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15 To overcome the atomic motions of the first and last phonon branches of 
16 indistinguishable, we added the corresponding vibrational modes of the first and last 
17 phonon branches for 2D InSe and shown in Fig. S1. It can be clearly observed that the 
18 first and last phonon branches represent vibration modes near the Γ point for the ZA 
19 branch and the ZO branch at the electric field of 0 and 0.3 V/Å, respectively.

20

21 Fig. S1 (a) and (c) represent vibration modes near the Γ point for the out-of-plane 
22 acoustic phonon branch (ZA) and the out-of-plane optical phonon (ZO) branch without 
23 electric field. (c) and (d) represent vibration modes near the Γ point for the out-of-plane 
24 acoustic phonon branch (ZA) and the out-of-plane optical phonon (ZO) branch at the 
25 electric field of 0.3 V/Å.
26



27 We have added and the vdW density functionals (optB86b, optB88, optPBE revPBE 
28 and vdW-DF2) to calculate phonon dispersion curves of 2D InSe along the high 
29 symmetric path in the Brillouin zone, shown in the Fig. S2. It can be noticed that all the 
30 phonon modes show positive frequencies under the vdW density functionals which can 
31 prove the dynamic stability in our structure. Meanwhile, according to the comparison 
32 of different functionals of 2D InSe at the external electric field of 0 0.3 V/Å, its phonon 
33 dispersion curves of three acoustic phonon branches are not changed, while the optical 
34 phonons exist some slight decreases.

35

36 Fig. S2. Comparison of the phonon dispersion curves of 2D InSe with (0.3 V/Å) and 
37 without electric fields applied.
38



39 As we known, ab initio molecular dynamics (AIMD) simulation is widely employed 
40 in quantifying the thermodynamic stability of materials. Here, we have performed the 
41 AIMD simulations at three different temperatures cases (300, 500 and 700 K) with NVT 
42 ensemble (requiring constant number, volume and temperature), lasting for 6.7 ps with 
43 a time interval of 1 fs to assess the thermodynamic stability of 2D InSe. The 5×5×1 
44 supercell was used by using the Nosé–Hoover thermostat.1 

45
46 Fig. S3. Total energy and Temperature fluctuation with respect to time in AIMD 
47 simulation under without (a-c-e) and with external electric field (Ez=0.1 V/Å) cases (b-
48 d-f) for 2D InSe. The final snapshot of the atomic configuration were obtained at 
49 temperatures (T=300, 500 and 700K). 
50 As shown in Fig. S3, it can be noticed that the total energy of 2D InSe fluctuates in 
51 a narrow range and no bonds are broken under two representative electric fields cases. 
52 As a result, these structures could be thermodynamically feasible as its equilibrium 
53 structure at 300 K up to 700 K. It has been reported that if a material is dynamically 
54 stable, we need to evince that it cannot undergo any structural changes (no phase 
55 transition occurring).2 To accurately describe structural changes of 2D InSe, we 
56 calculated the snapshots of the AIMD simulated trajectories at 300 K and 700 K under 
57 the external electric fields of 0 and 0.1 V/Å, as plotted in Fig. S4 (a-d). On the basis of 



58 the trajectories, it can be clearly seen that the average radii of the atomic displacements 
59 at 700 K are larger than those at 300 K for all cases. Meanwhile, the trajectories can 
60 indicate that In and Se atoms are constrained to around their equilibrium position and 
61 further investigate not a phase transition under an external electric field. We have 
62 calculated the energy above the convex hull of 2D InSe, which can predict the 
63 thermodynamic stability of a material system, as shown in Fig. S4 (e). Our results are 
64 confirmed and in good agreement with the previous theoretical calculations.2

65



66 Fig. S4 (a) and (b) plotted the AIMD simulated trajectory of atoms in the y-z plane of 
67 2D InSe at 300 K and 700 K without electric field, respectively. (c) and (d) plotted the 
68 AIMD simulated trajectory of atoms in the y-z plane of 2D InSe at 300 K and 700 K at 
69 the electric field of 0.1 V/Å, respectively. (e) Energy above the convex hull for 

70 . The convex hull as defined by the bulk phases is presented by the blue solid 𝐼𝑛1 ‒ 𝑥𝑆𝑒𝑥

71 lines. Blue spheres and red sphere denote bulk binary reference phases and 2D InSe (in 
72 this work), respectively. The inset shows our calculated the formation energy for 

73 different bulk  phases.𝐼𝑛1 ‒ 𝑥𝑆𝑒𝑥

74



75 As we discussed, the cutoff radius can be directly determined to get satisfactory 
76 lattice thermal conductivity results based on the analysis of harmonic IFCs.3 To 
77 quantify the strength of interatomic interactions for 2D InSe, traces of interatomic force 
78 constant (IFC) tensors are normalized by the trace values of the self-interacting IFC 

79 tensor.4 Note that the RTA method slightly underestimates the  but the variation trend 𝜅𝑙

80 still holds.

