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I. DETAILED COMPUTATIONAL PARAMETERS

For the structural relaxation of primitive cell, the cut-off energy for wavefunction is 70

Ry under a k-point mesh of 20×20×1. The convergence threshold during self-consistent

calculation is set to 10−8 eV to ensure an accurate charge density. Both the cell parameter

and atom positions are relaxed until the forces get smaller than 10−4 eV/Å. For the hybrid

functional calculation, the k-point mesh is set to a coarser value of 12×12×1 generated by

the kmesh.pl code inside the Wannier90 [1] in order to implemented the subsequent EPW

calculation. The q-point sampling of the Fock operator is set as 3×3×1. The phonon

calculation is implemented with a q-point sampling of 12×12×1. The dense k- and q-point

mesh of EPW is set as 300×300×1. The third order force constant is calculated within

the 4×4×1 supercell and the 9th nearest neighbor is considered for the finite displacement

calculations. The thermal conductivity calculation is implemented with a 110×110×1 q-

point mesh. The AIMD simulation is performed using the 5×5×1 supercell under the

micro-canonical (NVE) ensemble.

II. ELECTRON TRANSPORT PROPERTIES

A. Electron and hole mobility

The Fröhlich interaction is quite important for the polar semiconductors with nonzero

Born effective charge [2]. The inclusion of interaction between longitudinal optical (LO)

phonons and charge carriers decreases the hole relaxation time by almost 10 times as shown

in Figure S1a. To validate the electron transport results, we calculate the electron and

hole mobility of monolayer HfI2 as shown in Figure S1b. The hole mobility reaches 4854

cm2V−1s−1 close to the value of 4782 cm2V−1s−1 [3], which indicates our calculations are

reasonable. The hole mobility is notably higher than that of the electron, similar to the

higher electron relaxation time near the valence band maximum (VBM).

B. N-type electron transport properties

The n-type Seebeck coefficient calculated by only PBE functional is still higher than the

other two results with SOI (PBE+SOI and HSE+SOI) similar with p-type case due to the
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FIG. S1: a The carrier relaxation time with and without Fröhlich interaction calculated

under HSE+SOI. b. The electron and hole mobility at 300K under different doping

concentration.

smaller DOS induced by spin splitting as shown in Figure S2a. The Seebeck coefficient of

HSE+SOI is close to that of PBE+SOI, although the bandgap of HSE+SOI is larger. The

n-type electrical conductivity with SOI are higher than the value without SOI, contrary to

the Seebeck coefficient shown in Figure S2b because the electron relaxation time with SOI is

obviously higher than without SOI. The power factors are then dominated by the electrical

conductivity(see Figure S2c). The peak value of power factor calculated by HSE+SOI is

only 1.00 mWm−1K−2, six times smaller than p-type value. The n-type electron thermal

conductivity are still proportional to the electrical conductivity as shown in Figure S2d.
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FIG. S2: a The absolute value of Seebeck coefficient, b The electrical conductivity, c the

power factor, d the electron thermal conductivity under n-type doping calculated by PBE

functional, PBE functional with SOI and HSE functional with SOI.

C. Compared with ZrI2

We also calculated some electron properties of ZrI2 for comparison. From the band

structure calculated by PBE functional in Figure S3a, the electron bandgap of ZrI2 reaches

0.76 eV close to the bandgap of HfI2. There are also interstitial electrons at the center of

hexagon as shown in Figure S3b similar to HfI2. The carrier relaxation time of ZrI2 at valence

band maximum under PBE functional is slightly higher than the value of HfI2 indicating

a slightly weaker electron-phonon interaction in Figure S3c, which is consistent with the

reported p-type mobility values of ZrI2 (5138 cm2V−1s−1) and HfI2 (4782 cm2V−1s−1) [3].

The maximum power factor of ZrI2 is about 1.5 mWm−1K−2 higher than the corresponding
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value of HfI2 in Figure S3d. Overall, there is no large differences in the electron properties

of ZrI2 and HfI2. The final figure of merit of ZrI2 will not be larger than the value of HfI2

due to the higher lattice thermal conductivity of ZrI2.

