
Thermoelectric Properties of Hexagonal WN  from First-Principles Calculations6

Recent research demonstrated high thermoelectric figure of merit in CrN, implying that the transition metal nitrides could be promising 
thermoelectric materials. Herein, we investigate the thermoelectric properties of a newly predicted superhard material WN  by using first-6

principles calculations and Boltzmann transport theory. Results indicate that WN  has a small band gap of 0.76 eV, a relatively low lattice thermal  6

conductivity of around 10.7 W/mk at 700 K, and a large Seeback coefficient of 1330 V/K at 300 K. Its low lattice thermal conductivity and μ
large Seeback coefficient lead to an excellent thermoelectric response, with the maximum thermoelectric figure of merit being 0.78 for n-type. 
The mode Grüneisen parameters and phonon mean free path are exhibited to analyze the anharmonic properties and the size effects. These results 
shed light on the thermoelectric performance of WN .6
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1. Introductions
Thermoelectric materials, can directly convert thermal energy into

1-6electrical energy, play an important role in sustainable energy future.

However, the conversion efficiency of thermoelectric devices is

relatively low on account of their limitations measured through the
7,8thermoelectric figure of merit (ZT),

2  ZT=S σT/κ, (1)

where S is the Seebeck coefficient, σ is the electronic conductivity, 

T is the absolute temperature, and κ is the thermal conductivity, 

respectively. The κ can be divided into the lattice thermal conductivity κ  l
and the electronic thermal conductivity κ . To search a new material e

9-14with a high ZT,  a combination of low thermal conductivity and high 
15,16Seebeck coefficient is desired.  However, optimizing one parameter 

without affecting another is extremely difficult due to the complex 

competing between them.

In the past decade, several approaches to enhance the  have ZT

been applied, including the band structure engineering,  electron energy 17

barrier filtering,  quantum confinement effects,  nanostructuring,  and 18 19 20,

phononic crystal patterning.  Searching for new materials with 21-24

intrinsically low thermal conductivity is another path. The most 

common pristine thermoelectric materials are IV-VI (SnSe,  Bi Te ,  25 26

2 3

PbTe,  PbSe ) semiconductors, all of which possess a fairly low lattice 27 28

thermal conductivity. Various other materials, such as silicides,  29

skutterudite,  clathrates,  sulfides  and transition metal nitrides,  also 30 31 32 33

exhibit bad phonon transport properties. For transition metal nitrides, 

their high hardness, excellent electronic properties, good thermal 

stability, and high melting point endow them as good thermoelectric 

materials. For example, CrN has been synthesized and reported to be a 

promising n-type thermoelectric material with an abnormally low lattice 

thermal conductivity (3.8 W/mk) and a high  value of 0.12 at room ZT

temperature.34

Recently, several tungsten nitrides with stoichiometries of WN, 

WN , W N ,  W N  and WN  have been found in the W-N systems. 35 36 37

2 2 3 3 4 6

Among them, WN was reported being a semiconductor while the others 6 

are semimetals or metals. The newly predicted hexagonal phase of WN  6

has an indirect band gap (0.76 eV), exotic electronic structure, high 

melting point of ~1900 K, good volumetric (28.0 kJ/cm ) and ultra-high 3

hardness (57 GPa). Although this structure could be only synthesized at 

high pressure of around 65 GPa, it is quenchable to ambient pressure.  37

Considering all these merits for this material, it is greatly valuable to 

investigate its thermoelectric properties.

In the present work, by using first-principles calculations and 

Boltzmann transport theory, we systematically study the thermoelectric 

properties of the superhard WN . We find that its maximum  value of ZT6

0.78 can be achieved for the n-type case, indicating that WN  could be a 6

promising material for thermoelectric applications. A low lattice thermal 

conductivity and a large Seebeck coefficient are responsible for this 
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result. The size effect is also analyzed by calculating its cumulative 

thermal conductivity.

