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Abstract: 

We present a first principle framework to study the electronic properties of SnSe2, a potentially 

good layered thermoelectric material. We use density functional theory and solutions of the 

Boltzmann transport equation under relaxation time approximation including electron-phonon and 

ionized impurity interactions to calculate the thermoelectric power factor where electron-phonon 

scattering is computed using the PERTUBO package and the modified Brooks-Herring approach 

is used to model the ionized impurity scattering. We study the temperature-dependent transport 

properties at different carrier concentrations with and without the inclusion of van der Waals 

interactions. The inclusion of van der Waals interactions increases the electron-phonon scattering 

but total relaxation time is mostly dominated by ionized impurity scattering at high concentration 

levels. We first validate our theory by comparing the results to available experimental data and 

then optimize the thermoelectric performance of SnSe2 as a function of temperature and carrier 

concentration. The optimized power factor times temperature happens at a carrier concentration of 

4×1019 cm-3 and reaches a maximum value of 0.49 Wm-1K-1 at 523 K in the in-plane direction and 

0.185 Wm-1K-1 at 700 K in the cross-plane direction. Finally, the lattice thermal conductivity is 
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evaluated using Callaway’s model. Our optimized model shows the highest 𝑍𝑇 value of 1.1 at 950 

K originating in the ultra-low thermal conductivity across the SnSe2 layers.  

Introduction 

Climate change and energy security are major concerns for a future sustainable society 1,2. More 

than 60% of the energy generated in our power plants is wasted in the form of heat. The recovery 

of this waste heat can play a major role in mitigating the worldwide clean energy shortage. Among 

possible solutions for waste heat recovery are solid-state thermoelectric modules which can 

convert heat directly into electricity, based on the Seebeck effect 1,3–10. In addition to using a clean 

and abundant energy resource, thermoelectric power generators have several other advantages. 

They have no moving parts, do not use harmful chemicals, have a quiet operation, and have low 

maintenance requirements 11–13. Besides power generation and refrigeration capability, 

thermoelectric materials are now being considered in active cooling applications 14,15. Despite the 

benefits of using thermoelectric modules, their popularity in the market remains relatively low 16 

due to their low efficiency, high cost, and in some cases the usage of toxic elements and mechanical 

instability at high temperatures.  

The thermoelectric performance is defined by a dimensionless figure of merit, 𝑍𝑇 =
𝑆2𝜎𝑇

𝜅
, where 

S, σ, T, and κ represent the Seebeck coefficient, electrical conductivity, temperature, and total 

thermal conductivity (electronic contribution: κel+ lattice contribution: κlatt), respectively 12. It is 

evident from the above relation that high-performance thermoelectrics need to have a high-power 

factor (𝑆2𝜎) and low thermal conductivity. However, it is difficult to control these parameters 

independently due to their complex interrelationships. There are some well-established ways to 

improve 𝑍𝑇 for example by optimizing carrier concentration and mobility which results in 



enhanced power factor (PF) or by suppressing  the lattice thermal conductivity by introducing 

scattering centers 13,17–19.  

Two-dimensional layered materials such as transition metal dichalcogenides (TMDCs) are 

promising candidates for thermoelectric applications 20–24 and have unique electronic and thermal 

transport properties 25. In layered structure materials, strong covalent bondings exist within each 

layer and weak van der Waals interactions between them. Because of the weak van der Waals 

interactions, layered materials possess low thermal conductivity along the cross-plane direction, 

making them promising thermoelectric materials.  

Tin diselenide (SnSe2) has a layered hexagonal CdI2-type structure 25 and offers several advantages 

including non-toxicity and low cost but it was overlooked for a long time 16,26. In this paper, we 

use first-principles calculations and Boltzmann transport theory to examine the doping and 

temperature dependence of TE properties of SnSe2. To accurately describe the thermoelectric 

properties of SnSe2, we use energy-dependent relaxation times including electron-phonon and 

ionized impurity scatterings in transport calculations. Until now,  very few theoretical studies have 

been performed on this material but they are incomplete as they either use constant relaxation time 

approximation e.g. employing BoltzTrap code 27, or single parabolic band (SPB) model to predict 

TE properties of SnSe2 which prevents their formalism to accurately describe and predict the 

experimental TE properties of SnSe2 
28,29.   

