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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).!: 2 The electron-core
interactions are described using frozen-core projected augmented wave (PAW)
approach.’> The generalized gradient approximation (GGA) of Perdew-Burke-
Ernzerhof (PBE)* is used for the exchange correlation functional. The Heyd-Scuseria-
Ernzerhof-06 (HSE06),°> 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/A and 1 x 10 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 2z x 0.02 A-! or
less are used for primitive cells, and a single I" point is used for 4 x 4 x 4 supercells of
selected defective models with lattice constants larger than 20 A. 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
S1.82 and Phonopy software®. Phonon-assisted optical absorption is calculated
combining Quantum Espresso’-® and Yambo software,” '© which can deal with basic
electron/phonon properties and electron-phonon coupling. The scissor operator in

Yambo is used to correct the band gaps.
2
Carrier effective mass: The effective masses m" = h? ZTIZE are estimated by fitting
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 h is the

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

AE,=E(A,B, )-xE(A)- yE(B) (S1)

where E(AB,), E(A) and E(B) is the total energy of compound A,B,, 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.!! 12 Therefore, the formation energy,
AH(a,q) of defect o in charge-state ¢ can be defined as'3 14

AH (a,q)=E(a,q)— E (host)+ Zni (M- +u! )+ q(Eygy + Ep )+ &g (S2)

where y; 1s the chemical potential of element i relative to its pure elemental phase uO0 1.
which is limited by the formation enthalpy of compounds AH;. Ef is the Fermi level
relative to the host’s VBM (Evewm). E(a,q) is the total energy of a fully relaxed
supercell with defect o in charge-state ¢, while E(host) is the total energy of a defect-
free supercell with the same size. n; is the difference in the numbers of element i
atoms between the defective system and the host. n; > 0 or n; < 0 indicates an atom is
removed from or added to the host. egg is the electrostatic correction for charged
defects caused by interactions between periodic images in the finite-size supercell,
determined using the SXDEFECTALIGN software.!'4 15

Quenching treatment: Under thermodynamic equilibrium and dilute conditions,
the concentration of defect a in charge-state ¢ can be calculated as

-AH,, (ﬂiaEF )j (S3)

n! :Nsitegq exp( T
B

where Ng 1s the number of possible sites per volume for defect a, g, is the
degeneracy factor for possible electron occupations.'®!® AH(a,q) is the formation
energy defined in equation (S2). Carrier concentrations are expressed by the general
Fermi-Dirac statistics in equation (S4)!°> 20 which can describe degenerate
semiconductors where the Fermi level is near the band edges or enters conduction or
valence bands.

/2
2 e (E-EQ)

n, _NC ﬁ(kBT) IEC:Eg E-E dE,
1+exp( FJ

B
12

( ) (S4)
2 _3/2 (Ey=0 E,-E
Po :NV_(kBT) le
Jr 1+ exp( Er - EJ

B

dE

where N and Ny are the effective density of states of the CBM and VBM,
respectively, given by
2Q2rmk, Y 227mk,T)”
N = 3 Ny = 3
h h

(85)



where E¢ and Ey are the energies of the CBM and VBM, which are set to Ec = £, and
Ey =0. E, is the band gap, kg is the Boltzmann constant, and 7" 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

(nf*) and acceptor (ny "), respectively, can be expressed as
i J

Do+ Z:q[.ng'i+ =n,+ qunZ’; (S6)
i J

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 a with charge states 0 and ¢ as an
example,!” the redistribution of defect concentration in charge state g is as follows

’ g e—AH,(a,q)/kBT’
n (a,q)z Ny 2 e—AHf(a,qq)/kBT'

q

(S7)

~AH (a,0)/kgT’
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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 7" (300 K).

I1. Vibrational entropy

Table S1. Atomic number, formation energy, energy contributed by vibration entropy for Li,Te,
BeSe, MgS, CaSe and BN. The proportion of entropy energies at 7= 300 K are very small comparing

with their formation energies.

Compounds Atomnum = AH (eV) T*S(eV/atom) AH+T*S Proportion (T*S/AH)

(eV)
Li,Te 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%
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Figure S1. Free energy, entropy and heat capacity of (a) Li,Te, (b) BeSe, (c) MgS, (d) CaSe and
(e) BN.
II1. 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 rule?!- 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,
Evgy > 2/3E(Cul) VBM s set to ensure a good p-type dopability, as Cul 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, GyW, (blue) or HSE (red) results are used. The
exchange parameter of HSE is set 0.25.
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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.
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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.



Cations: IA and IB groups

Anion: VIIA group

’; 2 P -2.67 267
e -2 184 1.84 .99 1.97 202
o -5 121 0 g i a 55
S5} 11.2 11
a1 044
- r#0.25.0.24
0 j215.0 42
10.87 =
T 10.02
9.39 931 b EXP
p 895 8.94
rBDZ = B e HSE
8 - 7.78 eT99 7.83 7.68 7.89
7.43 i 7.35 G.W
o 077 5.89 B9 7.01 oW
S\ 6.45 T : 653635 F
o~
\d.)/ Y=} T T T T "7 = _SF ; 5%&4_92
> = s T 5 X
CeZe A = X § o i St - 402
8547 o 2o/ S oo g Swdd S@na _Lisjé'g 48 T
3 s n il 3733.28 piy 7
s —‘—2‘23' 7/3 ELCuD
= 184 2/3LypM
04 151 = 11 0.77 0.69 o> 0.00 0.00
00 40‘29 003 003 3 5,005 0.00 0.00
i e L0582 -0.88
1 + 175 -1.46
4 273 E
L oSF & 5 oh & @c&\ L oES S Oy LOSS & oo
T SR ¥ S58S FO9 309 $O98
VIFY  IEFT SEPY SpFT 9659 gggly  TeEY

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.
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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.
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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.
Cations: ITA and IIB groups  Anion: VIIA group
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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.
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Figure S8. The formation energies and relative energies of band edges for binary
compounds with cations from group IIIA and anions from group VA.
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Figure S9. The formation energies and relative energies of band edges for binary
compounds with cations from group IIIA and anions from group VIA.
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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.

