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A B S T R A C T   

Controlling thermal transport property is a crucial issue toward thermal management in two-dimensional (2D) 
materials. With first-principles calculations and Boltzmann transport equation (BTE), we have explored the 
thermal transport property of novel 2D nitride phosphorus (NP). We find that, at room temperature, the 
calculated lattice thermal conductivity (κlat) of novel 2D NP is 25.4 W/mK, being lower than that of buckled 
monolayer phosphorene, nitrogene, and β-NP. Through the analysis of corresponding phonon–phonon scattering 
channels (a + a ↔ o and a + o ↔ o), we find that the strong scatterings among acoustic phonons and low- 
frequency optical phonons are accountable for the low κlat of novel 2D NP. Additionally, we also study the 
sample size effects of novel 2D NP, which can further decrease κlat until a length of up to 5 μm. These results 
could provide valuable guidance to design the NP-based thermoelectric nano-devices and potential heat trans
port applications in other 2D materials.   

1. Introduction 

The widespread concern has been paid to thermoelectric technology, 
which can generate electricity from waste heat [1,2]. The thermoelectric 
efficiency is decided by the thermoelectric (TE) figure of merit (ZT), 
which is computed as S2σT/(κe + κlat). The meanings of these parameters 
are extensively explained elsewhere [3]. For one TE material, a high- 
power factor (S2σ) and a low κlat are required for obtaining excellent 
performance, while those TE transport coefficients are strongly coupled 
to each other. Apart from the contradictory relation between S and σ [3], 
there is also a conflict between σ and κe [4,5]. Therefore, it is a great 
challenge to obtain a high ZT value by modifying those coefficients 
simultaneously. Among them, the κlat is a very interesting parameter, 
which can be adjusted independently to improve the ZT value since 
phonons mean-free-path is much smaller than that of electrons. Hence, it 
is of great significance to search out an ideal TE material with low lattice 
thermal conductivity. 

During the last few years, the stable binary compounds of group VA 

have attracted wide attention [6–9]. For example, the κlat of 10.97 W/ 
mK for monolayer α-AsP is lower than that of 29.95 W/mK for the single 
element monolayer α-P [8]. Similarly, Sevik et al. proved that the κlat of 
α-P, α-As and α-Sb monolayers might be suppressed by alloying with the 
group VA elements as well, and κlat of α-PBi along the armchair direction 
was predicted to be as low as 1.5 W/mK, whereas that of α-P was 21 W/ 
mK [7]. Besides, compared with the κlat of 46.6 W/K and 161.1 W/K for 
Sb and As monolayers, lower κlat of 28.8 W/K the monolayer β-SbAs was 
also reported [6]. Recently, the κlat of β-NX (X = P, As, Sb) monolayers 
were investigated by Taheri et al.[9]. The results showed that β-NP 
possesses the smallest κlat of 572.3 W/K compared with β-NAs and β-NSb 
monolayers. However, the κlat of those binary compounds are higher 
than those of the corresponding monolayer β-P, β-As, and β-Sb, which 
are obviously different from monolayer α-AsP and β-SbAs. The turn
around is that, in 2019, Zhu et al. proposed a new 2D material SnSe with 
ultra-low κlat and excellent thermoelectric performance [10]. This evi
dence motivates us to check whether the structure of novel 2D NP as 
SnSe-like isoelectronic counterpart material is stable or not? Besides, we 
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are deserved to investigate the answer that whether the κlat of novel 2D 
NP is lower than that of β-NP or not? 

Inspired by these integrated and interesting questions, here, we focus 
on the κlat of novel 2D NP based on the phonon Peierls-Boltzmann 
equation. Our calculations show that, at room temperature, the novel 
2D NP exists a low κlat of 25.4 W/mK, which is smaller than those of 
buckled monolayer phosphorene(108.8 W/mK [11]), nitrogene 
(763.4 W/mK [12]), and β-NP (572.3 W/K [9]). Such a low κlat in novel 
2D NP largely attributes to the stronger scattering rates of a + a ↔ o and 
a + o ↔ o channels, which is derived from the strong scattering in
teractions among acoustic phonons and low-frequency optical phonons. 
Moreover, with a sample size of 5 μm and 10 nm, the κlat is 25.4 W/mK 
and 11.4 W/mK at room temperature, respectively. Our results reveal 
that the κlat of novel 2D NP is significantly affected by sample length, 
which thus provides beneficial information for further studies on related 
materials. 

