (NiC4S4)n is indeed such a material that exhibits exceptionally high 
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electron mobility, low lattice thermal conductivity and thereby excellent thermoelectric 

performance. The calculated figure of merit at 300 K can reach up to 0.92 for a perfect 

nanosheet. At the same time, the mechanism behind is uncovered, i.e. the weak electron-

acoustic-phonon coupling allowing high electron mobility, and its microporous structure 

decreasing the thermal transport. The surprisingly weak electron-acoustic-phonon coupling 

arises from mixed bonding-antibonding nature of conduction band. Our finding opens a new 

opportunity for these 2D coordination complexes as potential thermoelectric materials.  

 

 

 

1. Introduction 

 The performance of a thermoelectric (TE) material, which can interconvert heat and electricity, 

is evaluated with a dimensionless figure of merit, namely 𝑧𝑇 =
𝜎𝑆2𝑇

𝜅
. Here σ, S, T and κ stand 

for electrical conductivity, Seebeck coefficient, absolute temperature and total thermal 

conductivity, respectively. In solid-state materials, both electrons and phonons contribute to the 

total thermal conductivity, therefore, 𝜅 = 𝜅e + 𝜅L, where кe and кL are electronic and lattice 

thermal conductivity, respectively. The high-performance TE materials require excellent 

electrical conductivity yet poor lattice thermal conductivity, and ideal structures are described 

as ‘phonon-glass and electron-crystal’[1,2]. 

Recently, a number of highly conductive two-dimensional (2D) materials have emerged, 

providing a novel perspective for TE applications. Theoretical studies predicted the superior 

TE performance of some 2D materials, e.g. MXene[3] and transition metal dichalcogenides 

(TMDCs)[4]. Meanwhile, experimentalists observed appealing TE performance with power 

factors ranging from 20 to 37 μW cm-1K-2  in TMDC monolayers[5–7] and 85 μW cm-1K-2  in 

bilayer molybdenum disulfide (MoS2), respectively[5]. Such high performances are already 
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comparable with conventional inorganic bulk TE materials, like bismuth-telluride (Bi2Te3) 

based alloys[8,9] and tin selenide[10] (SnSe) whose power factors are about 50 μW cm-1K-2 . 

However the high thermal conductivities of such 2D inorganic crystals like MoS2
[11–14] limit 

their TE application. In the past decade,  organic-based or hybrid materials have attracted 

increasing attention due to their low thermal conductivity, flexibility and advantages in 

processing[15]. It has been demonstrated that decent TE performances can be achieved in 

organic-based systems, e.g. conducting polymers[16–18] and hybrid organic-inorganic 2D 

materials[19]. Among these organic-based materials, d8 π-conjugated transition-metal 

coordination complexes/polymers are particularly interesting. They possess excellent electrical 

conductivity which is comparable to some inorganic materials; at the same time, they maintain 

many advantages of organic structures like flexibility, low thermal conductivity and tunable 

properties via redox reactions and ligand modifications[20]. Very recently, high electrical 

conductivity was observed for π-conjugated metal-organic nickel bis(dithiolene) thin film[21,22] 

of 160 S cm-1 at room temperature, with variable band gap depending on the number of layers 

and inter-layer distance predicted[23]. A 2D analogy, copper benzenehexathiol (Cu-BHT) was 

found to be metallic and even superconductive below a temperature of 2 K[24]. Meanwhile, these 

coordination polymers have unique microporous structures that can significantly enhance 

phonon scattering and subsequent low thermal conductivity can be expected, promising them 

for thermoelectric applications. 

In this work, we study the TE performance of a 2D material, monolayer π-conjugated nickel 

bis(dithiolene) [(NiC4S4)n] which is a good electric conductor and poor heat conductor realizing 

excellent charge transport and low heat conduction. As a reference of our theoretical prediction, 

we compare it with a typical TMDC, monolayer molybdenum disulfide (MoS2), which is a 

prototypical 2D material intensively studied both experimentally[5,11–13] and theoretically[4,14,25]. 

Based on first-principles calculations and Boltzmann transport theory[26], we calculated the 

intrinsic phonon-limited electron transport in a perfect crystal without impurity scattering. A 
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peak zT of 0.92 is predicted for (NiC4S4)n at 300 K and the corresponding value for  MoS2 is 

only 0.03. The peak power factor for (NiC4S4)n at 300 K is predicted to be 73 μW cm−1K−2 

while for MoS2 it is 48 μW cm−1K−2. Besides, the impact of charged impurity scattering is also 

investigated using a simple Coulomb scattering model, which demonstrated the robust TE 

performance of (NiC4S4)n in the presence of charged impurity. We proved that weak electron-

phonon coupling especially electron-acoustic-phonon coupling in 2D (NiC4S4)n  is the main 

reason of high electron mobility. In addition, we explain the suppressed electron-acoustic-

phonon scattering in the picture of deformation potential theory[27] which describes the electron-

acoustic-phonon coupling through electron energy level change under strain. With strain being 

applied to the lattice, bond stretching weakens the electron bonding between neighboring 

sulfurs within the same benzenehexathiol ring, thus elevates the energy of conduction band 

edge. Meanwhile electron antibonding among Ni d and S pz orbitals within nickel tetrasulfide 

