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Ⅰ. Computational methods

First-principles calculations: Electronic structure and total energy calculations for 
both primitive and defective systems are performed using density functional theory 
within the Vienna ab initio simulation package (VASP).1, 2 The electron-core 
interactions are described using frozen-core projected augmented wave (PAW) 
approach.3 The generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE)4 is used for the exchange correlation functional. The Heyd-Scuseria-
Ernzerhof-06 (HSE06),5 with adjusted exchange parameters, corrects the crystal band 
gaps to their experimental values. Atomic structures of all primitive and defective 
models are relaxed until Hellmann-Feynman forces and electronic convergence less 
than 0.01 eV/Å and 1 × 10-4 eV, respectively. Kinetic energies cut-off for plane-wave 
basis functions is set to 1.5 times the maximum default value in elemental potentials. 
For Brillouin zone integration, k-point meshes with grid spacing of 2π × 0.02 Å-1 or 
less are used for primitive cells, and a single Γ point is used for 4 × 4 × 4 supercells of 
selected defective models with lattice constants larger than 20 Å. The convergence 
tests for supercell size and kinetic energy cut-off are carefully examined. The 
vibrational entropy contribution to the total energy is calculated by combining VASP 
S1,S2 and Phonopy software6. Phonon-assisted optical absorption is calculated 
combining Quantum Espresso7, 8 and Yambo software,9, 10 which can deal with basic 
electron/phonon properties and electron-phonon coupling. The scissor operator in 
Yambo is used to correct the band gaps.

Carrier effective mass: The effective masses  are estimated by fitting 2
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the band edges to a parabola for in a small range of wave vector along the valence and 
the conduction bands, where E is the band energy, k is the wave vector and  is the h
reduced Plank constant. We fully consider the electrons and holes effective masses in 
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three directions along the high-symmetry paths, which are listed in Table S2.
Formation energy: Negative formation energy represents a good stability of 

compounds, defined as

                       (S1)     BABAc yExEEE yx 

where E(AxBy), E(A) and E(B) is the total energy of compound AxBy, elemental 
phases A and B, respectively.

Defect formation energy: The defect formation energy reflects its formation 
ability, determined by the energy cost for atoms and electrons to exchange between 
the host and elemental and electronic reservoirs.11, 12 Therefore, the formation energy, 
ΔH(α,q) of defect α in charge-state q can be defined as13, 14
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where μi is the chemical potential of element i relative to its pure elemental phase μ0 i. 
which is limited by the formation enthalpy of compounds ΔHf. EF is the Fermi level 
relative to the host’s VBM (EVBM). E(α,q) is the total energy of a fully relaxed 
supercell with defect α in charge-state q, while E(host) is the total energy of a defect-
free supercell with the same size. ni is the difference in the numbers of element i 
atoms between the defective system and the host. ni > 0 or ni < 0 indicates an atom is 
removed from or added to the host. εES is the electrostatic correction for charged 
defects caused by interactions between periodic images in the finite-size supercell, 
determined using the SXDEFECTALIGN software.14, 15

Quenching treatment: Under thermodynamic equilibrium and dilute conditions, 
the concentration of defect α in charge-state q can be calculated as
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where Nsite is the number of possible sites per volume for defect α, gq is the 
degeneracy factor for possible electron occupations.16-18 ΔH(α,q) is the formation 
energy defined in equation (S2). Carrier concentrations are expressed by the general 
Fermi-Dirac statistics in equation (S4)19, 20 which can describe degenerate 
semiconductors where the Fermi level is near the band edges or enters conduction or 
valence bands.
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where NC and NV are the effective density of states of the CBM and VBM, 
respectively, given by
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where EC and EV are the energies of the CBM and VBM, which are set to EC = Eg and 
EV =0. Eg is the band gap, kB is the Boltzmann constant, and T is the temperature. m* 
e and m* h are the effective masses of electrons and holes, respectively, at band edges.

The charge neutrality condition by considering the concentrations of ionized donor 

( ) and acceptor ( ), respectively, can be expressed asD
i
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 The EF of a defective semiconductor at given elemental chemical potentials, can 
be obtained by solving equation (S6) self-consistently, using equations (S2) to (S5). 
The defect and carrier concentrations can then be derived from equation (S3) and 
second terms in equation (S6), respectively.