2. Computational methods 

All of the calculations are implemented in vasp code. We used PAW 
pseudopotentials with PBE exchange–correlation [13–15]. DFT-D2 type 
vdW method was adopted [16]. An MP k-mesh of 20 × 20 × 1 and 
500 eV energy cutoff are selected during the calculation. The energy and 
force convergences are 10-9 eV and 10-4 eV/Å. The thickness is 20 Å, 
avoiding a fictional phenomenon. 

The calculation of κlat is based on ShengBTE [17]. The second-order 
interatomic force constants (IFCs) were calculated by Phonopy [18]. We 
used 7 × 7 × 1 supercell and 3 × 3 × 1 k-mesh. For the 3rd IFCs, we used 
4 × 4 × 1 supercell with 5 × 5 × 1 k-mesh. Fig. 1(a) and (b) show the 
convergence of κlat with different cutoff radii of third-order, scale 
broadening parameter, and q-point grid. The cutoff radius was increased 
until the converged results within 5% (thirteenth-nearest-neighbor). 
Besides, the scale broadening parameter and q-point grid were adopted 
as 1.0 and 100 × 100 × 1, separately. Furthermore, the non-analytic 
correction was also considered based on the Born effective charges 
and the dielectric constants. 

3. Results and discussions 

The equilibrium structure of novel 2D NP shows in Fig. 2(a). For 
comparison, Table 1 lists the optimized lattice constant, bond length, 
buckling distance, and cohesive energy for monolayer β-NP and phos
phorene, which cater to previous literature results [9,19–22]. The N-P 
bond length of novel 2D NP is 1.78 Å and is smaller than that of buckled 
monolayer phosphorene of 2.25 Å on account of the stronger in
teractions between N and P atoms. Obviously, the cohesive energy of the 
novel 2D NP with 4.27 eV/atom is more than those of monolayer β-NP of 
4.14 eV/atom and phosphorene of 3.51 eV/atom. Hence, the novel 2D 
NP is stable in energy, just as the monolayer β-NP and phosphorene. 

Fig. 2(b) illustrates the calculated phonon dispersion along with 
high-symmetry points for novel 2D NP. It is clear that novel 2D NP is 
dynamically stabile owing to free of imaginary frequency. Besides, there 
is a kink around Γ point of ZA mode. This phenomenon is also shown in 
the PbSe monolayer with the same structure of novel 2D NP [10]. The 
kink is related to the electron–phonon interaction, which has also been 
confirmed by previous work [23–25]. Moreover, the novel 2D NP has a 
zero acoustic-optical (a-o) phonon gap, and the entangle
ment is between transverse acoustic (TA), longitudinal acoustic (LA) 
modes and low frequency optical (low-o) phonons. This may imply a 
strong a-o phonon scattering and a low lattice thermal conductivity κlat. 
For instance, PbSe and SnSe sheets with ultra-low κlat mainly stem from 
a-o phonon scattering [26]. Fig. 2(c) shows the calculated phonon par
tial densities of states (DOS) of novel 2D NP. The phonon DOS of 
acoustic phonon modes and low-o phonons are dominated by the vi
brations of phosphorus (P) atoms, while the vibrations of nitrogen (N) 
atoms primarily contribute to the DOS of high frequency optical (high-o) 
phonons. 