(NiS4) group is also reduced which lowers the energy level. The reduction of bonding and 

antibonding contribution partially cancel each other and lead to smaller electron energy shift at 

the conduction band edge. Such reduced energy change is directly linked to suppressed 

electron-acoustic-phonon scattering through deformation potential theory. Weak electron-

acoustic-phonon coupling was also found responsible for outstanding TE performance of some 

half-Heusler alloys, as discovered by a recent theoretical work employing a similar 

methodology[28]. Due to its special microporous structure, a very low lattice thermal 

conductivity is found for (NiC4S4)n using classical molecular dynamic (MD) simulations, even 

though its 2D structure is still a perfect crystal rather than a glass-like system. The microporous 

structure provides strong phonon scattering, especially as shorter and mid-wavelength phonons 

are strongly scattered by those micropores naturally existing in its crystal structure, similar to 

that in alloys and nanocomposites[29]. With high carrier mobility and Seebeck coefficient but 

very low lattice thermal conductivity, 2D nickel bis-dithiolene is a crystal with good electron 

transport and poor phonon transport, and an excellent candidate for TE applications. 
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2. Results and Discussions 

2.1 Electronic structure and phonon modes 

The chemical structures of 2D (NiC4S4)n and MoS2 together with their calculated electronic 

structures and phonon dispersions are given in Figure 1. The optimized lattice constants are 

14.63 Å for (NiC4S4)n and 3.19 Å for MoS2 respectively, which agree with experimental 

measurements[21,30,31] as well as previous theoretical calculation results[32–34]. The electron and 

phonon dispersions along Γ-M-K-Γ high-symmetry path are calculated. The lowest 3 

conduction bands of (NiC4S4)n form a set of Kagome bands, where the lowest two form Dirac 

cones around K/K’ points and touch a flat band on top of them at Γ point. On each site of the 

Kagome lattice, which is centered on the planar nickel tetrasulfide (NiS4) group, an antibonding 

π* orbital is formed by S pz and Ni eg (dxz and dyz) orbitals, as shown in Figure 1c. And the 

weak interactions among sulfur pz orbitals in the same benzenehexathiol ring is bonding-π-like. 

Strong spin-orbital coupling (SOC) was found in MoS2 resulting in large spin splitting near 

band edges, as reported before[35]; therefore, spin-nondegenerate quasi-particle (QP) dispersion 

is used for MoS2. Meanwhile, although SOC leads to some interesting features like non-trivial 

topology near Dirac point of the Kagome bands[32], its effect is negligible near conduction band 

minimum (CBM), which dominates the transport in monolayer 2D (NiC4S4)n. So spin-

degenerate electron QP energy from collinear calculation was adopted to calculate transport 

coefficients of (NiC4S4)n. Using PBE0[36] instead of PBE[37], we found an increased band gap 

in MoS2 from 1.61 eV to 2.69 eV which agrees with an earlier study using PBE0[34] and GW 

correction[33]; however, the band shapes do not change much and exhibit a rigid-shift-like effect. 

Similarly in (NiC4S4)n, the band gap increases from 0.11 eV to 0.67 eV, while the lowest 

conduction band becomes more dispersive and the highest valence band becomes flatter. 
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Phonon dispersions are calculated using PBE for both (NiC4S4)n and MoS2 monolayer 

structures, and no imaginary phonon frequency is found which indicates that the relaxed 

structures are stable at finite temperature. Compared to MoS2, (NiC4S4)n is expected to be softer 

and more flexible, so the optical vibrations require less energy, hinting smaller gap between 

acoustic and optical phonons. This is proven by the low-lying optical branches as shown in 

Figure 1d. As a result, there are many crossing points between different low-energy phonon 

branches and hence the potential for stronger phonon-phonon scattering. A large number of 

atoms per unit cell of (NiC4S4)n leads to the diversity of optical phonon branches favorable for 

momentum-conservation required in scattering selection rules, which also leads to reduced 

lattice thermal conductivity[2]. The sharp peaks in total phonon density of states (PhDOS) 

confirms small group velocity and provides many scattering channels which also lead to strong 

phonon-phonon scattering. Therefore, the lattice thermal conductivity in (NiC4S4)n is predicted 

to be much smaller than that of MoS2. This is also demonstrated in our molecular dynamics 

study. Details of molecular dynamics calculation are discussed in Supporting Information (SI).  