Sun et. al 28 used first-principles band structure but constant relaxation times approximation 

(CRTA) for the transport calculation of SnSe2. They derived a constant value of 𝜏 at different 

temperatures by fitting the electrical conductivities with experimental data. This assumption makes 

the total transport calculations fast and simple but does not have a predictive power. In practice, 𝜏 

is not a constant value and is a function of band-structure, energy, temperature, and doping 



concentration. Using a constant value of 𝜏 can lead to misleading results. For instance, Sun’s model 

28 predicted a larger 𝑍𝑇 in the in-plane direction whereas experimental results suggest that ZT is 

higher along the cross-plane direction for single crystal samples 25,30. The discrepancies between 

theoretical and experimental values also originated from the incorrect modeling of lattice thermal 

conductivity. In Ref. 26  Cahill’s model 31 was used which is only applicable to disorder systems 

and not to SnSe2. The thermal conductivity of SnSe2 at above room temperature is dominated by 

three-phonon processes and drops with (
1

𝑇
) which is not the case for disorder systems. Later, Ding 

et. al 29 used a single parabolic band (SPB) model and only considered the acoustic phonon 

scattering in the system for electron relaxation time approximation. However, the phonon 

dispersion of SnSe2 reveals that modeling with only deformation potential cannot describe the 

detailed nature of the scattering mechanism. Wang et. al 32 and Saeed et. al 33 reported that optical 

phonons play a significant role in transport for SnSe2 or related phases. Alongside optical phonon 

scattering, ionized impurity scattering is also a dominant one for doped semiconductors 34. 

Therefore, the SPB model with only acoustic modes could lead to the wrong prediction of the 

relaxation times, especially along the cross-plane direction.  Thus, it is necessary to develop a more 

accurate model including all dominant scattering events to predict the experimental thermoelectric 

properties of SnSe2. In this work, we develop a first principles-based method incorporating 

electron-phonon scattering (including acoustic and optical branches) and ionized impurity 

scattering to match the experimental transport properties of bulk SnSe2 in the in-plane and cross-

plane direction without and with van der Waals interactions. The electrical conductivity and 

Seebeck coefficient are calculated by solving the linearized BTE under energy-dependent 

relaxation time approximation. The band structure and the electron-phonon scattering rates are 

obtained using the first principle calculations. The ionized impurity scattering is evaluated using a 



modified Brooks-Herring approach 35. The lattice thermal conductivity is evaluated using the 

Callaway model as this approach has successfully been applied to predict the 𝜅 values for 

semiconductors 36,37. The results are in close agreement with the experimental values. Finally, we 

use our developed method to optimize power factor times temperature with respect to temperature 

and carrier concentration to obtain optimum temperature and doping concentration for high power 

factor. Our results may serve as a guide on how to optimize the thermoelectric properties of SnSe2 

and similar compounds. 

 

Computational Details: 

 

SnSe2 crystallizes in a layered hexagonal structure with P-3m1 space group and 3 atoms in the unit 

cell 38. First-principles calculations are carried out using the density functional theory (DFT) and 

density functional perturbation theory (DFPT) as implemented in QUANTUM ESPRESSO 

package 39. The norm-conserving pseudopotentials 40 with Perdew-Zunger (LDA) 41 exchange-

correlation functional is used. The interlayer interactions in SnSe2 arise from weak van der Waals 

force between Se and Sn atoms in the out-of-plane direction. To capture weak interactions between 

layers, we use the non-local van der Waals DFT functional (vdW-DF2) 42. The atomic structure of 

the crystals is determined by optimizing the atomic positions using the conjugate-gradient method 

43 and BFGS quasi-newton algorithm 44 with a force convergence criterion of 10-3 Ry/Bohr. A 

kinetic energy cutoff of 40 Ry and Monkhorst-Pack k-point mesh of 12×12×6 is employed in the 

atomic and electronic structure calculations. This choice of k-point grid and energy cutoff is chosen 

such that the maximum force on each atom is less than 4×10-3 Ry/Bohr. The obtained lattice 

structure of hexagonal SnSe2 was 3.81 Å and c=6.137 Å and these values reasonably match the 

experimentally reported values 30,38. The dynamical matrix is computed on a 4×4×3 q-point mesh 

in the phonon calculations. The phonon modes and frequencies at other general k-points are then 



computed by Fourier transformation of the dynamical matrix in reciprocal space. The relaxation 

times (RT) arising from electron-phonon scattering are calculated using the PERTURBO package 

