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Layered complex nitrides have emerged as a novel class of thermoelectric materials due to their unique
geometrical and electronic structures. In this work, we employ density functional theory calculations combined
with Boltzmann transport equation and thermal transport unified theory to explore the electrical and thermal
transport properties and thermoelectric performance of layered nitrides AMN2 (A = Sr, Ba; M = Ti, Zr, Hf).
It is found that the AMN2 family exhibits a large Seebeck coefficient and high power factor, ascribed to its
multiband degeneracy and the presence of unique two-dimensional (2D) electronic structure. As the atomic mass
of M increases, the lattice thermal conductivity κL decreases significantly. In particular, BaHfN2 demonstrates
ultralow lattice thermal conductivity of 0.18 W/mK at room temperature. Even after accounting for both the
particlelike propagation and wavelike phonon tunneling transport, ultralow κL is found across a wide temperature
range. The ultralow κL is mainly attributed to the strong anharmonicity in BaHfN2 as reflected by the high
phonon-phonon scattering rate and short phonon lifetime. Importantly, we find that p-type BaHfN2 exhibits
a high figure of merit (ZT), achieving values of 2.19 at 300 K and 7.29 at 900 K, respectively. Additionally,
through strain engineering, applying a moderate tensile stress of 0.5% remarkably increases the ZT of p-type
increases to 2.58 at 300 K and reaches a maximum of 9.02 at 900 K, respectively. The present work unveils
the importance of unique 2D electronic structures and strong anharmonicity induced by the weak-bonded heavy
element on the thermoelectric performance, suggesting that the layered AMN2 family is a promising candidate
for the development of high-performance thermoelectric devices.
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I. INTRODUCTION

Thermoelectric (TE) devices convert waste heat into elec-
trical energy from the temperature gradient, and vice versa
from the electrical gradient. The efficiency of the thermoelec-
tric device is governed by the performance of TE materials
[1–3], as evaluated by a dimensionless figure of merit, ZT =
S2 σT/(κL + κe), where S, σ , T, κL, and κe are the Seebeck
coefficient, electrical conductivity, absolute temperature, lat-
tice thermal conductivity, and electron thermal conductivity
[4,5], respectively. Clearly, a higher TE performance can be
achieved by increasing the power factor (PF = S2σ ) or sup-
pressing the thermal conductivity [6,7]. However, the bottle-
neck in optimizing ZT is the complex and interdependent rela-
tionship between intrinsic parameters such as S, σ , and κ [8].

To improve the TE conversion efficiency, tremendous
efforts have been made in the past few years [9–12]. On the
one hand, the PF is enhanced by band structure engineering
which was demonstrated as an effective method to regu-
late the electrical transport properties of materials [13,14].
Tuning the relative positions of light and heavy bands near
the Fermi level in PbTe [15] and KAgSe [16], along with
maximizing the valley degeneracy of these bands, can
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effectively improve the Seebeck coefficient and overall ther-
moelectric performance of these materials. On the other hand,
the lattice thermal conductivity is suppressed through the en-
hancement of phonon scattering rate and anharmonicity of
the materials [17,18]. Introduction of dense dislocations in
PbSe through Te/S alloying and Cu interstitial doping could
induce strong phonon scattering, resulting in an ultralow lat-
tice thermal conductivity [19]. Yang et al. reported that rough
silicon nanowires demonstrate Seebeck coefficient and electri-
cal resistivity values comparable to doped bulk Si, yet possess
significantly lower thermal conductivity [20]. Additionally,
two-dimensional PtX2 monolayer exhibits extremely low lat-
tice thermal conductivity, ranging 0.207–0.643 W m−1 K−1,
with the highest ZT of 1.65 at 300 K [21].