2. Methods
First-principles calculations are performed by using the Vienna -initio ab

simulation package  based on density Functional theory (DFT). The 38

Perdew-Burke-Ernzerh (PBE)  functional form of the generalized 39

gradient approximation is adopted to describe the exchange and 

correlation effects. The kinetic-energy cutoff of the plane-wave basis is 

chosen as 800 eV. The Brillouin zone (BZ) of the primitive cell is 

sampled by a Monkhorst-Pack mesh of 11 × 11 × 11. The geometric k-

structure is fully relaxed until the residual forces on atoms are less than 

0.01 eV/Å. The total energy convergence is set as 10  eV/Å.-6

The phonon transport properties are calculated from the Boltzmann 

transport equation as implemented in the ShengBTE code,  in which 40

the harmonic second-order interaction force constants (2  IFCs) and the nd

anharmonic third-order IFCs (3  IFCs) are used as input. The 2  IFCs rd nd

and phonon dispersions are calculated by using the PHONONPY 

package  with the supercell approach. A 2 × 2 × 2 supercell with 5 × 5 41

× 5 -mesh is used. The 3  IFCs, reflecting the properties of the rdk

phonon-phonon scatting, are calculated using same size of supercells 

with the finite-difference method.  The interactions including the sixth-42

nearest-neighbor atoms are taken into account for the 3  IFCs. After rd

testing the convergence of the k-grid in calculating the lattice thermal 

conductivity (figure S1, supplementary material), a dense 11 × 11 × 11 

k-mesh is used.

The electronic transport properties are calculated using semi-

classical Boltzmann transport theory and the rigid band approach as 

implemented in the BoltzTrap code.  The constant relaxation time 43

approximation is applied, which is valid when the relaxation time does 

not vary strongly with the energy scale of . This approximation has k TB

verified the thermoelectric properties of many materials accurately.  44-48

Dense 35 × 35 × 35 -mesh is used in the BZ to enable accurate k

Fourier interpolation of the Kohn−Sham eigenvalues.

3. Results and Discussions
3.1 Atomic and electronic structures 
In Fig. 1, we show the crystal structure of the hexagonal WN . It 6

crystallizes in the RЗm (166) space group with three formula units (f.u.) 

in its conventional unit cell. There is only one f.u. in its primitive 

rhombohedral cell. Interestingly, the WN  is composed of tungsten 6

atoms and armchair-like N  rings (Figs. 1b and 1c). From the side, the 6

WN looks like a layer structure. The relaxed hexagonal lattice constants 6 

are a=6.152 Å and c=4.562 Å, with the bond distances of W-N and N-

N being 2.29 Å and 1.45 Å, respectively. The detailed structure 
37 parameters are consistent with the previous theoretical reports. Here, 

the a, b and c axis correspond to the x, y and z directions, respectively.

We present the orbital-resolved band structure and corresponding 

electronic density of states (DOS) of WN  in Figs. 2a and 2b. 6

Obviously, the WN  is a semiconductor with the valence band 6

maximum (VBM) and the conduction band minimum (CBM) locating 

at Z and L points, respectively. The band gap is calculated to be 0.76 

eV. In the vicinity of Fermi level, the valence band (VB) is mainly 

occupied by the N-2  orbitals, whereas the conduction band is primarily p

contributed by the W-5  orbitals  A mixture of light and heavy bands d .

can be observed over the VB. Specifically, the light band around the Z 

point can provide high electronic mobility and electronic conduction 

while the heavy band at L point is beneficial for good Seebeck 

coefficients.  The DOS fully reflects the contribution of the atomic 49-52

orbitals, which is consistent with the orbital-resolved band structure. We 

observe that there is almost no contribution from the W-6 orbitals.s 

Fig. 1 (a) Hexagonal crystal structure; (b)-(c) side and top views of the 

conventional cell; and (d) primitive cell of WN .6

Fig. 2 (a) (b) (c)  Orbital-resolved band structure,  partial and total DOS,  

phonon dispersions, and  partial-atoms PhDOS of WN .(d) 6

3.2 Phonon transport properties
We first validate the phonon dispersion curves of WN , which is 6

calculated by solving the eigenvalues of the harmonic IFCs matrix. The 

phonon dispersion curves with their color weighted by the contributions 

of N and W atoms are calculated to guarantee the optimized structure 
 locating at the minimum on potential energy surface (Fig. 2c). We find 

that the hexagonal WN  is dynamically stable at ambient pressure, as 6
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indicated by the positive phonon frequencies. There exist three acoustic 

and eighteen optical phonon branches corresponding to the seven atoms 

primitive cell of WN  Meanwhile, the phonon dispersion curves can be 6.