81
82 Fig. S5. (a) Normalized trace of interatomic force constant tensors versus atomic 
83 distances for 2D InSe. (b) Intrinsic and relaxation time approximation (RTA) lattice 
84 thermal conductivity of 2D InSe as a function of different numbers of q-mesh at 300 K.
85



86 It can be clearly seen that the ELF values only slightly changes with the increase of 
87 electric fields. Furthermore, the electronic charges are mainly localized near In and Se 
88 bonds, indicating the stronger covalent bonding between In and Se atoms. It is 
89 understood that the stronger covalent bonding is usually difficult to break, and thus the 
90 external electric fields in our work can not break 2D InSe crystal symmetry.

91
92 Fig. S6. The ELF iso-surface and its value of slice perpendicular to (0 0 1) direction of 
93 2D InSe (3×3×1 supercells) at the electric fields of 0. V/Å, 0.1 V/Å and 0.3 V/Å, 
94 respectively.
95



96 As reported in the previous work,5 a tuning thermoelectric performance method by 
97 the external electric field applied is easy to be realized in practice. Through DFT 
98 calculation coupled with the post-processing tool VASPKIT,6 we obtain the Born 
99 effective charge and dielectric constant tensor under different external electric fields. 

100 The values of the parameters of 2D InSe without electric field are close to those in the 
101 literature.7 8 The 2D InSe crystal structure in the text, having hexagonal symmetry, has 

102 two non-zero diagonal components of the dielectric tensor, namely, ( ) and 𝜀𝑥𝑥 𝜀𝑥𝑥= 𝜀𝑦𝑦

103 . The two dielectric tensors were depicted in Table. S1 and can be obtained from the 𝜀𝑧𝑧

104 dielectric function based on the Ehrenreich-Cohen formula9 and the effective medium 

105 theory,10 expressed by  and . According to the 
𝜀𝑥𝑥= 1 +
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106 Ehrenreich-Cohen formula,  can also be obtained based on the following equation (𝜀𝑆𝐿

107 ).9 Where  
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108 represents an effective thickness of 2D InSe and  denotes the area in period cell on 2D 𝑆
109 InSe. In order to investigate the accuracy of the dielectric tensor of 2D InSe, we further 
110 investigated the optical properties (including optical absorption spectra (a) and optical 
111 reflection spectra (b)) of the 2D InSe, as plotted in Fig. S7. The normalized reflectance 
112 R and absorbance A are independent of the light polarization for a suspended 2D InSe 

113 when normal incidence is assumed, and it holds  and .9 
𝑅= | �̃� 2

1 + �̃� 2|2 𝐴=
𝑅𝑒�̃�

|1 + �̃� 2|2

114 Where  is the normalized optical conductivity (  and  represent �̃�(𝜔) = 𝜎2𝐷(𝜔) 𝜀0𝐶 𝐶 𝜀0

115 the speed of light and the permittivity, respectively). The more calculation details for 
116 the optical properties of the 2D InSe can be seen the post-processing tool VASPKIT. 
117 By comparison, we can find that our absorption for the 2D InSe is supported by 
118 previous experimental measured and theoretical results.11-13

119 Table. S1 The Born effective charge , dielectric constant  of 2D InSe under the 𝑍 ∗ 𝜀

120 different electric fields.

E (V/Å) Atom 𝑍 ∗
𝑥𝑥= 𝑍 ∗

𝑦𝑦 𝑍 ∗
𝑧𝑧

𝜀𝑥𝑥= 𝜀𝑦𝑦 𝜀𝑧𝑧

0 Se
In

-2.44
2.44

-0.24
0.27 3.34 1.41

0.006 Se
In

-2.42
2.44

-0.16
0.17 3.32 1.28



0.02 Se
In

-2.41
2.45

-0.17
0.17 3.32 1.28

0.1 Se
In

-2.39
2.55

-0.16
0.17 3.33 1.29

0.3 Se
In

-2.24
2.65

-0.15
0.15 3.46 1.30

121

122 Fig. S7 The optical absorption spectra (a) and optical reflection spectra (b) of 2D InSe 
123 under the external electric field of 0 V/Å.
124



125 We used parabolic band approximation method to compute the effective mass of 2D 
126 InSe, and some figures with calculation details are shown in Fig. S8.