The vibrations of the x-y plane and out-plane direction (z) for the P 
and N atoms are presented in Fig. 3(a)-(d) according to the continuity of 

their eigenvectors [18,26,27], namely 
⃒
⃒
⃒
∑

e*
k,σ1

(i)∙ek+Δ,σ2 (i)
⃒
⃒
⃒ =

⃒
⃒δσ1 ,σ2 − o(Δ)

⃒
⃒, in which e*

k,σ1
(i) and Δ denote the displacement of the 

atom i, respectively, and (k, σ) represents a phonon mode. It is found that 
the vibrations of P atoms and N atoms show a strong hybrid in the xy- 
plane, and also the vibrations in the out-plane (z). What’s more, the 
low-o branches are dominated by the x-y plane vibrations of the P atoms 
and N atoms. Similarly, the out-plane direction (z) vibrations contribute 
most to the ZA acoustic phonon branch, while the TA and LA acoustic 
phonon branches are derived from the x-y plane vibration. 

The lattice thermal conductivity κlat can be obtained by the formula 
[17] 

kαβ =
1
V
∑

λ,q
Cλ,q(vα

λ,q)
2τα

λ,q, (1)  

where V denotes the volume of the primitive cell, Cλ,q,vα
λ,q, and τα

λ,q are 
the specific heat, phonon group velocity, and phonon lifetime with mode 
λ and wave vector q along the α direction, respectively. In the present 
study, the effective thickness h is adopted as 6.85 Å, which is the sum
mation of d and van der Waals radii of the outmost surface N atom 
[28,29]. 

Fig. 4(a) displays the calculated κlat of novel 2D NP with the iterative 
approach and the single-mode relaxation time approximation (RTA) 
solution. At room temperature, the calculated κlat are 25.4 W/mK and 
10.2 W/mK for the iterative approach and RTA solution, respectively. It 
is noteworthy that the RTA method generally underpredicts lattice 
thermal conductivity κlat, and the RTA method is particularly useful for 
quite big samples size and slow heating experimental conditions [30]. 

Fig. 1. The convergence test of κlat versus (a) cutoff radius of third-order IFCs, (b) different scale broad values, and q-point grid at room temperature for novel 2D NP.  
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Moreover, the Umklapp scattering dominates the heat transport of the 
novel 2D NP since the κlat can be nicely fitted by a function of κlat ∝ 1/T. 
Interestingly, the κlat of novel 2D NP is lower than those of black phos
phorene of 83.5 W/mK [31], graphene of 3716.6 W/mK [21], MoS2 of 
84 ± 17 W/mK [32], WSe2 of 53 W/mK [33], buckled arsenene of 
37.8 W/mK [12], phosphorene of 108.8 W/mK [11], nitrogene of 
763.4 W/mK [12], β-NP of 572.3 W/K [9], β-NAs of 769.2 W/K [9] and 
β-NSb of 693.2 W/K [9]. Fig. 4(b) displays the frequency-dependent κlat 
at room temperature for novel 2D NP. It clearly shows that the κlat is 
dominated by those phonons below 450 cm− 1, which significantly 
contributes to the κlat from acoustic phonons and low-o phonons. 

The calculated results of phonon group velocity Vg and phonon 
relaxation time τ at room temperature are shown in Fig. 5(a) and (b), 
separately. Based on the analysis of Vg and τ, we reveal reasonably that 
the phonon relaxation time τ is the main factor that significantly affects 
the thermal transport of novel 2D NP since the difference of group 

velocities is small. The calculated phonon velocities are presented in 
Fig. 5(a). The different distribution of phonon velocities results from the 
different shapes of phonon modes. Specifically, a small and nonzero 
sound velocity is observed in the ZA branch due to the linear component 
near Г point, as dumbbell silicone [34]. Fig. 5(b) shows the phonon 
lifetime of phonon modes as a function of frequency. The domination of 
acoustic and low-optical phonons comes from their high value of τ, 
especially those phonons below 450 cm− 1, which is in an agreement 
with Fig. 4(b). Additionally, a strong acoustic-optical phonon scattering 
appears near the frequency of 250 cm− 1 owing to a sharp drop of phonon 
relaxation time τ, and it can further suppress the κlat of novel 2D NP. 

Fig. 5(c) shows the contribution (percentage) of phonon modes to the 
total κlat at room temperature. It is clearly seen that the ZA acoustic 
mode contributes a larger percentage compared with other phonon 
modes owing to the biggest phonon relaxation time τ, which has been 
verified in Fig. 5(b). Specifically, the contribution of low-optical phonon 
modes is non-negligible for the total κlat, and the percentage contribu
tions are 33.07%, 18.67%, 14.49%, 30.69%, and 3.08% to the total 
intrinsic κlat for ZA, TA, LA, low-optical, and high-optical phonon modes, 
respectively. 