Recently, layered oxides were identified as promising
thermoelectric [22,23] attributed to their unique two
dimensional (2D) electronic structure embedded in the bulk
crystal structure [24,25]. The most representative example is
the 2D electron gas (2DEG) in the heterogeneous interface
of SrTiO3. For example, the degeneracy of cubic SrTiO3 is
disrupted at the LaAlO3/SrTiO3 interface [26,27], leading to
the formation of Ti 3dxy orbital dominated conduction band
minimum (CBM) channel in the 2DEG layer. As a result, the
material exhibits enhanced electron mobility and improved
electrical conductivity. Alternatively, the insulating oxide
layer composed of (Bi2O2)2+ with ionic bonds serves as a
charge reservoir in the thermoelectric BiCuSeO material,
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while the conductive selenide (Cu2Se2)2− layer with
covalent bonds acts as the pathway for carrier transport,
and substituting the Bi3+ with Sr2+ in BiCuSeO significantly
enhances its electrical conductivity [28]. Layered complex
nitrides of the KCoO2 type exhibit strong anisotropy of the
energy band and the large effective mass [23,29], showing
better electrical transport properties than those of α-NaFeO2

type and well-known TE material (e.g., SrTiO3) [25].
However, the lattice thermal conductivity and overall thermo-
electric performance of layered complex nitrides remain to
be explored.

In this work, we systematically investigate the electrical
and thermal transport properties along with thermoelectric
performance of layered complex nitrides AMN2 (A = Sr, Ba;
M = Ti, Zr, Hf) through density functional theory (DFT),
Boltzmann transport theory, and thermal transport unified the-
ory. We find that the AMN2 family exhibits high electrical
transport properties due to the unique quasi-two-dimensional
electronic structure. The cylindrical Fermi surface formed
by the M-N atomic layer results in highly anisotropic and
multidegenerate band structure that enhances the Seebeck
coefficient and electrical conductivity. In particular, BaHfN2

exhibits a high power factor and ultralow lattice thermal
conductivity attributed to strong anharmonicity. Therefore,
an ultrahigh ZT of 2.19 at 300 K and 7.29 at 900 K are
identified. Furthermore, strain engineering is able to improve
its overall thermoelectric performance, reaching a maximum
ZT value of 2.58 at room temperature under tensile strain of
0.5%. After considering the mechanism of wavelike phonons
tunneling in BaHfN2, we find that the wavelike contribution
to the total thermal conductivity is as high as 51% and 67% at
300 and 900 K, respectively. Nevertheless, the lattice thermal
conductivity of BaHfN2 still remains rather small, as low
as 0.36 W/mK at room temperature; high ZT values remain
across a wide temperature range.

II. COMPUTATIONAL DETAILS

We performed first-principles calculations [30] based on
the density functional theory (DFT) as implemented in
the Vienna ab initio simulation package (VASP) [31–33].
The electronic exchange correlation was modeled using the
Perdew-Burke-Ernzerhof (PBE) functional within the gener-
alized gradient approximation (GGA) [34–36]. The lattice
structure and atomic positions were fully relaxed until the
forces on each atom of structure were below 0.001 eV/Å, and
the energy convergence criterion was set to 1×10−8 eV. The
energy cutoff of the plane wave was 450 eV, and a Monkhorst-
Park 12×12×6 k-point grid in the Brillouin zone was used for
static calculations. The phonon spectrum can be obtained by
the PHONOPY code with the finite displacement method [37].
By introducing the second-order harmonic interatomic force
constant (IFC) and third-order nonharmonic IFC, the phonon
transport equation was solved using the SHENGBTE code [38],
and the thermal transport properties of different materials
were analyzed [39]. The Born effective charge and dielec-
tric constant were calculated based on the density functional
perturbation theory. After convergence testing, a 3×3×2 su-
percell with atoms interaction cutoff reaching up to the sixth
nearest neighbors was used (see Supplemental Material Fig.

S1 [40]), and a 10×10×10 q grid was considered to obtain
more accurate lattice thermal conductivity.

The relaxation time was calculated by using the electron-
phonon Wannier (EPW) module of QUANTUM ESPRESSO (QE)
[41]. The energy cutoff values for the plane wave function
and charge density were set to 70 and 280 Ry, respectively,
and the energy convergence standard was set to 10−8 eV. The
relaxation time was calculated using the Wannier interpola-
tion method with 32×32×16 q and k mesh. The electrical
transport properties of materials, such as Seebeck coeffi-
cient, electronic conductivity, electronic thermal conductivity,
power factor, and thermoelectric merit, are all calculated using
the BOLTZTRAP code.