When simulating the quenching effect, the total concentration of a defect in all 
possible charge states at high temperature is assumed to be unchanged. After rapid 
quenching to low temperature, only the concentration of defects among different 
charge states may change. Using a defect α with charge states 0 and q as an 
example,17 the redistribution of defect concentration in charge state q is as follows

                    (S7) 
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By resolving equation (S6) self-consistently, we can obtain new EF, carrier and defect 
concentrations after the sample is quenched to ambient temperature T′ (300 K).

Ⅱ. Vibrational entropy

Table S1. Atomic number, formation energy, energy contributed by vibration entropy for Li2Te, 
BeSe, MgS, CaSe and BN. The proportion of entropy energies at T = 300 K are very small comparing 
with their formation energies.

Compounds Atom num △H (eV) T*S (eV/atom) △H+T*S 
（eV）

Proportion (T*S/△H)

Li2Te 3 -1.08 0.096 -0.984 8.89%
BeSe 2 -0.72 0.069 -0.651 9.58%
MgS 2 -1.40 0.082 -1.318 5.86%
CaSe 2 -1.94 0.113 -1.827 5.82%
BN 2 -1.23 0.011 -1.219 0.89%



Figure S1. Free energy, entropy and heat capacity of (a) Li2Te, (b) BeSe, (c) MgS, (d) CaSe and 
(e) BN.
Ⅲ. Formation energy and relative energy of band edges

The formation energies and relative energy of band edges for binary compounds 
with cations from groups ⅠA to ⅢA and ⅠB to ⅡB and anions from groups ⅤA to Ⅶ, 
calculated by PBE functional. The formation energy is averaged per atom. Doping 
limit rule21, 22 indicates that a high VBM facilitates formation of acceptor defect in 
ionized state, as electrons in VB can easily be excited to acceptor defect levels. Here, 
EVBM > 2/3E(CuI) VBM is set to ensure a good p-type dopability, as CuI is a proven 
efficient p-type TCM with a high VBM. The relative energy of band edges are aligned 
by core levels of same anion between different binary compounds. The band gap 
values marked by black represent they come from experiments. For materials without 
a determined experimental values, G0W0 (blue) or HSE (red) results are used. The 
exchange parameter of HSE is set 0.25. 



Figure S2. The formation energies and relative energies of band edges for binary 
compounds with cations from groups ⅠA and ⅠB and anions from group VA.

Figure S3. The formation energies and relative energies of band edges for binary 
compounds with cations from groups ⅠA and ⅠB and anions from group ⅥA.



Figure S4. The formation energies and relative energies of band edges for binary 
compounds with cations from groups ⅠA and ⅠB and anions from group ⅦA.

Figure S5. The formation energies and relative energies of band edges for binary 
compounds with cations from groups ⅡA and ⅡB and anions from group ⅤA.



Figure S6. The formation energies and relative energies of band edges for binary 
compounds with cations from groups ⅡA and ⅡB and anions from group ⅥA.

Figure S7. The formation energies and relative energies of band edges for binary 
compounds with cations from groups ⅡA and ⅡB and anions from group ⅦA.



Figure S8. The formation energies and relative energies of band edges for binary 
compounds with cations from group ⅢA and anions from group VA.

Figure S9. The formation energies and relative energies of band edges for binary 
compounds with cations from group ⅢA and anions from group ⅥA.



Figure S10. The formation energies and relative energies of band edges for binary 
compounds with cations from group ⅢA and anions from group ⅦA.

Ⅳ. Detailed information of the screened eight binary compounds

Table S2. The detailed information of screened eight binary compounds, including relative energies of their VBMs, 

formation energies, band gaps, hole effective masses, doped elements, highest hole concentrations with and without p-

type doping, quenching temperatures and highest hole concentrations with and without p-type doping under high-

temperature quenching.