 

  

2.2. Electron-phonon scattering 

Next, we focus on phonon-limited charge transport properties. Note that the effect of electron-

electron interaction is neglected in the present study, because for band edge electrons/holes in 

a system with a finite band gap, the electron-phonon scattering dominates over the electron-

electron scattering [38] at the temperature range of our interest. 

 As shown in Figure 2a, the QP lifetimes of (NiC4S4)n are much longer than those of MoS2, 

indicating weaker electron-phonon scattering. At the CBM, electron effective masses are 

estimated to be 0.17𝑚𝑒 for (NiC4S4)n and 0.37𝑚𝑒 for MoS2 respectively. As a result, the group 

velocities of electrons of (NiC4S4)n are greater than that of MoS2.  
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To uncover the details of electron scattering due to electron-phonon coupling, we can rewrite 

the scattering rate (see Equation (3) in the Computational Methods) as an integral 

𝜏𝑛𝒌
−1 = ∫ 𝛾𝑛𝒌(𝜔)𝑑𝜔

+∞

0
= 𝛤𝑛𝒌(+∞)        (1) 

𝛤𝑛𝒌(𝜔) ≡ ∫ 𝛾𝑛𝒌(𝜔′)𝑑𝜔′𝜔

0
        (2) 

Here 𝛾𝑛𝒌(𝜔) , defined by Equation (6) in Computational Methods,s represents scattering 

contribution from phonons with frequency around 𝜔, and 𝛤𝑛𝒌(𝜔) is the cumulated contribution 

from phonons with frequency lower than 𝜔. Equation (1) and (2) are completely equivalent to 

Equation (3), but the phonon frequency dependence of scattering is revealed. Detailed definition 

of 𝛾𝑛𝒌(𝜔) is given in SI. The calculated 𝛤𝑛𝒌 and 𝛾𝑛𝒌 for the electron state 𝑛𝒌 of conduction 

band at zone center (Γ point) is plotted in Figure 2b together with phonon density of states 

(PhDOS) and partial density of states (PhPDOS) for (NiC4S4)n. As indicated by 𝛤𝑛𝒌(𝜔), the 

low-lying acoustic phonons only contribute 0.77 ps-1, around 20% of the total scattering rate of 

4 ps-1. The remaining charge scattering comes from optical phonons with energy higher than 

40 meV. This is in contrast to the situation of MoS2, where scattering from acoustic phonons 

contributes 9.3 ps-1, over 80% of the total scattering rate of 10.6 ps-1, as shown in Figure S1 of 

SI. Such surprising difference is mainly due to the weak electron-acoustic-phonon scattering in 

(NiC4S4)n, where the acoustic phonon contribution of scattering rate is smaller than that in MoS2 

by almost two orders of magnitude. On the other hand, the optical phonon contribution are in 

the same order for (NiC4S4)n ( 3.2 ps-1 ) and MoS2 ( 1.3 ps-1 ). 

The observation of electron-acoustic-phonon coupling suppression in (NiC4S4)n contradicts the 

case of MoS2, as well as many other 2D systems like stanene, graphene[39], graphynes, 

graphdiynes[40] etc., where acoustic phonons dominate the carrier scattering. To understand the 

origin of such suppression, we first identify the nature of conduction band from its wave 

function. As shown in Figure 1c, the CBM wave function is a mixture of bonding and 

antibonding among sulfur pz orbitals and nickel d orbitals. In the picture of deformation 
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potential theory[27], the coupling between electron and long wave-length acoustic phonon is 

proportional to the change rate of electron energy due to uniform strain. Given a uniform 0.5% 

in-plane dilation for example, the relaxed distance between one sulfur and its neighboring nickel 

and sulfurs, as labelled in Figure 2c, change accordingly. The actual values of interatomic 

distances and relative changes are given in Table 1. On one hand, the distance between atom 

S1 and and S3 increases and the weakened bonding-like coupling is expected to increase 

electron energy. On the other hand, the distance between S1 and S2 shrinks and reduces electron 

energy by stronger bonding. The increased distances among S1, S4 and Ni also reduce electron 

energy as they couples in an antibonding-like way. Using the real-space electron-phonon 

coupling matrix in Wannier representation, we estimated the contribution from change due to 

these distance changes. The distance expansion of S1-S3 and other equivalent pairs increase 

the CBM energy by 6.39 meV, while the other three types of distance changes decrease the 

CBM energy by 10.06 meV, giving a total decrease of CBM energy around 3.7 meV. This 

cancelling between bonding and antibonding contribution explains the small total electron-

acoustic-phonon coupling. Together with smaller electron effective mass and density of states, 

as well as stronger polarizability due to smaller band gap, the electron scattering from acoustic 

phonon is naturally small. This observation implies the possibility of tuning acoustic phonon 

scattering through orbital engineering. By substituting atoms in NiS4 group with similar 

alternatives such as Pt and -NH, weaker scattering can possibly be achieved through optimizing 

bond strength and coupling. 