When the system under consideration reaches thermo-
dynamic equilibrium, the phonon distribution satisfies the
Bose-Einstein distribution f0(ω). Then the Boltzmann trans-
port equation can be written

∂ fλ
∂t diffusion

+ ∂ fλ
∂t scattering

= 0, (1)

where λ is the index of phonon mode. Therefore

∂ fλ
∂t diffusion

= −∇T · νλ

∂ fλ
∂T

. (2)

The scattering term depends on the specific scattering pro-
cess of phonons, when only two and three phonon processes
are considered:

Fλ = τ 0
λ (νλ + 	λ), (3)
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where νλ is the group velocity of the phonon mode λ. 	λ

measures the deviation from the relaxation time approxima-
tion (RTA), where 
+

λλ′λ′′ , 
−
λλ′λ′′ , and 
λλ′ correspond to the

scattering rates from three-phonon absorption and emission
processes and isotopic effect, respectively. Once Fλ is evalu-
ated by iteration, the thermal conductivity can be calculated
as [38]

kαβ

l = 1

kBT 2N�

∑
f0( f0 + 1)(h̄ωλ)2vα

λv
β

λ τλ, (5)

where α and β represent the Cartesian axes, and �, N, and
f0 are the volume of the unit cell, the number of k points,
and Bose-Einstein statistics, respectively. Further, ωλ denotes
the angular frequency of the phonon mode, vα

λ and v
β

λ are the
group velocity components, τλ is the self-consistent phonon
lifetime, and kB is the Boltzmann constant.

Using semiclassical Boltzmann transport theory, we cal-
culated the thermoelectric transport properties of AMN2

material. The Seebeck coefficient (Sαβ), electrical conductiv-
ity (σαβ/τ ), and electronic thermal conductivity (καβ

e /τ ) are
given as follows [42]:

Sαβ (T, εF ) = 1

eT

∫ vα (i, k)vβ (i, k)(ε − εF )
[−∂ fεF (T, ε)

∂ε

]
dε

∫ vα (i, k)vβ (i, k)
[−∂ fεF (T, ε)
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]
d

,

(6)
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FIG. 1. Panels (a) and (b) show the top and side views of AMN2 (A = Sr, Ba, and M = Ti, Zr, Hf), respectively. The structural units are
shown by the black dashed line. Orange and blue boxes represent the insulation layer and transition metal layer. (c)–(f) Projected phonon
dispersion spectra and projected density of states for four materials. Red, blue, and gray represent Ba/Sr atoms, Ti/Zr/Hf atoms, and N atoms,
respectively.

σαβ (T, εF )

τ
= 1

�

∫
e2vα (i, k)vβ (i, k)

[−∂ fεF (T, ε)

∂ε

]
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∫
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×
[−∂ fεF (T, εF )
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]
dε, (8)

where e and T are the electron charge and temperature, ε is
the reduced energy, v is the group velocity along the stud-
ied direction, and τ is the relaxation time calculated by the
electron-phonon Wannier method.

III. ELECTRICAL PROPERTIES

A. Crystal structure

The structures of layered nitrides AMN2 (A = Sr, Ba; M =
Ti, Zr, Hf) adopt the KCoO2 type native superlattice [43]. The
AMN2 contains two different layers, namely, the M-N layer
and the A-N layer, as shown in Figs. 1(a) and 1(b). The M
cations are coordinated with five N atoms, resulting in four
M-N(N1) bonds and one M-N(N2) bond, thereby forming the
M-N carrier transport layer, while the A atoms are similarly
coordinated with five N atoms in a square-base pyramidal
geometry, creating the A-N insulation layer [44]. The opti-
mized lattice parameters of BaTiN2, BaZrN2, BaHfN2, and
SrTiN2, which closely match previously reported values [29],
are listed in Table I.

B. Stability

To evaluate the stability, we first calculated the formation
enthalpies [45] for BaTiN2 (−5.19 eV), BaZrN2 (−5.12 eV),
BaHfN2 (−5.60 eV), and SrTiN2 (−5.86 eV). The negative
formation enthalpies indicate that these materials are thermo-
dynamically stable. We further employ ab initio molecular
dynamics (AIMD) simulations under the canonical ensemble
(NVT) to explore the thermal stability of the layered nitrides,
as displayed in Supplemental Material Fig. S2 [40]. Using
BaHfN2 as a case study, we find that after simulating for
5000 fs at various temperatures, the structure of the material
remains intact with no significant deformation observed. Ad-
ditionally, both the total energy and temperature only slightly
fluctuate around the equilibrium state in Figs. S2(d)–S2(f),
indicating that BaHfN2 exhibits excellent thermal stability at
medium to high temperatures. It is worthwhile to note that
BaZrN2 and BaHfN2 have been synthesized experimentally
[46,47]. We then evaluate the dynamic stability of the AMN2

TABLE I. Lattice constant a and c (Å), band gap Eg (eV),
effective mass of electrons and holes [mh and me (m0)] in different
directions, and relaxation time τ (fs) for BaTiN2, BaZrN2, BaHfN2,
and SrHfN2.