The result of mode-dependent Grüneisen parameter γ for novel 2D 
NP is displayed in Fig. 5(d). The large γ means a stronger anharmonicity 
of phonons. It is clear that ZA and TA phonon modes possess a stronger 
anharmonicity compared with LA phonon mode below the frequencies 
of 150 cm− 1. Besides, γ suddenly jumps in the frequency range 
150 cm− 1 ~ 350 cm− 1, indicating a larger anharmonic scattering 
interaction change between the acoustic phonon modes and low-optical 
phonon modes. The result can also be confirmed in the phonon relaxa
tion time shown in Fig. 5(b). The large γ of the low-o phonon modes 

Fig. 2. (a) The top and side view of optimized structure, (b) phonon dispersion, and (c) phonon partial densities of states for novel 2D NP. In (a), the blue shading 
represents the unit cell, a→, d, and h are the lattice vectors, buckling distance, and effective thickness, respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Table 1 
The optimized lattice constant, bond length, buckling distance, and cohesive 
energy for novel 2D NP monolayer β-NP, monolayer phosphorene, and available 
literature.  

materials lattice 
constant (Å) 

bond 
length (Å) 

buckling 
distance (Å) 

cohesive 
energy (eV/ 
atom) 

novel NP 2.82 1.78 3.27 4.27 
β-NP 2.72,2.73[9] 

2.756[20] 
1.79, 
1.809[20] 

0.86, 0.86 
[19], 0.86[20] 

4.14, 4.086[20] 

phosphorene 3.26, 3.28[9] , 
3.28[21] 

2.25, 2.26 
[21] 

1.24, 1.24 
[21], 1.24[22] 

3.51  

Fig. 3. (a)-(d) Orbital-resolved phonon spectra for novel 2D NP. The x-y plane and out-plane direction (z) vibrations of P and N atoms are represented by blue and 
magenta curves, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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enhance the scattering rates and anharmonicity, leading to the low κlat. 
To further explore the low intrinsic κlat in novel 2D NP. The three- 

phonon scattering phase space of the adsorption process (P(+)

3 ) and 
emission process (P(− )

3 ) are calculated and exhibited in Fig. 6(a) and (b), 
respectively. The absorption channels are dominated by ZA, TA, LA, and 
low-o phonon branches. Specifically, the low-o phonon branches display 
a large scattering phase space near 250 cm− 1. It is found that scattering 
interactions are strong among acoustic phonons and low-o phonons. The 
P(− )

3 of novel 2D NP are mainly determined by optical phonon branches, 
as shown in Fig. 6(b). The result will enhance the number of o → a + a 
and o → a + o scattering channels. 

To further describe the differences in anharmonic scattering, Fig. 6 
(c) and (d) show the three-phonon scattering rates of absorption and 
emission processes. The acoustic and optical phonon branches are rep
resented by “a” and “o”, respectively. It is clear that the scattering rates 

of a + a → a scattering channel dominate in the frequency range below 
150 cm− 1. Fig. 6(c) demonstrates the scattering rates of P(+)

3 , and it is 
predominated by a + a → o and a + o → o channels between 150 cm− 1 

and 450 cm− 1. It shows that an acoustic mode would more likely be 
scattered into an optical mode by absorbing an acoustic mode or an 
optical mode. The involvement of low-o mode increases the three- 
phonon scattering rate, which will bring about a further reduction of 
κlat in novel 2D NP. The emission process is presented in Fig. 6(d), the 
scattering rates of o → a + a and o → a + o channels illustrate that the 
optical phonon mode possesses more chance to decay into two acoustic 
modes or one acoustic mode and one optical mode. Those conclusions 
are consistent with the results of three-phonon scattering phase space for 
the adsorption process and emission process in Fig. 6(a) and (b). 