FIG. S3: a The electron band structure of ZrI2 calculated based on PBE functional, b The

electron localization function with an isovalue of 0.6, c the carrier relaxation time of ZrI2

and HfI2 under PBE functional, d the power factor of ZrI2 and HfI2 under p-type doping.
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D. P-type electron thermal conductivity

The electron thermal conductivity (κe) is obtained directly from the output of Boltz-

TraP2 [4]. The κe results is proportional to the electrical conductivity as shown in Figure S4,

which is reasonably consistently with the Wiedemann–Franz law.

FIG. S4: The electron thermal conductivity calculated by PBE functional, PBE funtional

with SOI, HSE functional with SOI under p-type doping. The results of HSE functional

with SOI under n-type doping is also plotted in dashed line for convenient comparison.
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III. PHONON TRANSPORT PROPERTIES

The scattering rate of low frequency phonons near 50 cm−1 from the electron-phonon

interaction is higher than that from the three-phonon interaction under electron doping as

shown in Figure S5a to c. Then, the lattice thermal conductivity is further calculated uti-

lizing the total phonon scattering rate according to the Matthiessen’s rule. The hole doping

hardly affect the phonon transport but the electron doping decrease the lattice thermal

conductivity obviously (see Figure S5b).

FIG. S5: a, b and c The phonon scattering rate from three-phonon and electron-phonon

interaction under different carrier concentration. d The lattice thermal conductivity of

pristine structure with only three-phonon (3-ph) interaction and doped systems with both

3-ph and electron-phonon interaction.

8



IV. TEMPERATURE EFFECT

A. P-type thermoelectric properties

Similar to the lower carrier relaxation time at the higher temperature, the mobility also

decreases with increasing temperature following an exponential trend as shown in Figure S6a.

The Seebeck coefficient gets larger as the temperature increases from 300 K to 1200 K, while

the electrical conductivity gets smaller as shown in Figure S6b and c. The electrical conduc-

tivity is mainly influenced by the carrier relaxation time. The electron thermal conductivity

is still proportional to the electrical conductivity as shown in Figure S6d.

FIG. S6: a The variation of electron and hole mobility with temperature. b The p-type

Seebeck coefficient, c the electrical conductivity and d the electron thermal conductivity

under the temperature of 300, 800 and 1200 K calculated by HSE functional with SOI.

9



B. N-type thermoelectric properties

For the n-type, the absolute value of Seebeck coefficient increases at higher temperatures.

The Seebeck values at 1200K under a doping concentration smaller than 1013 cm−2 are

positive as shown in Figure S7a, indicating a strong bipolar effect [5]. The n-type electrical

conductivity and power factor decrease as the temperature increasing in Figure S7b and c.

For the temperature of 300 K, the ZT is calculated based on the lattice thermal conductivity

under the electron concentration of 1013 cm−2 where the PF value is largest. At 800 and

1200 K, the ZT value is calculated using the κl under the electron concentration of 1014

cm−2. The maximum n-type ZT value reaches 0.24 at the temperature of 1200 K under the

electron concentration of 1014 cm−2 as shown in Figure S7d.
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FIG. S7: a The n-type Seebeck coefficient, b the electrical conductivity, c the power

factor and d figure of merit under the temperature of 300, 800 and 1200 K calculated by

HSE functional with SOI.

C. Bipolar effect

The bipolar effect will also increase the thermal conductivity in the thermodiffusion pro-

cesses, and we further calculate the bipolar thermal conductivity (κbi) following the for-

mula [6].

κbi =
σelecσhole

σelec + σhole

(Selec − Shole)
2T (1)

The total thermal conductivity is calculated by add the lattice, electron and bipolar
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thermal conductivity together.

κ = κl + κe + κbi (2)

From the results in Figure S8a, the bipolar thermal conductivity is slightly smaller than

the p-type electron thermal conductivity. The peak κbi value is around 0.6 Wm−1K−1 at the

concentration of 3×1013 cm−2. The final p-type figure of merit at 1200 K decreases to 1.12

when the κbi is considered as shown in Figure S8b.

FIG. S8: a The electron thermal conductivity under p-type doping and bipolar thermal

conductivity at 1200 K. b the p-type ZT value with κbi compared with the one without κbi.
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