Configurations a c Eg mh
x mh

z me
x me

z τ

BaTiN2 4.02 8.11 0.62 −0.56 −1.90 0.20 78.11 1.74
BaZrN2 4.20 8.49 1.00 −0.37 −7.80 0.21 35.03 9.72
BaHfN2 4.15 8.48 1.25 −0.38 −4.37 0.21 32.77 9.30
SrHfN2 4.04 8.28 1.54 −0.44 −4.27 0.23 38.83 25.98
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FIG. 2. Projected electronic band structure and projected density of states, and side view and top view of charge density of maximum
conduction band in (a), (b) BaTiN2, (c), (d) BaZrN2, (e), (f) BaHfN2, and (g), (h) SrHfN2. Red, cyan, green, blue, orange, and gray represent
transition metal atoms Ba, Ti, Zr, Hf, Sr, and N, respectively. 
, X, M, Z, R, and A correspond to the first Brillouin zone internal coordinates
(0, 0, 0), (0, 0.5, 0), (0.5, 0.5, 0), (0, 0, 0.5), (0, 0.5, 0.5), and (0.5, 0.5, 0.5), respectively.

through analysis of phonon spectra, as displayed in Figs. 1(c)–
1(f). There is no imaginary frequency in the phonon spectrum
in all the investigated materials.

C. Electronic properties

In BaMN2 (M = Ti, Zr, and Hf), as the mass of transi-
tion metal M atoms increases, the entire phonon spectrum
frequency gradually shifts downwards in frequency. Addition-
ally, the hybrid contribution of M and N atoms transitions from
dominating the high-frequency to the low-frequency range.
This trend is supported by the projected phonon density of
states (PhDOS) distribution, where the contribution of Ti, Zr,
and Hf atoms shifts towards low frequencies. Compared with
BaHfN2, the phonon spectrum of SrHfN2 exhibits the oppo-
site trend, particularly with a stiffening of the low-frequency
modes. These shifts in the phonon spectrum, especially the
changes of phonon band in the low-frequency range, have
significant impact on the thermal transport properties.

We then explored the electronic band structure and pro-
jected density of states (DOS) of the AMN2, as shown in
Fig. 2. Notably, the minimum conduction band (CBM) is
mainly contributed by A and M atoms, while the maximum
valence band (VBM) is mainly contributed by N atoms. The
results show that, except for SrHfN2, the other three materials
have an indirect band gap with the CBM located at the 


point; the Brillouin zone is shown in Supplemental Material
Fig. S3. For BaMN2 (M = Ti, Zr, and Hf), as the mass of
M element increases, the VBM shifts from the M point to
the Z point, while the CBM continues to rise at the 
 point,
resulting in a gradual increment of band gap from 0.62, 1.00,
to 1.25 eV. While the VBM shifts to the 
 point in SrHfN2,
resulting in a larger band gap of 1.54 eV. It is clear that the
CBM exhibits significant dispersion in the in-plane direction,
indicating that electrons move with a smaller effective mass
within the plane. However, along the vertical direction (i.e.,

-Z), the CBM appears almost flat, suggesting localization
of electrons in this direction. The VBM displays dispersion
along the 
-X and 
-M directions, but shows weak dispersion
in the direction of 
-Z. It is worthwhile to note that orbital
degeneracy and obvious multivalley degeneracy appear in the
valence band (VB) of BaHfN2, as displayed in Fig. 2(e).
Within the plane, the energy values of VB1 and VB2 differ
by only 0.06 eV, while VB3 and VB4 exhibit nearly identical
values. This convergence of multiple valence bands results in
a pronounced total density of states near the VBM as indicated
by the red arrow in the corresponding DOS diagram, which is
conducive to the generation of a large Seebeck coefficient.