In practical application, the sample size of the material is finite. The 
phonon-boundary scattering, at the nanoscale and low temperatures, 

Fig. 4. (a) The variation of κlat with temperature for novel 2D NP. The temperature-dependent κlat is represented by the ~ 1/T fitting in the black dashed curve. (b) 
Frequency distribution of κlat at 300 K. 

Fig. 5. (a) The phonon group velocity, (b)phonon lifetime, (c) relative contribution (percentage), and (d) Grüneisen parameters γ of phonon modes for novel 2D NP.  
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significantly affects the transport properties of in 2D materials, and it 
has been well verified [35,36]. An inversely proportional relation exists 
between the phonon-boundary scattering and sample size L, given by 
[37–39] 

1
τb

=

⃒
⃒vvq

⃒
⃒

L
, (2)  

where 1
τb 

represent phonon-boundary scattering, L is the sample size as 
well as vvq indicates averaged phonon group velocity. At different tem
peratures, the calculated size-dependent κlat of novel 2D NP is showed in 
Fig. 7(a). It exhibits an exponential function κlat ∝ log L dependence 
between the κlat and sample size when L changes in the size range 
100 nm ~ 10 nm. The result has been verified in the experiment for 
graphene and other 2D materials [40]. With a sample size of 5 μm and 

10 nm, the κlat is 25.4 W/mK and 11.4 W/mK at 300 K, respectively. 
However, the κlat is independent of sample size L above 5 μm, which 
indicates that L = 5 μm reaches a boundary scattering limit. At 200 K and 
500 K, a similar changing trend of the κlat can be also observed. For 
instance, at low temperatures, κlat decreases rapidly at 200 K on account 
of the significant effect of phonon-boundary scattering. Furthermore, 
the κlat is almost the same at different temperatures for a small sample 
size, which implies that κlat is dominated by phonon-boundary scattering 
up to a certain sample size. 

The lattice thermal conductivity κlat changes with the temperature T 
for different sample sizes, which is displayed in Fig. 7(b) for novel 2D NP 
with different L. The κlat declines with reducing sample size because of 
the phonon-boundary scattering. For L = 50 nm, 100 nm, 500 nm, 1 μm, 
and 5 μm, κlat decreases rapidly with increasing temperature. This trend 
is also seen in the temperature range 200 K ~ 800 K for L = ∞. However, 

Fig. 6. Frequency-dependence of three-phonon-scattering phase space for (a) absorption, and (b) emission processes of novel 2D NP. The calculated scattering rates 
of (c) the absorption and (d) the emission processes for different phonon scattering channels. 

Fig. 7. (a) The variation of κlat with respect to sample size at T = 200 K, 300 K and 500 K. (b) The κlat variation with temperature for L = 10 nm, 30 nm, 50 nm, 
100 nm, 500 nm, 1 μm, 5 μm and ∞ (L = ∞ refers to the case without phonon-boundary scattering). 
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κlat decreases slowly for a sample size of 10 nm. Our result demonstrates 
that κlat of novel 2D NP can be further reduced by decreasing the sample 
size. A similar phenomenon is also reported in our previous studies 
about novel monolayer CSe [41]. 

4. Conclusion 

In summary, the phonon BTE is utilized to systematically explored 
the thermal transport properties of novel 2D NP. We have found that the 
κlat of novel 2D NP is 25.4 W/mK at room temperature, which is much 
lower than that of buckled monolayer phosphorene, nitrogene, β-NP, 
β-NAs, and β-NSb. We find the main influencing factor of κlat is phonon 
relaxation time through extensive analysis of the thermal transport 
properties. As a result, the ZA acoustic phonon branch contributes most 
compared with other phonon modes due to the large phonon relaxation 
time. The scattering rates of a + a ↔ o and a + o ↔ o channels show the 
strong scattering interactions among acoustic phonons and low-o pho
nons, which lead to further reduction of the κlat in novel 2D NP. At room 
temperature, with reducing the sample length L in the range 
5 μm ~ 10 nm, the κlat can be further decreased from 25.4 W/mK to 
11.4 W/mK. Moreover, the size effects of novel 2D NP can persist up to a 
length of 5 μm. 
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