127

128 Fig. S8. The effective mass ( ) of 2D InSe along the x (y) direction under the external 𝑚 ∗

129 electric field of 0 and 0.1 V/Å, computed as  by parabolic curve 𝑚 ∗ = ħ2(∂2𝐸 𝑘2) ‒ 1

130 fitting the conduction band minimum and the valence band maximum to a quadratic 
131 function.
132



133 To obtain the deformation potential constant, the absolute band edge is calculated by 

134 , where  is the eigenvalue of  𝐸 𝐴𝑏𝑠
𝐶𝐵𝑀/𝑉𝐵𝑀= 𝐸 𝐷𝐹𝑇

𝐶𝐵𝑀/𝑉𝐵𝑀 ‒ 𝐸𝑉𝑎𝑐𝑢𝑢𝑚 𝐸 𝐷𝐹𝑇
𝐶𝐵𝑀/𝑉𝐵𝑀 𝐶𝐵𝑀/𝑉𝐵𝑀

135 obtained from the DFT calculation and  represents the electrostatic potential in 𝐸𝑉𝑎𝑐𝑢𝑢𝑚

136 the vacuum region.14 Fig. S9 shows the absolute band edge of the valence band of the 
137 2D InSe versus lattice change along the x or y direction under different values of applied 
138 electric fields.

139

140 Fig. S9. The absolute band edge of the valence band of the 2D InSe versus lattice change 
141 along the x or y direction under different values of applied electric fields (0.0 V/Å, 0.1 
142 V/Å).
143



144 To eliminate the missing information in Fig. 11, we added more detailed anisotropic 
145 square of group velocities, as shown in Fig. S10. We want to express that the phonon 
146 group velocity has weak anisotropy in the presence of an external electric field and zero 
147 field cases. 

148
149 Fig. S10 Anisotropic square group velocity as a function of frequency for 2D InSe under 
150 the external electric field of (a-b) 0 and (c-d) 0.1 V/ Å, respectively.
151 In order to further examine the almost no changed group velocities of 2D InSe under 
152 different external electric fields, we plot the group velocities of three acoustic modes in 
153 some representative electric fields as shown in Fig. S11. Here, we also calculate the 

154 group velocities of the phonon mode  using the slope of the phonon dispersion for 𝜔𝑖

155 the five external electric fields, which are given by

156 .                         (S1)
𝜐𝑖,𝑞=

∂𝜔𝑖,𝑞

∂𝑞

157 Fig. S11 highlights the acoustic phonon group velocities for the TA, LA and ZA 
158 branches with black, red and blue lines, respectively. The different shapes of the 

159 acoustic phonon dispersion will lead to different group velocities  for 2D InSe 𝜐𝑞

160 applying with different electric fields at the high-symmetry paths zone. As shown in 
161 Fig. S11, with increasing the electric field from 0 to 0.3 V/Å，the group velocities of 
162 three acoustic phonon branches for 2D InSe changes slightly and indicating that the 



163 harmonic effect does not have the dominant role.

164

165 Fig. S11. Calculated group velocities of 2D InSe three acoustic phonon modes along 
166 the high-symmetry paths for (a) Ez=0.0 V/Å, (b) Ez=0.006 V/Å, (c) Ez=0.02 V/Å, (d) 
167 Ez=0.1 V/Å and (e) Ez=0.3 V/Å.
168



169 From Fig. S12, It can be noticed that the rapid increase in the specific heat is marked 
170 feature of these cases, and when the temperature reaches to 800 K, specific heat capacity 
171 saturates constant following the Dulong-Petit law. At 300 K, the specific heat capacities 
172 of model with Ez=0, 0.1 V/Å and Ez=0.3 V/Å are 96.33, 96.34 and 96.46 (J K-1mol-1), 
173 respectively.

174
175 Fig. S12. Variation in specific heat capacity of 2D InSe under some representative 
176 electric fields with temperature. The difference in magnitude at the temperature range 
177 of 300 K to 700 K is shown in the inset.
178



179

180
181 Fig. S13. Phonon lifetime of 2D InSe at room temperature under some representative 
182 electric fields.
183



184

185 Fig. S14. (a) The phonon lifetime versus frequency for T=300, 500 and 700K at the 
186 electric field of 0 V/Å. (b) The phonon lifetime versus frequency for T=300, 500 and 
187 700K at the electric field of 0.1 V/Å.
188



189
190 Fig. S15. The total thermal conductivity along armchair and zigzag direction with 
191 different carrier concentration under the electric field of 0 and 0.1 V/Å at 300 K, 500 K 
192 and 700 K for (a) p-type and (b) n-type 2D InSe.
193
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