45 which utilizes the Wannier interpolation scheme 46. PERTURBO interpolates the electron-

phonon coupling matrices as well as electron and phonon eigenvalues from a coarse grid to a fine 

grid (40 ×40×40). Details of electron-phonon matrix calculations in PERTURBO are discussed 

elsewhere 45. In Wannier interpolation, projections of four sp3 orbitals centered on each Se and Sn 

atom are used for the Wannierization 47 of a total of 12 bands. We calculate the ionized impurity 

scattering rates using a modified Brooks-Herring approach for strongly screened Coulomb 

potential 35. The impurity scattering rate is given by, 

1

𝜏
=

𝜋(𝑁𝐼/𝑍)

ħ
(
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)
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Where 𝑔(𝐸) is the density of states, ħ is the reduced Plank constant, 𝜀𝑟is the relative permittivity,  

𝜀0 is the permittivity of free space, 𝑁𝐼 is the impurity carrier concentration, q is the electronic 

charge, and Z is the charge of the vacancy/impurity atoms. LD is the screening length and is given 

by, 

1

𝐿𝐷
2 =

𝑞2

𝜀
∫ 𝑔(𝐸)

𝜕𝑓

𝜕𝐸
𝑑𝐸                                  (𝑖𝑖)  

where  f  is the Fermi-Dirac distribution function 

Our focus in this paper is the accurate calculation of the thermoelectric power factor, for which we 

use the first principles as discussed above. However, to be able to comment on the thermoelectric 

figure of merit, we also need to calculate the thermal conductivity. For this part, we choose a 

phenomenological approach, and we estimate the thermal conductivity using Callaway’s model, 

𝜅 =
𝑘𝐵

2𝜋2𝑐
(𝐼1 + 𝛽𝐼2)                                                                   (𝑖𝑖𝑖) 
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Scattering time is given by, 

 𝜏𝑐 = (𝜏𝐵
−1 + 𝜏𝑁

−1 + 𝜏𝑃
−1 + 𝜏𝑢

−1)−1 

𝜏𝑐 = (𝑐𝐿−1 + 𝐵1𝑇3𝜔2 + 𝐴𝜔4 + 𝑒−
𝛳

𝛼𝑇𝑇3𝜔2)
−1

                           (𝑣𝑖) 

Where the total relaxation time, 𝜏𝑐, is calculated from Matthiessen's rule and by the combination 

of boundary scattering 𝜏𝐵, normal three-phonon process 𝜏𝑁, impurity scattering 𝜏𝑝, and Umklapp 

relaxation times, 𝜏𝑢 . A and B1 are the fitting parameters and 𝛼 is a constant characteristic of the 

vibrational spectrum of the material, 𝜔𝐷 and 𝛳 are the Debye frequency and temperature, 

respectively.  𝑘𝐵 denotes the Boltzmann constant and 𝑐 is the sound velocity. 

 

Results and Discussion:    

The electronic band structure, electronic density of states (DOS), and phonon dispersion of bulk 

SnSe2 with and without van der Waals interaction are shown in Figure 1(a-c). In Figure 1(a), the 

DFT band structure is plotted. The conduction band minimum (CBM) of SnSe2 lies at the L-point 

and the valence band maximum (VBM) lies along the Γ-M direction in the Brillouin zone denoting 

the indirect bandgap of SnSe2 
29,48,49. The conduction band is highly dispersive along  Γ-M or Γ-K 



directions (in-plane directions) than in the Γ-A direction (cross-plane direction) indicating lower 

electron effective mass along in-plane directions. The inclusion of van der Waals (vdW) 

interactions has minimal effects on the electronic band structure. The DFT band structure was then 

interpolated using the maximally localized Wannier function 47. The obtained DFT bands and the 

interpolated bands by Wannier functions 46,47 show very good agreement (see Supplementary 

Information Figure S1). The obtained band structure from LDA approximation was also compared 

with PBE functional, G0W0 approximation, and HSE hybrid functionals 48. Although G0W0 and 

HSE bandgaps are closer to the experimental bandgap, there is no change in the curvature of the 

bands except for the shift in bandgap compared to PBE. The validity of LDA approximation is 

discussed in Supplementary Information Figure S2. It is well known that LDA functionals 

underestimate the bandgap for most insulators and semiconductors and so, we have shifted the 

conduction bands during Wannier to PERTURBO interpolation and obtained a band-gap of 0.95 

eV which closely matches the experimental values of 0.97 eV 38.  