Further analysis of vibrational modes for those contributing optical phonons also provides 

insight to the scattering mechanism. As shown by the vibrational modes of the two optical 

phonon branches with strongest scattering contribution (Figure S3 in SI), electrons in (NiC4S4)n 

are mainly scattered by the bond angle distortion and bond length stretching of Ni-S bonds, 

which is in agreement with population of Ni and S components in both phonon and electron 

partial DOS. 
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In general, therefore, one can lay out avenues towards the reduction of electron-phonon 

scattering through decreasing the phonon population, which can be realized by increasing the 

vibrational energy of these optical phonons. For example, in such 2D π-conjugated complexes, 

by substituting Ni with other metals or S with other ligands which could form stronger 

coordination bonds, one may increase the energy needed for bond distortion and stretching. The 

weaker electron-phonon coupling can also be realized by introducing lighter elements with 

higher kinetic energy for substitution of conjugation part. 

 

2.3. Charge transport and thermoelectric performance 

The longer lifetimes and larger velocities of electrons lead to greater electron mobility and 

therefore higher conductivity in (NiC4S4)n. Further, we use the Boltzmann transport equation to 

calculate the electron transport coefficients including conductivity, carrier mobility and 

Seebeck coefficient at different chemical potentials 𝜇  to find the optimal power factor. 

Temperature dependence from 200 K to 500 K is also considered through the Fermi-Dirac 

distribution for electrons and Bose-Einstein distribution for phonons, respectively. To convert 

the two-dimensional carrier concentration into three-dimensional density, we use an effective 

thickness of 0.32 nm for (NiC4S4)n from optimized Bernal-stacking bulk structure, and 0.615 

nm for MoS2. These values are in agreement with experimental measurements[5,30]. The 

electrical conductivity 𝜎 , electronic thermal conductivity 𝜅𝑒 , and electron mobility 𝜇𝑒  are 

plotted in Figure 3, against temperature and n-type carrier concentration. Due to its longer QP 

lifetime and smaller effective mass, the electron mobility is expected to be much larger in 

(NiC4S4)n, as high as 894 cm2 V-1 s-1 at 300 K. For comparison, it is about six times greater 

than the highest electron mobility in MoS2, which is 127 cm2 V-1 s-1. 

The Seebeck coefficient, which is the ratio between TE voltage and temperature difference, is 

also an important index for TE materials. At 300 K, the calculated Seebeck coefficient with 
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same carrier concentration, 𝑛3𝐷 = 1019 cm-3  for example, is -239 μV K-1  for (NiC4S4)n and 

-353 μV K-1 for MoS2 respectively. The higher Seebeck coefficient of MoS2 can be attributed 

to higher valley degeneracy. The energetically degenerate K/K’ valleys in MoS2 provides a 

factor of 𝑔𝑣 = 2 which enhances the Seebeck coefficient through increased electron density of 

states[5]. Since the CBM in (NiC4S4)n is at zone center (i.e., Γ point), no valley degeneracy is 

present. Even though, it shows good performance compared to conventional TE materials like 

Bi2Te3
[41].  

Besides carrier mobility and Seebeck coefficient, we also calculated the power factor, 𝑃𝐹 =

𝜎𝑆2  and figure of merit zT. A remarkably high power factor of 72 μW cm-1K-2 , which 

corresponds to a zT value of 0.92, is achieved in monolayer (NiC4S4)n with chemical potential 

𝜇 of 25 meV below CBM. This is equivalent to a bulk n-type carrier concentration of 𝑛3𝐷 ≈

1.23 × 1019 cm-3 with effective thickness of 0.32 nm, or a 2D carrier concentration of 𝑛2𝐷 ≈

0.39 × 1012 cm-2. Such a high power factor and zT value will be decreased in real samples 

considering additional scatterings caused by impurity, defects and boundaries. On the other 

hand, to achieve the best TE performance of monolayer MoS2 at 300 K, 𝑃𝐹 = 48 μW cm-1K-2, 

higher n-type carrier concentration 𝑛3𝐷 ≈ 8.29 × 1019 cm-3 with effective thickness of 0.615 

nm, or 𝑛2𝐷 ≈ 5.1 × 1012 cm-2  is needed. The corresponding zT is estimated to be 0.03~0.1 

when we adopt the lattice thermal conductivity ranging 40 − 110 W m−1 K−1 from pervious 

experimental and theoretical works[11–14]. A detailed peak TE performance comparison between 

(NiC4S4)n and MoS2 is given in Table 2. 