Interestingly, we observe that the CBM is mainly con-
tributed by A-d and M-d orbitals, while the VBM is mainly
contributed by N-p orbitals as in Fig. 3. The electron den-
sity distribution of CBM reveals that electrons are directed
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FIG. 3. (a)–(d) Calculated orbital projected orbital density of states (PDOS) and the −COHPs for M-N1, M-N2, and A-N2 bonds of
BaTiN2, BaZrN2, BaHfN2, and SrTiN2. The Fermi energy level is set to 0 eV.

towards the nearest transition metal M atom and confined
within the M-N1 layer in Figs. 2(b), 2(d), 2(f), and 2(h). As
the atom mass of the M increases, the charge density gradually
rises, leading to an increment in electron density. The incre-
ment in electron density within the M-N1 layer is beneficial
for the electrical transport properties. This suggests that the
AMN2 family has highly anisotropically electrical transport
properties in the z and x/y direction, akin to those characteris-
tics of a 2D electron gas system [23]. The enhanced electrical
transport properties are reflected by the calculated effective
masses of electrons (me) and holes (mh), as listed in Table I. It
is clear that the electron effective masses of the AMN2 family
in the z direction is at least two orders of magnitude larger than
that in the x direction. Similarly, compared to the x direction,
the energy band arrangement of holes is smoother in the z
direction, resulting in a larger hole effective mass (mz

h) in the
z direction than that in the x direction.

Then, we perform chemical bond analysis on AMN2 based
on the crystal orbital Hamilton population (COHP). The
−COHP of the chemical bonds of M-N1, M-N2, and A-N2 is
shown in Fig. 3. The −ICOHP value obtained by integrating
−COHP into the Fermi energy level to estimate the binding

TABLE II. The −ICOHP values of different bond lengths in the
AMN2 structure; unit (eV).

Bond type BaTiN2 BaZrN2 BaHfN2 SrHfN2

M-N1 2.89 3.17 3.31 3.58
M-N2 6.27 6.15 6.11 6.09
A-N2 0.40 0.42 0.44 0.52

strength of each bond is listed in Table II. By comparison, it
can be seen that the bonding states of M-N1 and A-N2 are rel-
atively weak. For example, the −ICOHP of Ti-N1 and Ba-N2
in BaTiN2 are 2.89 and 0.40, respectively, which are signif-
icantly smaller than that of Ti-N2 (6.27), indicating strong
bonding between M and N2. Similar bonding results have also
been observed in other materials. In BaMN2, the number of
bonding states of Hf-N2(6.11) is less than that of Ti-N2(6.27)
and Zr-N2(6.15), indicating the weakened interaction between
heavy Hf and N2. It can also be observed from the projected
orbital density of states that the overlap between the d orbitals
of M atoms and the p orbitals of N2 atoms decreases with
increasing the mass of M atoms, thus confirming the bonding
strength of M-N2 follows the trend of Ti-N2 > Zr-N2 >

Hf-N2. The mean square displacement (MSD) calculated by
molecular dynamics simulations [48] indicates that atoms vi-
brate locally in their equilibrium positions in BaHfN2. The
atomic displacement parameter (ADP) suggests that a larger
ADP indicates a relatively small binding of Ba atoms within
the lattice, with weak bond cooperation between Ba atoms
and their nearest neighbor N atoms (Supplemental Material
Fig. S4), ultimately enhancing the anharmonicity and phonon
scattering that give rise to ultralow thermal conductivity.

IV. THERMOELECTRIC PROPERTIES

A. Thermal transport properties

To explore the thermal transport properties of AMN2 fam-
ily, we calculated the lattice thermal conductivity as displayed
in Fig. 4(a). Clearly, we observe that the lattice thermal
conductivity in BaMN2 decreases as the atomic mass of M
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FIG. 4. (a) The temperature dependent lattice thermal conductivity κL and (b) frequency dependent cumulative thermal conductivity, (c)
The Grüneisen parameter and (d) the percentage of optical and acoustic branches in thermal conductivity in AMN2 structures.