Phonon dispersion of bulk SnSe2 was calculated and plotted in Figure 1(c). The unit cell of 

hexagonal SnSe2 has three atoms. As a result, there are nine phonon modes at each k-point but in 

Γ-A and H-K directions, the out-of-plane vibrational mode ZA is degenerated with the TA branch 

and only LA and TA branches are visible 29. Overall, our results are in good agreement with the 

experimental data obtained by the inelastic neutron scattering method (see Supplementary 

Information Figure S2)50. 



 

Figure 1. a) Electronic Band structure, b) Electronic density of states (DOS), c) Phonon 

dispersion of bulk SnSe2 with and without van der Waals interaction. High symmetry points are 

Γ(0,0,0), K(1/3,1/3,0), M(1/2,0,0), A(0,0,1/2), L(1/2,0,1/2), H(1/3,1/3,1/2) 

 

A recent experimental study on the electronic band structure of SnSe2 single crystals reveals that 

it is possible to optimize the thermoelectric performance of SnSe2 via electron doping 25. Thus, to 

verify the possibility of SnSe2 for commercial applications, doped and undoped SnSe2 single 

crystals are extensively studied here. In this study, we first reproduce the results of two single-

crystal samples reported in the literature. The first one is referred to as the undoped SnSe2 single 

crystal 25, which was not intentionally doped. However, it shows n-type behavior due to the 

presence of Se vacancies 51. Se vacancy results in the average of 2 conduction electrons per 

vacancy and therefore, 𝑍 = 2 is used for the calculation of ionized impurity scattering rates of 

undoped SnSe2 sample. The second one is a doped SnSe2 single crystal referred to as sample Br-

SS4 in Pham et al. 30 in which Br is used as the dopant. Each boron atom contributes 1 electron to 

the conduction band on average and so, 𝑍 = 1 is used for the calculation of scattering rates. The 

electrical conductivities and the Seebeck coefficients are calculated using the PERTURBO code 

based on the BTE under RTA. We study the electron-phonon interactions within the conduction 

bands. We reproduce the experimental data by using the carrier concentration as a fitting parameter 



and minimizing the difference between the theoretical and experimental Seebeck coefficient and 

the electrical conductivity. This is to build and validate our model. 

Figure 2 shows the resulting carrier concentration as well as the experimental values obtained from 

Hall measurements. It can be seen that obtained carrier concentrations for the doped sample do not 

coincide with experimental values inferred from Hall measurements.  This might partially be 

because a Hall scattering factor (RH) of unity was assumed in the measurements but in practice, it 

can range from 1 to 2. Also, there might be neutral impurities or micro-level defects present in the 

samples which are not considered in our study. Therefore, the exact carrier densities could be 

different from the experimentally measured carrier concentrations. Carrier concentration in 

undoped SnSe2 increases with the temperature, this is expected from a semiconducting sample and 

is consistent with the measured Hall carrier concentrations. For doped SnSe2, our calculated carrier 

concentration is off by a factor of around 1.6 compared to Hall measurements which are within 

the limit of the Hall scattering factor error. First, we started with experimental carrier concentration 

assuming the Hall scattering factor of unity (RH=1) to match the experimental Seebeck coefficients 

but found that the obtained Seebeck coefficients were off by 30-50 μV/K than the actual 

experimental results as shown in Figure S3. Therefore, we used the carrier concentration as fitting 

parameters and matched them with the experimental results. We found that an RH value of 1.6 

provides the best results which then results in lower carrier concentration compared to the 

experimentally reported values. Alternatively, we can explain our lower carrier concentration by 

the likely formation of Sn vacancies (𝑉𝑆𝑛
−2) as the temperature goes up. 52 These Sn vacancies might 

provide partial compensation for Se vacancies by forming 𝑉𝑆𝑛
−2 − 2𝐵𝑟𝑆𝑒

+1 complexes, which are 

neutral and electrically inert 52,53. 



 

Figure 2. Calculated carrier concentration compared to experimental values obtained from 

Hall measurements. 

 

Figure 3(a-b) shows the calculated electron-phonon scattering rate with and without the inclusion 

of vdW interaction, respectively, for different temperatures obtained from the PERTURBO code 

together with the electronic DOS. The inclusion of vdW interaction slightly increases the electron-

phonon scattering rates as shown in Figure 3(b) which is in good agreement with the previous 

study of Rosul et al 34. Additionally, the energy dependence of electron-phonon scattering rates 

follows the electronic DOS energy dependence,  since the DOS governs the availability of phase 

space for electron-phonon scattering. 