divided into two portions, the low frequency acoustic phonon branches 
-1region (< 200 cm ) and the high frequency optical branches region (> 

-1200 cm ). From the decomposition of the phonon curves with respect to 

W and N atomic vibrations as well as the corresponding projected 

phonon density of states (PhDOS), it is clear that the acoustic phonon 

branches mainly contain the W atomic vibration while the vibrations of 

N atoms dominate on all the optical modes (Figs. 2c and 2d). The 

lowest frequency of the optical branch is located at the Γ point (170   
-1cm ). Near this point, a large concave appears (see the blue rectangle 

-1region) in frequency range of 170 to 500 cm . To study the lattice 

thermal conductivity, we firstly analyze the phonon group velocities

 v, v =             , and plot them in Fig. 3b. Much large values of the v 
-1can be seen in frequency range of 170 to 500 cm , corresponding to 

phonons in the blue rectangle region in Fig. 2c. After arithmetic 

averaging, we obtain the average v to be 1.3 km/s. The average v for the 

first three optical modes along the F-Z direction of about 4.1 km/s is 

greatly larger than the whole one.

The lattice thermal conductivity is calculated using the self-

consistent iterative approach as below:   

dω(q)
dq

α βκ = Σ C (qλ)υ (qλ) υ (qλ)τ  ,                         (2) l ,α β qλ V qλ

αwhere C  is the phonon model specific heat, ν  is the phonon group V

velocity along α direction, and τ is the phonon relaxation time of qλ 

phonon mode of wave vector q and branch index λ. The lattice thermal 

conductivities are calculated to be 26.4 and 29.6 W/mk along xx and zz 

directions at room temperature, respectively. The small difference 

between the thermal conductivity along xx and zz directions is due to 

the weakly anisotropy of the phonon group velocities (figure S2, 

supplementary material). According to the contribution of κ  (fig. S3 in l

the supplementary material), one can see that the contribution to the κ  l
is mainly from the acoustic phonon branches. Therefore, the W atoms 

play the dominant role in the thermal transport. In Fig. 3a, we plot the κ  l
of WN along xx and zz directions as a function of temperature. From 6 

our present results, we can see clearly the rapid decreasing behavior of 

the κ  of WN  in temperature range from 200 K to about 500 K. Above l 6

temperature of 500 K, the decrease behavior is slow down and the κ  l
tends to a constant value upon heating furtherly. This phenomenon 

mainly originates from the intrinsic enhancement of the phonon-phonon 

scattering.

In order to gain more information of the thermal properties, we 

calculate the phonon relaxation time and the Grüneisen parameters and 

present them in Figs. 3c and 3d. At room temperature, the average 

relaxation time of the acoustic modes is about 21 ps, about five times of 

the optical modes. In addition, the phonon relaxation time of the two 

transverse acoustic modes (TA  and TA ) is longer than that of the 1 2

longitudinal acoustic (LA) mode, indicating that the contribution to the 

κ  from the TA  and TA  is larger than that from the LA mode. The l 1 2

mode Grüneisen parameters are calculated according to

where α , λ, and q represent the equilibrium lattice constant, phonon 0

branch and wave vector respectively. They can be used to quantify the 

anharmonic interactions. Usually, large γ indicates strong anharmonicity. 

The largest γ of about 4.8 appears on the TA  branch, which would 1

greatly suppress the phonon transport in the high temperature region. 

The average Grüneisen parameter is about 1.2, manifesting a moderate 

anharmonic phonon scattering.

Nanostructuring is one major approach for ZT enhancement, since 

it effectively hinders phonon transport and has little effect on electron 
53-61 transport. If the size of device is as small as the phonon mean free 

path (MFP), the lattice thermal conductivity would be significantly 

depressed by the frequent phonon-surface scattering. Therefore, 

knowledge of MFP is essential to understanding size effects and 
62-66designing nanoscale thermoelectric devices.  Herein，we get the 

characteristic MFP at temperature T by fitting the cumulative thermal 
40conductivity as a single parametric function.