Material
s

VB
M

(eV)
Formation (eV

)

Ban
d 

gap 
(eV)

mh*
 (light/heavy

)
[me]

Doped 
elements

Secondary
 phases

Highest  hole
concentration 

(cm-3)

Quenching
Temperatur
e (Melting 
point) (K)

Highest  hole
concentration (cm-

3)

Activatio
n

 Energy 
(eV)

No 
dopin

g
Dopin

g
No doping

quench
Doping
quench

Li2Te 3.09 -1.08 3.2 1.49 
(0.19/1.45) 1011 1277 

(1477)23 ~1018 0.26

BeSe 3.69 -0.72 4.0 1.09 
(0.15/1.05) Li Li2Se 10-3 103 2100 

(2300)24 ~109 ~1016 0.08

MgS 2.36 -1.40 4.5 1.96
 (0.19/1.92) Na; Li Na2S;

 Li2S
10-3 100.1 2073 

(2273)25 ~109 ~1016 0.16

CaSe 2.57 -1.94 3.85 0.86
 (0.22/0.78) Na; Li; K Na2Se; Li2Se; 

K2Se3
10-0.1 109 1481 

(1681)26 ~1018 ~1020 0.11

BN 5.39 -1.23 6.36 1.24
 (0.23/1.17)

Be; Mg; L
i

Be3N2; Mg3BN3;
 

Li3BN2

10-17 105 2800 
(3000)27 ~102 ~1020 0.25

BeS 3.24 -1.01 4.65 1.31 
(0.19/1.26) Li Li2S 10-9 10-4 1870 

(2070)28 ~106 ~107 0.61

MgTe 3.66 -0.94 3.67 1.94 
(0.19/1.90) Li; Na Li2Te;

 NaTe3
10-2 10-0.8 1100 

(1300)29 ~1010 ~1010 0.36

Al2S3 3.34 -0.96 4.1 1.53 
(0.55/1.29)

Mg; Be; L
i

MgAl2S4; BeS;
 LiAlS2

10-12 10-0.5 1173 
(1373)30 ~104 ~108 0.59

Ⅴ. Fermi levels, defect and carrier concentrations 



Figure S11. Fermi levels, defect and carrier concentrations as a function of Li 
chemical potential for Li2Te. (a) without external doping under 300 K. (b) without 
external doping from 1277 K to 300 K.

Figure S12. Fermi levels, defect and carrier concentrations as a function of Be 
chemical potential for BeSe. (a) and (b) without and with Li doping under 300 K, 
respectively. (c) and (d) without and with Li doping from 2100 K to 300 K, 
respectively.



Figure S13. Fermi levels, defect and carrier concentrations as a function of Mg 
chemical potential for MgS. (a) and (b) without and with Li doping under 300 K, 
respectively. (c) and (d) without and with Li doping from 2073 K to 300 K, 
respectively.

Figure S14. Fermi levels, defect and carrier concentrations as a function of Ca 
chemical potential for CaSe. (a) and (b) without and with Na doping under 300 K, 
respectively. (c) and (d) without and with Na doping from 1481 K to 300 K, 
respectively.

Figure S15. Fermi levels, defect and carrier concentrations as a function of B 
chemical potential for BN. (a) and (b) without and with Be doping under 300 K, 
respectively. (c) and (d) without and with Be doping from 2800 K to 300 K, 
respectively.

Figure S16. Fermi levels, defect and carrier concentrations as a function of Be 



chemical potential for BeS. (a) and (b) without and with Li doping under 300 K, 
respectively. (c) and (d) without and with Li doping from 1870 K to 300 K, 
respectively.

Figure S17. Fermi levels, defect and carrier concentrations as a function of Mg 
chemical potential for MgTe. (a) and (b) without and with Li doping under 300 K, 
respectively. (c) and (d) without and with Li doping from 1100 K to 300 K, 
respectively.

Figure S18. Fermi levels, defect and carrier concentrations as a function of Al 
chemical potential for Al2S3. (a) and (b) without and with Mg doping under 300 K, 
respectively. (c) and (d) without and with Mg doping from 1173 K to 300 K, 
respectively.



Figure S19. Fermi levels, defect and carrier concentrations as a function of B 
chemical potential for Be-doped BN from 2000 K to 300 K.