 

Figure 3. The electron-phonon scattering rates in SnSe2 a) with vdW interaction, b) without 

vdW interaction for different temperatures with respect to conduction band minimum (CBM). 

 

Figure 4 shows the ionized impurity scattering rates for different carrier concentrations of undoped 

and doped SnSe2 together with screening length. For undoped SnSe2, the carrier concentration is 

varied from 2.01×1018 cm-3 at 300 K to 2.1×1019 cm-3 at 673 K, and for doped SnSe2, it is varied 

from 4.82×1019 cm-3 at 300 K to 5.9×1019 cm-3 at 673 K. The screening length is calculated based 

on DOS and Fermi-Dirac distribution. The screening length values range from 1.4 nm to 0.8 nm 

for undoped SnSe2 and 0.42 nm to 0.515 nm for doped SnSe2. Because of the small values of 

screening length, ionized impurity scattering is calculated using the modified Brooks-Herring 

approach considering strongly screened potential. In this approach, the ionized impurity scattering 

rates strongly depend on screening length (order of 4: 𝐿𝐷
4 ) compared to carrier concentration (order 

of 2: 𝑁𝐼
2). For undoped SnSe2, the trend of ionized impurity scattering rates vs temperature can be 

divided into three parts: i) 300 K-423 K, ii) 473 K-523 K, and c)573 K-673 K. In the range of 300 

K-423 K, the ionized impurity scattering rate is mostly dominated by screening length and 

increases with screening length (Inset Figure (a)). From 473 K to 523 K, screening length decreases 

by a small margin (1.6nm to 1.45 nm), but carrier concentration increases from 3.5×1018 cm-3 to 



5×1018 cm-3. In this range, the ionized impurity scattering rates are governed by carrier 

concentration and increase with it. Beyond 523 K, screening length abruptly goes down and 

ionized impurity scattering rates decrease even after increasing carrier concentration. On the other 

hand, for doped SnSe2, there is no noticeable change in carrier concentration over the whole 

temperature range, but screening length monotonically increases (Inset Figure 4(b)) with 

temperature and so, the ionized impurity scattering rates increase with temperature. 

 

Figure 4. Ionized impurity scattering rates for a) Undoped SnSe2, b) Doped SnSe2 with 

corresponding screening length. 

 

The thermoelectric properties namely electrical conductivity, Seebeck coefficient, and power 

factor are calculated using obtained energy-dependent scattering rates as shown in Figures. 5(a-c) 

and 5(d-f): in-plane and cross-plane for undoped and doped SnSe2, respectively. The cross-plane 

properties are calculated after the inclusion of vdW interactions in the model. First, we calculate 

the in-plane and cross-plane electrical conductivities with the inclusion of only electron-phonon 

scattering rates. Subsequently, ionized impurity scattering rates and vdW interactions are added to 

the electron-phonon scattering rates. In the undoped sample, electrical conductivity decreases up 

to 523 K (inset Figure 5(a)) and then increases which is consistent with the ionized impurity 



scattering rates.  The electrical conductivity of the doped sample is significantly larger than the 

undoped sample in both in-plane and cross-plane directions. This is mostly due to the increase in 

the carrier concentration but also due to a lower effective mass of the doped sample. The effective 

mass of electrons at Γ point is smaller than the L point. At low carrier concentration, electrons 

occupy only the L-valley but with increasing carrier concentration, Γ valley also starts to be 

occupied by electrons due to the rise in the chemical potential and electrical conductivity increases 

significantly. The electrical conductivity of the doped sample decreases continuously with 

temperature as the electron-phonon scattering and ionized impurity scattering rates increase which 

confirms the metal-like behavior of the material. Comparing electrical conductivity along both 

directions, the σ value is lower in the cross-plane direction because of higher effective mass along 

this direction as shown in Figure 5(d). This denotes the strong anisotropic transport properties of 

this material. Especially at above 523 K, e.g. for the undoped sample, the σ value along in-plane 

reaches up to 36 Scm-1 whereas, along cross-plane, it is only 9.03 Scm-1.  