(4)

(3)

where  and are Cartesian indices, is the volume of the primitive  α β V 

cell,  is the charge of an electron, ande  Σ ( ) is the transport distribution α β

function.

Figs. 4a and 4b show the Seebeck coefficients for the xx and zz 

directions as a function of chemical potential at different temperatures. 

Obviously, the WN exhibits relatively large values of the Seebeck 6 

coefficients with weak anisotropy. The Seebeck coefficient of the n-type 

is slightly higher than that of the p-type. At room temperature, the 

maximum Seebeck coefficient in n-type can reach to 1310 μV/K and 

1330 μV/K along xx and zz directions, respectively. Such large Seebeck 

coefficients of WN are beneficial for the thermoelectric applications. 6 

The temperature-dependent decreasing behavior of the Seebeck 

coefficients is slowing down along with increasing the temperature. This 

phenomenon is a typical behavior of thermoelectric materials and 

γ (q) = �λ

¶ω (q)λα0

ω (q)λ ¶α

,

κ(l) = 
κmax

1+
l0

l

where  is the ultimate thermal conductivity,  is the evaluated κ lmax 0

characteristic phonon MFP. The cumulative thermal conductivity of 

WN  at different temperature is shown in Figs. 3e and 3f. The 6

cumulated  keeps increasing as  increases, until reaching the κ ll

thermodynamic limit. For the values, we find 66 nm, 32 nm and 15 l0 

nm for the  direction at 300, 500 and 700 K, and for the  direction, xx zz

the  is 63 nm, 31 nm and 15 nm, respectively. The difference of  l l0 0

along  direction and along  direction is small, especially at high  xx zz

temperature. This is consistent with the weak anisotropy of  shown in κl

Fig 3a. Researching the MFP of WN  will be beneficial to analyze the 6

size effect on ballistic or diffusive phonon transport and further improve 

the thermoelectric properties.

3.3 Electrical transport properties
Using the semi-classical Boltzmann transport theory based on the rigid 

band approach, we investigate the electrical transport properties. Since 

the scattering time is difficult to calculate, a constant value is employed 

in this work. The negative and positive μ correspond to p and n-type, 

respectively. The transport coefficients as functions of temperature and 

chemical potential μ can be calculated using the Fermi-Dirac 
43distribution function f ,μ

(5)

(6)
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Fig. 3 (a) Temperature dependence of lattice thermal conductivity along the directions of xx and zz. Frequency dependences of (b) phonon group 

velocities, (c) phonon relaxation time, and (d) mode Grüneisen parameters. Cumulative lattice thermal conductivity of WN as a function of the phonon 6 

MFP at 300, 500 and 700 K along (e) xx and (f) zz directions.

67,68depends on their band gap.  At low chemical potential, we can see 

that the Seebeck coefficients appear peaks due to electron transition 

from valence bands to conduction bands as shown in Fig. 2a.

Figs. 4c and 4d show the electrical conductivity σ/τ as a function 

of chemical potential. We can see that the hexagonal WN  displays a 6

relatively high electrical conductivity with weakly anisotropic. The 

temperature has a weak effect on electrical conductivity. In addition, the 

σ/τ of n-type along the xx direction is smaller than that along the zz 

direction, while in the p-type case its value along the xx direction is 

larger than that along the zz direction in μ-range of -1 eV to 1 eV. This 

can be qualitatively understood from the different electronic energy 

bands along the xx and zz directions. Our calculated results show that n-

type of WN  has a good performance of electrical conductivity.6

The κ  with respect to the scattering time is shown in Figs. 4e and e
694f by solving the Wiedemann-Franz law

 κ  = LσT                                           (7)����������������������������������e

where  is the Lorenz number, is the Boltzmann constant,  2 2 2L=π κ /3e κ σB B 

is the electrical conductivity. Similar to the electrical conductivity, the  κe

ES Energy & Environment Research Paper
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Fig. 4 (a)-(h) Seebeck coefficients (first layer), electrical conductivity with respect to the scattering time (second layer), electronic thermal conductivity  

with respect to the scattering time (third layer), and power factor with respect to the scattering time (last layer), as a function of chemical potential of 