Although the carrier density can be experimentally controlled through field-effect[5] and redox 

process[21] without explicitly introducing dopant ions, charged impurity could be present in real 

specimens. As electron-phonon scattering is quite weak for (NiC4S4)n in our study, charged 

impurity scattering may play an important role in experimental measurements. As has been 

shown experimentally, the charged impurity in 2D MoS2 monolayer behaves like bare 
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Coulomb impurity[42]. Therefore, we included bare Coulomb impurity[43] with different 

effective impurity densities into the total scattering rate and evaluated the corresponding power 

factor for both materials, as shown in Figure 4. As expected, the high power factor of (NiC4S4)n, 

which is dominated by the high electrical conductivity, decreases as impurity density increases. 

However, the decline of power factor and electric conductivity with lower impurity density is 

not that significant, because the electron-phonon scattering still dominates the charge scattering. 

Furthermore, the energy filtering effect of impurity scattering actual leads to enhanced Seebeck 

coefficient by filtering out low energy electrons[44]. The impact of charge impurity in (NiC4S4)n 

may have important consequence in real samples so the crystallinity can be a key factor for 

achieving high performance experimentally. 

Here we also compare our simulation for MoS2 with experimental measurement of exfoliated 

monolayer MoS2 with a gate voltage applied as effective doping[5]. At the electron concentration 

of 𝑛3𝐷 ≈ 1.2 × 1020 cm-3 , a reasonably high 𝑃𝐹 =  30 μW cm-1 K-2  can be achieved for 

monolayer MoS2, with corresponding carrier mobility of  37 cm2 V-1 s-1  and Seebeck 

coefficient of −283 μV K-1. In our calculation with the same doping level, the power factor is 

calculated to be 47 μW cm-1  K-2, with the mobility of  108 cm2 V-1 s-1, and Seebeck coefficient 

of −150 μV K-1 . In the experimental measurement, the exfoliated samples have natural 

imperfections like defects, which induce impurity scattering, as compared to our calculation 

results based on perfect single layer crystal. The additional scattering leads to decreased carrier 

mobility due to reduced relaxation time, and increased Seebeck coefficient due to energy 

filtering and additional impurity levels. It is found that by including an effective bare Coulomb 

impurity density of 𝑛𝑖
∗ = 2 × 1011 cm−2 , the calculated mobility 41 cm2 V-1 s-1 , Seebeck 

coefficient  170 μV K-1 , and power factor 23 μW cm-1 K-2  are in closer agreement with 

experiment with same electron concentration.  It is noticed that interface coupling with substrate 

may also alter the carrier mobility[45], hence this kind of difference is expected and should vary 
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from sample to sample. Using an effective impurity density of 2 × 1011 cm−2 as in MoS2, the 

peak power factor of (NiC4S4)n is estimated to be 7.4 μW cm-1  K-2. However, as (NiC4S4)n is a 

synthesized 2D crystal, the impurity density could be lower than that of exfoliated samples, and 

it can be expected that high TE performance still can be found in (NiC4S4)n sample with high 

crystallinity and purity. 

 

3. Conclusion 

Since the simulated power factor and zT of (NiC4S4)n is much higher than that of MoS2 at 300 

K, it is expected to overperform MoS2. As the soft and flexible nature of (NiC4S4)n leads to flat 

phonon dispersion and many crossovers between optical and acoustic phonons, more phonon-

phonon scattering channels can be provided which may significantly reduce the thermal 

conductivity. Larger number of atoms per unit cell is also beneficial, which is similar to 

complex thermoelectric materials whose low thermal conductivity is associated with their large 

atom number and complex crystal structure[46]. Therefore the lattice thermal conductivity of 

(NiC4S4)n is expected to be lower than that of MoS2 as discussed in the previous section and 

demonstrated in our MD simulation. As a result, we believe a much higher zT can be realized 

with (NiC4S4)n. This suggests that 2D (NiC4S4)n could be a promising high-efficiency, high-

power low-dimensional organometallic TE material. 

In conclusion, we predicted the TE performance of two-dimensional single-layer π‑conjugated 

nickel bis(dithiolene) complex, which possesses remarkable room-temperature power factor as 

large as 73 μW cm-1K-2 due to weak electron-acoustic phonon coupling, as compared to that of 

the promising inorganic 2D material molybdenum disulfide of 48 μW cm-1K-2  (theory) and 

30 μW cm-1K-2  (recent experiment[5]). The microporous crystal structure of such polymers 

potentially decreases their lattice thermal conductivity while preserving good electron mobility 

and high zT of 0.92, making it a good electron crystal yet poor phonon crystal, which is in line 
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with the spirit of ‘electron-crystal-phonon-glass’ strategy and would be favourable for TE 

application.  Considering the diversity of such organometallic conjugated structures, we expect 

more members of this family to have excellent TE performance. 