The effects of electron-phonon, ionized impurity, and vdW interactions on electrical conductivity 

are shown in Supplementary Information Figure S4. It is expected that the vdW interactions only 

affect the cross-plane transport direction and not the in-plane ones. Hence, we focused on the 

inclusion of vdWs only in the cross-plane direction. The inclusion of vdW interactions increases 

the electron-phonon scattering and we are able to reproduce the experimental electrical 

conductivity values. In the in-plane direction, we can reproduce the electrical conductivity without 

vdW interaction. In fact, in the in-plane direction, the inclusion of vdW lowers the electrical 

conductivity to values below that of the experiment. We acknowledge that this is an artificial effect 

as we used experimental lattice parameters relaxing only the lattice positions and total stress in the 

cell is not zero when vdW interaction is added. See supplementary materials for more information. 



 

Figure 5. In-plane electrical conductivity, Seebeck coefficients and power factor of undoped and 

doped SnSe2 (a-c), Cross-plane electrical conductivity, Seebeck coefficients and power factor 

of undoped and doped SnSe2 (d-f) compared with the literature. The carrier concentration 

measured experimentally is from Hall data. The data reported for the undoped sample matches 

that of the experiment using RH=1. However, the doped sample agrees well with the experiment 

RH=1.6 is used. 

 

The Seebeck coefficient along both directions follows a similar trend as shown in Figures 5(b) and  

5(e). From room temperature to 523 K, the undoped sample exhibits metallic transport behavior. 

As expected, Seebeck coefficients slowly increase with the temperature, which is consistent with 

the decrease in conductivity. Beyond 523 K, the Seebeck coefficient decreases, and the 

conductivity increases due to the thermal activation of the minority carriers and the bipolar effect. 

On the contrary, the Seebeck coefficient trend in the doped sample shows metallic-like behavior 

over the entire temperature range. Owing to the increased carrier concentrations, the Seebeck 

coefficient of the doped sample is lower than that of the undoped sample. The difference in 

Seebeck coefficients in each direction is not noticeable but still, there is a slight decrease in 

Seebeck coefficients along the cross-plane direction. Unlike electrical conductivity, the Seebeck 



coefficient remains almost the same even after introducing ionized impurity and vdW interaction. 

This confirms that Seebeck coefficients are insensitive to the details of relaxation time as shown 

in Supplementary Information Figure S5. 

As mentioned before, we used RH=1.6 to match the experimental data of the doped sample while 

we did not need to modify anything for the undoped sample (see Fig. 3). In Fig. 5, we have included 

the transport calculation results when RH=1 is used for the doped sample. As shown the results do 

not match the experiment and hence we modified the carrier concentration.  

Combining Seebeck coefficients and electrical conductivities, the thermoelectric power factor (PF) 

of all samples along both directions is calculated as shown in Figures 5(c) and 5(f). It can be seen 

that the PF follows the trend of conductivity. The maximum PF along the in-plane for doped (12.5 

μW m-1 K-2) is larger than that along the cross-plane (2.5 μW m-1 K-2) owing to the relatively large 

difference in conductivities between the two directions.  

 

Lastly, to report the ZT of SnSe2, lattice thermal conductivity is calculated using Callaway’s model 

and as described in the methodology part. It was reported experimentally that total thermal 

conductivity is dominated by phonon transport (~95% of total) and so, we limited our calculation 

to the lattice part of thermal conductivity 30. Calculated thermal conductivity in comparison with 

experimentally measured results is shown in Figure 6(a). The parameters used in Callaway’s model 

to fit the experimental values of thermal conductivity are described in Supplementary Information 

Table S1. The measured thermal conductivity in the cross-plane direction is significantly smaller 

than the in-plane for all samples because of the weak van der Waals forces along the layers. In this 

model, we have considered all scattering events and found that impurity scattering dominates at 



low temperatures,  while the normal three-phonon process and the Umklapp process are the 

dominant scattering mechanisms at mid and high temperatures.  

Finally, using the temperature-dependent thermal conductivity, we have estimated the ZT values 

in both directions and compared them with the literature 25,30 as shown in Figure 6(b). Although 

electrical conductivity and Seebeck coefficient show anisotropic behavior, ZT remains almost the 

same in both directions. This is because the in-plane electrical conductivity and thermal 

conductivity are both higher than the cross-plane direction and are compensating for each other 

resulting in the same ZT values. 

 

 

Figure 6. Temperature-dependent thermal conductivity (a) and figure of merit (ZT) (b) along 

in-plane and cross-plane. Blue color denotes in-plane and red color denotes cross-plane 

direction. 