WN  along xx (left column) and zz (right column) directions at different temperatures.6
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Fig. 5 Figure of merit as a function of chemical potential along the xx direction (left panels) and zz direction (right panels) with the scattering time τ 
-12 -13 -14 being 1×10 s (a, b), 1×10 s (c, d) and 1×10 s (e, f).

owns analogous curves and weakly anisotropic. The  gradually κe

increases along with varying the absolute value of the chemical 

potential from the Fermi energy level ( =0). Based on the Seebeck μ

coefficients and the electrical conductivity, we calculate the  and 2S σ/τ

present them in Figs. 4g and 4h. The peaks of the  curves for p-2S σ/τ

type along the  direction are higher than that along the  direction, xx zz

while the peaks of n-type along direction are lower than that along xx 

the  direction. By analyzing the power factor, the WN  can be zz 6

categorized as an n-type thermoelectric material.

3.4 Thermoelectric figure of merit
To further intuitively evaluate the thermoelectric properties of WN , we 6

calculate its ZT. However, calculating scattering time τ is extremely 

difficult because the complexity scattering mechanisms influence each 
-13 7other. Based on the scattering time value of 1.6×10 s in WSe , to 2

attain possible ZT, we also select some typical values of the scattering 
-12 -13 -14 time τ. We use τ=1×10 , 1×10  and 1×10 s in calculating the ZT and 

present the results in Fig. 5. We can see two peaks in the chemical 

potential range of -1.0 to 1.0 eV. One is in n-type and another in p-type. 

ES Energy & Environment Research Paper
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The crystalline anisotropic of the ZT is not that visible. The ZT of the n-

type is larger than that of the p-type. This is mainly due to the 

difference of the power factor as shown in Figs. 4g and 4h. Meanwhile, 

the comparison of the maximum ZT of the n-type and p-type at 

different scattering times are summarized in Table 1. According to Fig. 

5 and Table 1, no matter what kinds of scattering time, the ZT of the n-

type along zz direction is always larger than that along xx direction, 

while ZT of the p-type along xx direction is always larger than that 

along zz direction. These exhibitions directly correlate to electrical 

conductivity as shown in Figs. 4c and 4d. The highest peaks of the ZT 

curves along zz direction are about 0.78, 0.51 and 0.19 with scattering 
-12 -13 -14 times of 1×10 , 1×10  and 1×10 s, respectively. Overall, our results 

indicate that the n-type WN  is a promising candidate for thermoelectric 6

materials.

4. Conclusion
In summary, we have systematically investigated the phonon and 

electron transport properties of WN , through using DFT and Boltzmann 6  

transport methods. Results show that the WN  possesses intrinsically 6

relatively low phonon transport ability. The lattice thermal 

conductivities are about 26.4 and 29.6 W/mk at room temperature along 

the xx and zz directions, respectively. This mainly originates from the 

small phonon group velocity and the strong phonon-phonon scattering. 

The mode Grüneisen parameters and phonon mean free path are 

presented to evaluate the anharmonic properties and the size effects. 

Similar to the thermal conductivity, the Seeback coefficients and 

electrical conductivity present weak anisotropic behaviors. A large 

Seeback coefficient can approach 1330 μV/K. The power factor 

indicates that WN  is an n-type thermoelectric material. The maximum 6

ZT of WN  can be 0.78 at 700 K for n-type along zz direction. Our 6

results provide reasonable theoretical foundation for further 

experiments.
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Table 1  The scattering time and peak figure merit of WN along xx and zz directions at 700 K.6 

        xx  crystal direction  zz crystal direction  

τ (s)  ZT  (n) ZT  (p) ZT  (n) ZT  (p) 

1×10 -12  0.77  0.69  0.78  0.62  

1×10 -13  0.49  0.45  0.51  0.38  

1×10 -14  0.17  0.16  0.19  0.13  
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