 

 

4. Computational Methods 

First principles calculations: Phonon dispersions and electron-phonon couplings are 

calculated using Perdew, Burke and Ernzerhof’s (PBE) generalized gradient approximation 

(GGA)[37] to the DFPT[47] as implemented in PHONON package of QUANTUM 

ESPRESSO[48]. A set of optimized norm-conserving Vanderbilt pseudopotentials[49,50] are 

used to replace core electrons, and SOC is included by performing non-collinear calculation 

using fully relativistic pseudopotentials[51]. A plane-wave cut-off energy of 80 Ry together 

with a uniform 4×4×1 Brillouin zone sampling meshes are used for (NiC4S4)n and 12×12×1 

for MoS2 to ensure energy and force convergence within 1 meV per atom and 5 meV Å-1. The 

same convergence criteria are applied in structural relaxation. A vacuum layer of 8 Å is used 

for both systems to avoid interaction between images, and the relaxed in-plane lattice 

constants are 14.63 Å for (NiC4S4)n and 3.19 Å for MoS2 respectively. Electron quasiparticle 

(QP) energy calculation using PBE0[36] hybrid functional is performed self-consistently in 

order to correct the underestimated band gap in GGA. It is well known that GGA tends to 

underestimate the band gaps in many systems, while good agreement with more rigorous GW 

correction can be achieved by using hybrid functionals like PBE0 with much cheaper 

computation, as demonstrated by previous studies for some conjugated polymers[52] and 2D 

semiconductors[34]. Then the electron quasiparticle energy, phonon dispersion and electron-

phonon matrix elements are interpolated into a finer mesh using maximally localized Wannier 

functions[53,54] as implemented in Electron-Phonon coupling using Wannier functions 

(EPW)[55] to evaluate the electron quasiparticle lifetime. Since the Fröhlich type electron-
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phonon coupling is strongly q-dependent around Γ point, leading to slow convergence with 

respect to Brillouin zone sampling, we treat the Fröhlich coupling separately using Monte 

Carlo importance sampling around zone center following Zhou and Bernardi[56] with two 

dimensional Cauchy distribution 𝑃(𝒒)~
1

𝑞2+𝜎2 of scale parameter 𝜎 = 0.05 for both systems. 

1202 random q points are used for (NiC4S4)n and 2402 points are used for MoS2. The 

remaining slow-varying electron-phonon coupling contribution to self-energy are integrated 

on uniform q grids of size 902 for (NiC4S4)n and 3002 for MoS2.  

To evaluate the relaxation time from first principles, we calculated the electron self-energy due 

to electron-phonon coupling within Fan-Migdal approximation[55,57–59] and the corresponding 

lifetime is used to approximate electron relaxation time[57,60] as 

𝜏𝑛𝒌
−1 =

2𝜋

ℏ𝑁𝒒
∑ |𝑔𝑛𝑚𝜆(𝒌, 𝒒)|2[(1 − 𝑓𝑚𝒌+𝒒

0 + 𝑛𝜆𝒒
0 )𝛿(휀𝑛𝒌 − ℏ𝜔𝜆𝒒 − 휀𝑛𝒌+𝒒) +𝑚𝜆𝒒

(𝑓𝑚𝒌+𝒒
0 + 𝑛𝜆𝒒

0 )𝛿(휀𝑛𝒌 + ℏ𝜔𝜆𝒒 − 휀𝑛𝒌+𝒒)]       (3) 

where ℏ, 𝑁𝒒, 𝑔𝑛𝑚𝜆(𝒌, 𝒒), 𝑓𝑚𝒌+𝒒
0 , 휀𝑛𝒌,  𝑛𝜆𝒒

0 , and 𝜔𝜆𝒒 stand for reduced Planck constant, number 

of 𝒒 points, electron-phonon matrix element, Fermi-Dirac distribution, electron energy, Bose-

Einstein distribution, and phonon frequency, respectively. 

To estimate the impact of charged impurity scattering, we consider bare Coulomb impurity with 

effective charge 𝑍∗ = 𝑍/휀𝑟. The scattering matrix elements are given by[43] 

𝑀𝒌𝒌′ ≈
𝑍∗2𝜋𝑒2

4𝜋𝜖0Ω

1

𝑞
          (4) 

with 𝑒, 𝜖0, Ω, and 𝒌 and 𝒌′ being elementary charge, vacuum permittivity, sample area, crystal 

momentum of initial and final state, respectively. By assuming a parabolic band dispersion, 

which is a good approximation for electrons of interest in both materials, their contribution to 

scattering rate is given by[43] 

𝜏𝒌
−1 =

2𝜋

ℏ
𝑛𝑖 ∫

𝑑2𝑘′

Ω𝐵𝑍
|𝑀𝒌𝒌′ |2(1 − cos 𝜃𝒌𝒌′ )𝛿(휀𝒌 − 휀𝒌′)

𝐵𝑍
= 𝑛𝑖

∗ 𝜋2𝑒4

ℏ(4𝜋𝜖0)2

1

𝜀𝒌−𝜀𝒌=𝟎
  (5) 
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where the effective impurity density is 𝑛𝑖
∗ = 𝑛𝑖(𝑍∗)2, Ω𝐵𝑍 is the area of first Brillouin zone, 

and 휀𝒌 is the energy of electron with crystal momentum 𝒌. 