increases. Particularly, BaHfN2 exhibits an ultralow thermal
conductivity with a value of 0.18 W/mK at 300 K, while re-
placing Ba with Sr leads to one order of magnitude increment
in lattice thermal conductivity, with a value up to 6.49 W/mK
at 300 K. The thermal conductivity accumulation shows that
the overall thermal conductivity of AMN2 is influenced by
phonon scattering across both low and high frequencies, as
displayed in Fig. 4(b). To evaluate the probability of three
phonon scattering, we calculated the scattering phase space
W, which includes both the adsorption (W +) and emission
(W −) process, as shown in Supplemental Material Fig. S5.
The relatively small differences of W + and W − suggest that
the number of available phonon scattering processes is insuffi-
cient to explain the source of ultralow κL in BaHfN2. Instead,
this phenomenon can be rationalized by the distribution of
Grüneisen parameters, as shown in Fig. 4(c). At room temper-
ature, the average range of Grüneisen parameters for BaTiN2,
BaZrN2, and SrHfN2 are quite close, ranging 1.51–1.86,
1.32–1.99, and 1.33–2.14, respectively. In contrast, BaHfN2

has a significantly higher average value of 4.49, with a distri-
bution range 2.95–20.34, indicating the strong anharmonicity
in BaHfN2. We then examined the contribution of acoustic
and optical branches to κL at room temperature, as shown in
Fig. 4(d). As the atomic mass of M increases, the contribution
of the total optical branches to the thermal conductivity rises
significantly, from 55% in BaTiN2 to 87% in BaHfN2. Since

the lattice thermal conductivity is mainly dominated by the
low-frequency acoustic phonons, the prominently increasing
contribution of optical branches in AMN2 greatly reduces their
thermal conductivity. Compared to the BaHfN2, the contribu-
tion of the optical branch decreases down to 55% in SrHfN2,
increasing remarkably the lattice thermal conductivity.

This can be further supported by the distribution of
the phonon group velocity and phonon lifetime of the AMN2

family, as shown in Figs. 5(a)–5(c) and Supplemental Material
Fig. S6. We observe that the phonon group velocity is mainly
related to the optical branch, and the phonon group velocity of
BaHfN2 (0.82 km/s) is a little bit smaller than that of BaTiN2

(1.06 km/s), BaZrN2 (0.93 km/s), and SrHfN2 (0.88 km/s).
Importantly, we observe that the phonon lifetime in BaHfN2

decreases by two orders of magnitude compared to the other
materials as shown in Figs. 5(d)–5(f). A shorter phonon
lifetime indicates a stronger scattering process, resulting in
a lower lattice thermal conductivity. For comparison, the
phonon lifetime in SrHfN2 is much longer, consistent with its
high lattice thermal conductivity. It is worthwhile to note that
the electronic thermal conductivity, particularly under p-type
doping, is generally three orders of magnitude smaller than
the lattice thermal conductivity as shown in Supplemental
Material Fig. S7. Specifically, for BaHfN2, the electronic
thermal conductivity at the p-type doping concentration
with the highest ZT value at 300 K is 0.006 W m−1 K−1,
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FIG. 5. (a)–(c) Phonon group velocities and (d)–(f) phonon lifetimes of BaZrN2, BaHfN2, and SrTiN2. Black, red, blue, and green
respectively represent ZA, TA, LA, and optical branch modes in the AMN2 material at 300 K.

which is much lower than the lattice thermal conductivity
of 0.18 W m−1 K−1. In other words, the contribution of
electronic thermal conductivity to the overall thermal
conductivity is very small.

B. Electrical transport properties

To evaluate the electrical transport properties, we calcu-
lated the electron relaxation time as listed in Table I. For
BaMN2, the relaxation time is 1.74 fs for BaTiN2, 9.72 fs
for BaZrN2, and 9.30 fs for BaHfN2 at room temperature.
The maximum relaxation time of SrHfN2 is 25.98 fs. We
then calculated the Seebeck coefficients (S) for both the
p-type and n-type materials, as shown in Supplemental Ma-
terial Fig. S6(c) and Figs. 6(a)–6(c). Clearly, S for p-type
materials increases as temperature rises, while S for n-type
materials follows the opposite trend. The calculated S at room
temperature with carrier concentration of 1.0×1020/cm3 are
250.24, 176.43, and 241.35 µV/K for p-type carriers and
81.00, 92.57, and 100.53 µV/K for n-type carriers in BaTiN2,
BaZrN2, and BaHfN2, respectively, which are comparable to
that of commercial PbTe (∼100 µV/K for n-type carriers)
[49]. A similar value of S is observed for the SrHfN2. Subse-
quently, we explore the electrical conductivity (σ ) as shown
in Supplemental Material Fig. S6(d) and Figs. 6(d)–6(f).
We find that the electrical conductivity for p-type BaZrN2