Ⅵ. Three-step method
As a representative, the CuI/Li2Te heterojunction (Fig. S19a) is used to illustrate in 
detail how core level is applied to calibrate the band alignment. Here, we consider two 
compounds, L (CuI) and R (Li2Te), with lattice constants (a1, a2, a3) and (b1, b2, b3), 
respectively, and mutually orthogonal lattice vectors. The valence band offset 
between the two materials can be defined as follows:

                   (S8)  RL
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pure L and R compounds, respectively. The three-step method as illustrated in Fig. 

S20b is applied to calculate the core level difference  between these two RL
CCE *,

compounds. In the first step, we expand lattice a1 of compound L along the [100] 
direction, transforming it into L′ with an adjusted lattice constant b1 while retaining a2 
and a3, resulting in a new lattice parameter set of (b1, a2, a3). Then the core level 

difference  between compounds L and L′ can be derived from the electronic '
',

LL
CCE

calculations for the L/L′ superlattices oriented along the [100] direction. Similar to the 
first step, we expand compound L′ along the [010] direction to obtain L′′, adjusting the 
lattice constant to b2 while maintaining b1 and a3, yielding the final lattice lattice 

parameter set of (b1, b2, a3). The core level difference  between compounds L′ '''
'','

LL
CCE

and L′′ can be obtained from the electronic calculation for the L′/L′′ superlattices 

oriented along the [010] direction. In the last step, the core level difference  RL
CCE ''
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between compounds L′′ and R can be obtained from the calculation for the L′′/R 

superlattices with a matched (001) face. By transitivity,  in equation (S8) can RL
CCE *,

be written as
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Finally, the formula of valence band offset between compounds L and R can be 
expressed as

            (S10)  RL
CC

LL
CC

LL
CC

L
Cv

R
Cvv EEEEERLE ''

*,''
'''
'','

'
',,*, 

To clarify the three-step method, we have added the above explanation in the part XX 
of Supplementary Information.

Fig. S20. (a) Atomic structure of CuI/Li2Te superlattice. (b) Schematic illustration of 
the three-step method for calculating the natural band offset31.

Ⅶ. Phonon-assisted optical absorption

Figure S21. phonon-assisted optical absorption coefficient under 300 K. (a) Li2Te, (b) 



BeSe, (c) MgS, (d) CaSe and (e) BN.

Table S3. Comparison of key properties between our screened materials and previous 
reported TCMs.

Materials Eopt (eV) Nh (cm-3) mh* (me) Ref.

CuAlO2 3.5 1.3 × 1017 2.39 32, 33

CuScO2 3.3 － 3.23 34

CuGaO2 3.6 1.7 × 1018 2.08 35, 36

SnO 2.6 2.2 × 1017 2.41 37

ZnCo2O4 2.26 － － 38

ZnRh2O4 2.74 － 3.09 38, 39

ZnIr2O4 2.97 － － 38

CuI 3.1 1.06 × 1018 0.61 40, 41

Li2Te 3.2 9.97 × 1016 1.49 This work
Li-doped BeSe 4.0 1.44 × 1016 1.09 This work
Li-doped MgS 4.5 1.40 × 1016 1.96 This work
Na-doped CaSe 3.85 3.89 × 1018 0.86 This work
Be-doped BN 6.36 4.55 × 1020 1.24 This work

Ⅶ. Burstein-Moss effect on optical band gap
We have assessed the Burstein-Moss effect on optical band gap, based on the B-M 

shift equation42 as follows

, where , nh is hole concentration,  and    232
*
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BM 3

2 h
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are the effective masses of electron and hole. The rectified band gaps (

) shown in Table S4 are one or two orders of magnitude smaller than BM
ggg EEE 

the intrinsic band gaps for Li2Te, BeSe, MgS, CaSe and BN, and can therefore be 
neglected.

Table S4. Intrinsic band gap (Eg), BM correction gap ( ), rectified gap ( ) and BM
gE gE

the proportion of BM correction to intrinsic gap.

Compounds Intrinsic gap 
Eg (eV)

BM correction gap 

 (eV)BM
gE

Rectified gap  

(eV)gE

Proportion

gg EE BM

Li2Te 3.2 0.027 3.227 0.844%

BeSe 4.0 0.00066 4.00066 0.016%
MgS 4.5 0.00057 4.50057 0.013%
CaSe 3.85 0.014 3.864 0.364%
BN 6.36 0.2728 6.6328 4.289%
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