The 𝛾𝑛𝒌(𝜔) function, representing scattering contribution from phonons with frequency around 

𝜔, is defined as 

𝛾𝑛𝒌(𝜔) =
2𝜋

ℏ𝑁𝒒
∑ 𝛿(𝜔 − 𝜔𝜆𝒒)|𝑔𝑛𝑚𝜆(𝒌, 𝒒)|2

𝑚𝜆𝒒 [(1 − 𝑓𝑚𝒌+𝒒
0 + 𝑛𝜆𝒒

0 )𝛿(휀𝑛𝒌 − ℏ𝜔𝜆𝒒 − 휀𝑛𝒌+𝒒) +

(𝑓𝑚𝒌+𝒒
0 + 𝑛𝜆𝒒

0 )𝛿(휀𝑛𝒌 + ℏ𝜔𝜆𝒒 − 휀𝑛𝒌+𝒒)]       (6) 

 

Boltzmann transport equations (BTE): To theoretically evaluate the TE performance, 

electrical conductivities and Seebeck coefficients are calculated using BTE in single-mode 

relaxation time approximation (SMRTA)[26,60] with relaxation time defined in Equation (3). 

This approximation has been shown to agree well with exact solution of BTE in MoS2
[25]. The 

electron velocity matrix is evaluated in local approximation[55] and the diagonal part 𝑣𝑛𝑘 is 

used to calculate the electrical conductivity tensor 𝜎 and Seebeck coefficient tensor 𝑆 in 

SMRTA using 

𝜎𝛼𝛽 =
𝐺𝑠𝑒2

𝑁𝒌Ω
∑ 𝑣𝑛𝒌

𝛼 𝑣𝑛𝒌
𝛽

𝜏𝑛𝒌 [−
𝜕𝑓0(𝜀)

𝜕𝜀
|

𝜀=𝜀𝑛𝒌−𝜇
]𝑛𝒌       (7) 

(𝜎𝑆)𝛼𝛽 =
𝐺𝑠(−𝑒)

𝑁𝒌Ω𝑇
∑ 𝑣𝑛𝒌

𝛼 𝑣𝑛𝒌
𝛽

𝜏𝑛𝒌 [−
𝜕𝑓0(𝜀)

𝜕𝜀
|

𝜀=𝜀𝑛𝒌−𝜇
] (휀𝑛𝒌 − 𝜇)𝑛𝒌     (8) 

Here 𝜎𝛼𝛽  and 𝑣𝑛𝒌
𝛽

 are the components of tensor 𝜎  and vector 𝑣𝑛𝒌  respectively, 𝐺𝑠  is spin 

degeneracy, 𝑁𝒌 is the number of k-points. 
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Figure 1. a Chemical structure and unitcell, b electron band structure using different 

functionals, c squared modulus of electron wave function for conduction band minimum, and 

d phonon dispersion of (NiC4S4)n. The energy of band gap center is set to zero for electron band 

structure in b. Since wave function at Γ point can be purely real, different isosurface colors in 

c mark opposite sign of wave function. The sign of wave function implies bonding-like 

interaction among sulfur pz orbitals within the same benzenehexathiol ring, and antibonding-

like interaction among different rings and between sulfur pz and nickel d orbital. In d phonons 

higher than 80 meV are not shown in the figure as they are less important in electron scattering 

and thermal transport due to the lower occupation. The phonon mode with the highest energy 

for (NiC4S4)n is found at 170 meV (1374 cm-1). Unlike MoS2, no gap can be found between 

optical and acoustic phonon branches in (NiC4S4)n, which is related to its soft and flexible 

structure. 
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Figure 2. a Electron quasiparticle lifetime plotted against QP energies. Higher electron 

velocities in (NiC4S4)n due to its lighter effective (0.17 𝑚𝑒) as compared to MoS2 (0.37 𝑚𝑒), 

and longer carrier liftime lead to its ultrahigh mobility and good TE performance. b Total 

phonon density of states (PhDOS) and phonon partial density of states (PhPDOS) of (NiC4S4)n, 

𝛾𝑛𝑘(𝜔) defined by Equation (6), and accumulated scattering rate 𝛤𝑛𝑘(𝜔) for electron at the 

conduction band edge of (NiC4S4)n defined by Equation (2), are plotted against phonon energy 