(673.13 S/cm), BaHfN2 (864.21 S/cm), and SrHfN2 (1409.74
S/cm) is higher than that for n-type BaZrN2 (311.08 S/cm),
BaHfN2 (401.29 S/cm), and SrHfN2 (343.85 S/cm) except
BaTiN2. The exceptionally high electrical conductivity can
be attributed to the unique two-dimensional conductive lay-
ers in AMN2. It also is evident that the power factors of
p-type and n-type AMN2 exhibit anisotropy, as displayed in

Figs. 6(h)–6(j). As the atomic mass of M increases, the power
factor increases for both p-type and n-type materials. For in-
stance, the power factor for p-type BaHfN2 increased by about
ten times compared to p-type BaTiN2. In particular, room-
temperature PF of p-type BaHfN2 is 78.03 µW cm−1 K−2

which is much higher than that of p-type BaTiN2 (8.01
µW cm−1 K−2), BaZrN2 (44.76 µW cm−1 K−2), and SrHfN2

(58.70 µW cm−1 K−2). It is worthwhile to note that the room-
temperature PFs of BaZrN2, BaHfN2, and SrHfN2 are larger
than that of SnSe (10.1 µW cm−1 K−2) [10], indicating that the
AMN2 family has high performance of electrical transport.

C. Thermoelectric performance

Based on the calculated electrical and thermal transport
properties, we evaluate the TE performance by calculating
ZT, as shown in Figs. 6(k)–6(m). As expected, the maximum
ZT of p type is significantly larger than that of n type due
to the anisotropic power factor. At optimal carrier concen-
tration, p-type BaHfN2 exhibits an impressive ZT of 2.19 at
room temperature. As the temperature increases, we find that
ZT of both p type and n type further increases. Especially,
ZT for p-type BaHfN2 at 600 K and 900 K is as high as
5.13 and 7.29, respectively, which are much higher than the
well-known p-type PbTe (1.5 at 773 K) [7]. Notably, n-type
BaHfN2 has a ZT of 1.85 at 900 K, suggesting that BaHfN2

could be promising for practical TE devices. As a further step,
we demonstrate that ZT of BaHfN2 can be tuned through mod-
erate strain engineering. For instance, introducing a tensile
strain of 0.5% allows for the tuning of phonon dispersion,
effectively suppressing lattice thermal conductivity. Con-
versely, applying a compressive strain of 0.5% to BaHfN2

leads to an increase in lattice thermal conductivity (Fig. 7).
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FIG. 6. Calculated Seebeck coefficient (a)–(c), electrical conductivity (d)–(f), and power factor (h)–(j) and figure of merit (k)–(m) as a
function of carrier concentration and temperature for p-type (dashed line) and n-type (solid line) in BaZrN2, BaHfN2, and SrHfN2. Note
that power factor and figure of merit for n-type doping materials are displayed as inset. Black, red, and blue represent 300, 600, and 900 K,
respectively.

It is found that introducing a strain has a negligible effect on
the band structure and electrical transport of the material in
Supplemental Material Figs. S8(a) and S8(b) and Figs. S6(b)
and S6(c). Consequently, the room-temperature ZT of p-type
BaHfN2 reaches 2.58 under tensile strain of 0.5%, while it

increases to 0.79 for n type, as shown in Fig. 7(f). At high
temperature (900 K), ZT of p-type and n-type BaHfN2 can
be enhanced to as high as 9.02 and 3.00 under tensile strain
of 0.5%, respectively, as displayed in Supplemental Material
Fig. S9(d).
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FIG. 7. (a) The temperature dependent lattice thermal conductivity κL and (b) relaxation time τe. (c), (d) The Grüneisen parameter and
phonon lifetimes, respectively. (e), (f) The power factor and ZT vs strain in BaHfN2 configurations at 300 K. Red and cyan indicate compression
of 1% and 0.5%, and yellow and blue indicate stretching of 0.5% and 1%. The dashed line represents the n type and the solid line represents
the p type.