 

Finally, after reproducing the experimental data, we use this framework to optimize the PFT 

(Power factor times temperature) with respect to carrier concentrations and temperature along both 

directions. At first, we optimize the PFT with respect to carrier concentrations at room temperature 

as indicated in Figure 7(a). The in-plane PFT reaches a maximum value of 0.398 Wm-1K-1 at a 

carrier concentration of 3.98×1019 cm-3. Then, we fix the carrier concentration and vary the 



temperature from 300 K to 950 K as shown in Figure 7(b). The in-plane PFT shows a maximum 

value of 0.49 Wm-1K-1 at 523 K. The optimum carrier concentration along the cross-plane direction 

is 4×1019 cm-3 which is close to that of the in-plane. The highest cross-plane PFT is 0.185 Wm-

1K-1 at around 700 K and stays almost constant up to 900K. The ratio PFTmax(in-

plane)/PFTmax(cross-plane) =2.15 denotes strong anisotropy in electrical conductivities and the 

Seebeck coefficient in our optimization. 

 

Figure 7: Power factor times temperature at different carrier concentrations (a), power factor 

time temperature at different temperatures of bulk SnSe2 (b) along both directions. 

 

Next, using our fitted Callaway’s model, thermal conductivity is extrapolated up to 950 K in both 

directions as depicted in Figure 8(a). Ultralow thermal conductivity of around 0.115 Wm-1K-1 is 

found at 950 K in the cross-plane direction which is around 10 times lower than that of in-plane. 

After obtaining thermal conductivity, the ZT value is calculated and shown in Figure 8(b). 

Although the PFT value is higher in the in-plane direction, it could not compensate the  
𝜅𝑎

𝜅𝑐
 ratio. 

So, the overall ZT value is higher in the cross-plane direction, and it reaches unity at 950 K. 

Experimentally, the maximum ZT value of 0.56 for single crystal SnSe2 is reported at 673 K along 

cross-plane 30. Our optimized ZT value is 0.545 at 673 K which is close to the experimental value 



(0.56). Also, the reported ZT values in polycrystalline SnSe2 samples like Ag-SnSe2 (0.4 at 773 

K) 54, Br-SnSe2 (0.62 along parallel direction and 0.36 along perpendicular direction at 750K) 55 

are in between cross-plane and in-plane boundary as shown in figure 9(b). 

 

Figure 8: Optimization of temperature-dependent thermal conductivity (a) and figure of merit 

(ZT) (b) along in-plane and cross-plane directions. 

 

 

Conclusion: 

In conclusion, we have systematically investigated the electronic structure of SnSe2 using density 

functional theory, evaluated transport properties using BTE under RTA, and used the Callaway 

model for calculating lattice thermal conductivity. The electron-phonon scattering rates are 

calculated using the PERTURBO code whereas the ionized impurity scattering rates are obtained 

using the modified Brooks-Herring approach considering strongly screened coulomb potential. 

Then, transport calculations were performed using the calculated scattering rates. First, the 

thermoelectric calculations were carried out for single crystal undoped and doped SnSe2 samples 

at different carrier concentrations between 300 K to 673 K. The doped sample has a higher 

thermoelectric power factor compared to the undoped sample. While the in-plane thermoelectric 



power factor is higher, the thermoelectric figure of merit is higher in the cross-plane direction 

because of the ultra-low thermal conductivity due to the very weak interlayer forces, making this 

material a promising candidate for thermoelectric applications. Our obtained results are in good 

agreement with experimentally measured values for single crystal samples. This proves the 

robustness of our developed model which can accurately describe the TE performance of SnSe2 

samples. Finally, we optimized the PFT in both directions in terms of different carrier 

concentrations and found that the optimum carrier concentration is 3.98×1019 cm-3 which gives 

the maximum PFT value of 0.49 Wm-1K-1 and 0.186 Wm-1K-1 along in-plane and cross-plane 

directions, respectively. Despite having a very high PFT along the in-plane direction, the low 𝜅𝑐 

of 0.11 Wm-1K-1 leads to a maximum ZT of unity at 950 K along the cross-plane which is 2.85 

times larger than that of the in-plane in the doped sample, demonstrating the superior 

thermoelectric performance along the cross-plane direction. Recently, several studies have 

reported the potential of Ag or Cu intercalated in layers or embedded in the structure for further 

improving thermoelectric performance. 
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