ħω. The spiky PhDOS is in agreement with flat phonon dispersion shown in Figure 1 and 

potentially leads to low lattice thermal conductivity, as discussed in section 2.1. The 

accumulated scattering rate 𝛤𝑛𝑘 (𝜔) shows that low-lying acoustic phonons only contribute a 

small portion less than 20%, to the total scattering rate for electron at CBM. The numbers marks 

the two optical phonon branches, say branches 32 and 47, which contribute the most to the total 

scattering long with acoustic phonons. The vibrational modes of these three branches are shown 

in Figure S3 in SI. c one sulfur atom (S1) and its neighbors (S2, S3, S4, Ni) are labeled. The 

change of interatomic distances among them modifies the bonding and antibonding strength 

among atomic orbitals. The cancelling between bonding and antibonding contribution to 

electron energy yields weak electron-acoustic-phonon coupling, as discussed in section 2.2. 
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Figure 3. Phonon-limited electrical transport quantities from BTE: a - c are electron mobility, 

Seebeck coefficient, and power factor of (NiC4S4)n with different temperature and n-type carrier 

density, while d - f are those of MoS2, with only electron-phonon scattering included. Optimal 

electron density where their respective zT peaks at 300 K are marked with green spots in c and 

f. 

 

 

Figure 4. a Seebeck coefficient b power factor and c zT of (NiC4S4)n, and d Seebeck coefficient 

e power factor and f zT of of MoS2 with different temperature and n-type carrier density, with 

bare Coulomb impurity of various densities considered. The impact is more significant for 
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(NiC4S4)n as electron-phonon scattering is weaker, while for MoS2 the electron-phonon 

coupling is comparable with charged impurity scattering. 

 

Table 1 Type of coupling between atomic orbitals, unstrained interatomic distance 𝑅0 between 

sulfur and its neighbors, their relative changes 𝛿𝑅0 𝑅0⁄  after dilation the lattice with 0.5% 

biaxial strain, real space electron-phonon coupling constant |𝑔| in Wannier representation due 

to interatomic distance change, and the estimated total effect of distance change on CBM energy 

𝛿𝜖𝐶𝐵𝑀  including all equivalent pairs. Atoms are labelled in Figure 2c as sulfur S1 and its 

neighbors S2, S3, S4 and Ni. In one unitcell, there are 6, 6, 6, and 12 pairs of neighboring atoms 

that are equivalent to S1 – S2, S1 – S3, S1 – S4 and S1 – Ni pair, respectively. These pairs are 

all included in the calculation of 𝛿𝜖𝐶𝐵𝑀 . Since the carbon component of CBM wave function is 

much smaller, it is not included here. 

 type 𝑹𝟎 (Å) 𝜹𝑹𝟎 𝑹𝟎⁄  |𝒈| (𝐞𝐕 Å−𝟏) 𝜹𝝐𝑪𝑩𝑴 (𝐦𝐞𝐕) 

S1 - S2 bonding 3.069 -0.28% 0.34 -2.27 

S1 - S3 bonding 3.208 +0.55% 0.46 6.39 

S1 - S4 antibonding 2.968 +0.90% 0.34 -7.34 

S1 - Ni antibonding 2.135 +0.30% 0.04 -0.45 

 

 

Table 2 TE quantities of (NiC4S4)n and MoS2 at the doping level where their respective zT 

peaks at 300K, including electron mobility 𝜇𝑒 , electrical conductivity 𝜎, Seebeck coefficient 𝑆, 

power factor 𝑃𝐹, electronic thermal conductivity 𝜅𝑒, lattice thermal conductivity 𝜅𝐿, estimated 

figure of merit 𝑧𝑇, and n-type carrier concentration 𝑛3𝐷 calculated using effective thickness. 

Here the lattice thermal conductivity 𝜅𝐿 of (NiC4S4)n is calculated at 300K using NEMD as 

described in SI, and then used to estimate its 𝑧𝑇. 𝜅𝐿 of MoS2 is taken from experimental and 

theortical references as listed in the table. 

 𝝁𝒆(cm2 V-1 s-1) 𝝈(𝟏𝟎𝟑S cm-1) 𝑺(μV K-1) 𝑷𝑭(μW cm-1K-2) 

(NiC4S4)n 733 1.44 −224 72 

MoS2 113 0.15 −179 48 

 𝜅𝑒(W m−1 K−1) 𝜅𝐿(W m−1 K−1) estimated 𝑧𝑇 𝑛3𝐷(1019cm-3) 

(NiC4S4)n 0.30 2.05 0.92 1.23 

MoS2 0.68 40-110[11–14] 0.01-0.03 8.29 
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High thermoelectric power factor, and figure of merit zT are found in 2D nickel 

bis(dithiolene). The large carrier mobility and power factor comes from weak electron-

acoustic-phonon coupling arising from mixed bonding-antibonding nature of conduction 

band. Low lattice thermal conductivity due to its microporous crystal structure and complex 

phonon spectrum enhances its thermoelectric performance. 
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