V. WAVELIKE PHONON TRANSPORT

Recent studies have emphasized the importance of coher-
ence contributions from nondiagonal terms of heat flux opera-
tors, i.e., a wavelike tunneling channel, in compounds with ul-
tralow κL or/and strong anharmonicity [50]. We attempt to an-
alyze the role of particlelike and wavelike conduction mech-
anisms in the AMN2 family, and resolve the phonon lifetime
(τ ) as a function of phonon energy at room temperature by
introducing the average phonon interband spacing to judge the
strength of particlelike and wavelike conduction mechanisms,
	ωav = ωmax

3Nat
, which is defined as the ratio between the max-

imum phonon frequency (ωmax) and the number of phonon
bands (3Nat ). Calculations have found that only BaHfN2 has

an average relaxation time (0.09) less than the Wigner time
limit τ = 1

	ωav
(∼1), while other materials do not comply,

indicating that BaHfN2 exhibits both particlelike propagation
and wavelike tunneling mechanisms in phonon modes.

In the framework of the Wigner formalism [51], the lattice
thermal conductivity is generalized to an expression includ-
ing the contributions of both populations and coherences:
κtot = κp + κc. The first part is to obtain the lattice thermal
conductivity of a particlelike conduction mechanism by iter-
atively solving the Boltzmann transport equation [52]. The
second part is to calculate the lattice thermal conductiv-
ity of a wavelike conduction mechanism using the Wigner
transport equation [53]. We calculated the thermal conduc-
tivity of BaHfN2 as a function of temperature in Fig. 8(a).

FIG. 8. (a) Temperature dependent thermal conductivity of BaHfN2, where κp (blue) is the particlelike contribution and κc (red) is the
wavelike contribution. (b) Phonon-mode-resolved and cumulative lattice thermal conductivity (κp and κc) as a function of phonon frequency
at 300 K. (c) The thermoelectric figure of merit ZT as a function of carrier doping concentration of BaHfN2 at 300, 600, and 900 K.
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By considering the renormalization of force constants, the
obtained κp and κc at 300 K are 0.176 and 0.184 W/mK,
respectively, accounting for 49% and 51% of the total κL.
In this case, the influence of the nondiagonal component of
the heat flux operator cannot be ignored, and it can also over-
come the shortcomings of the Peierls-Boltzmann heat transfer
equation in ultralow or glasslike thermal conductivity crystals.
With the increase of temperature, the significant scattering of
κp shows a monotonic decreasing trend due to strong anhar-
monicity, while κc weakens the temperature dependence of
thermal conductivity. At high temperature (900 K), the wave-
like contribution to the total κL is as high as 67%, suggesting
a strong wave tunneling mechanism for thermal transport in
BaHfN2. Figure 8(b) shows the contributions of κp and κc at
300 K under different phonon frequencies. κp mainly comes
from low- and middle-frequency phonon modes, while almost
all phonons contribute to κc throughout the entire frequency
range. Based on the unified thermal transport theory, we calcu-
lated the carrier density dependent ZT of BaHfN2 at different
temperatures, as shown in Fig. 8(c). It is worth noting that
even though considering the wavelike phonon transport, high
ZT of p-type BaHfN2 still remains, reaching 1.56 at 300 K
and 4.52 at 900 K, respectively.

VI. CONCLUSIONS

In summary, we systematically investigate the electrical
and thermal transport properties along with the thermoelectric
performance of layered nitrides AMN2 through first principles
calculations combined with Boltzmann transport equation and
thermal transport unified theory. The results show that the
unique quasi-two-dimensional electronic properties in AMN2

and highly anisotropic band structures remarkably enhance
the electrical transport properties. Strong anharmonicity leads
to the ultralow lattice thermal conductivity, as evidenced by
the short phonon lifetime and large Grüneisen parameters.
The combined high electrical transport and low lattice thermal
conductivity gives rise to excellent thermoelectric perfor-
mance in layered nitrides AMN2. In addition, thermoelectric
performance can be further improved through moderate strain
engineering. The present work highlights the importance
of unique two-dimensional electronic structures and strong
anharmonicity on enhancing the overall thermoelectric per-
formance in layered nitrides for potential application.
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