Ban mp* . Quenching . Activatio

Material \;/113 Formation (¢V d  (light/heavy Doped Secondary Highest h.OIe Temperatur nghest' hole . n
concentration . concentration (cm

s V) ) gap ) elements phases (cm) e (Melting 3 Energy

(V) [m.] point) (K) (V)
dljgin Dopin No doping Doping
o g quench  quench

LiTe 3.09  -1.08 32 (0‘11;/‘?.45) 101 (11127777)23 ~1018 0.26
B 1.09 . . 3 3 2100 9 16

eSe  3.69 -0.72 4.0 (0.15/1.05) Li Li,Se 10 10 (2300 ~10 ~10 0.08
1.96 oy Na,S; 3 01 2073 10 1016

MgS 236 -1.40 4.5 (0.19/1.92) Na; Li LiS 10 10 @273y 10 10 0.16
0.86 LT Na,Se; LizSe; 0.1 9 1481 1018 1020

CaSe 2.57 -1.94 3.85 (0.22/0.78) Na; Li; K KaSes 10 10 (1681 10 10 0.11

Mo 1 Be3N2; MgsBNs;
BN 539 123 636 (0_2133;‘_17) Bes Mes L -~ 1017 10° (320%%(;27 ~102 ~100 025
13BN

BeS 324  -101 465 (0_119311‘26) Li LixS 100 104 (2108770‘;28 <106 ~107 0.6l
1.94 .. Li,Te; 5 038 1100 1010 1010

MgTe 3.66 -0.94 3.67 (0.19/1.90) Li; Na NaTe, 10 10 (1300)° 10 10 0.36
1.53 Mg; Be; L MgALSy; BeS; 12 05 1173 104 108

ALS; 3.34 -0.96 4.1 (0.55/1.29) ; LiAIS, 10 10 (1373)% 10 10 0.59

V. Fermi levels, defect and carrier concentrations
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Figure S11. Fermi levels, defect and carrier concentrations as a function of Li
chemical potential for Li,Te. (a) without external doping under 300 K. (b) without
external doping from 1277 K to 300 K.
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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.
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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.
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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.
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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.
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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.
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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.
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Figure S18. Fermi levels, defect and carrier concentrations as a function of Al
chemical potential for Al,S;. (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.



quenched

(a) Be doping T=2000 K T=300 K

W B N

Fermi Energy (eV)

o 21 Bep Beg

24
Be!*

hole

electron

Carrier cone (x 10°em™) Defect conc (x 10*cm™)
o 2
\
\
\
\5
\
z<« \
R
b4

34 0.00 -2.84 0.00
g (eV) g (€V)

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 Cul/Li,Te 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 (Cul) and R (Li,Te), with lattice constants (ai, a, as) and (by, b, b3),
respectively, and mutually orthogonal lattice vectors. The valence band offset
between the two materials can be defined as follows:

AE,(L/R)=AE" ..~ AE". + AEYE, (S8)

where AE;. =E;—E; and AE}.. =E)—E(. are the core level to VBM energy for

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

S20b is applied to calculate the core level difference AEé/g* between these two

compounds. In the first step, we expand lattice al of compound L along the [100]
direction, transforming it into L' with an adjusted lattice constant b while retaining a,
and as, resulting in a new lattice parameter set of (b, a», az). Then the core level

difference AEé/é between compounds L and L' can be derived from the electronic

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 b, while maintaining b; and a3, yielding the final lattice lattice

parameter set of (by, by, as). The core level difference AES/S. between compounds L'

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 AEZ/S.



between compounds L" and R can be obtained from the calculation for the L'/R

superlattices with a matched (001) face. By transitivity, AEé/ X, in equation (S8) can
be written as

AEYE, = AEHE + AELE + AELE, (S9)

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

AE,(L/R)=AE" .. ~AE" . + AEHE + AELE + AELIE, (S10)

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

™ W A e
_.00000000-
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arlyE

Fig. S20. (a) Atomic structure of Cul/Li,Te superlattice. (b) Schematic illustration of
the three-step method for calculating the natural band offset?!.

VII. Phonon-assisted optical absorption
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Figure S21. phonon-assisted optical absorption coefficient under 300 K. (a) Li,Te, (b)



BeSe, (¢) MgS, (d) CaSe and (e) BN.

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

Materials Eqpi (eV) M, (cm?) my* (mg) Ref.
CuAlO, 3.5 1.3 x 1017 2.39 32,33
CuScO, 33 — 3.23 34
CuGaO, 3.6 1.7 x 1018 2.08 35,36
SnO 2.6 2.2 x 10V 2.41 37
ZnCo,04 2.26 — — 38
ZnRh,0, 2.74 — 3.09 38,39
Znlr,04 2.97 — — 38
Cul 3.1 1.06 x 10'8 0.61 40,41
Li,Te 32 9.97 x 10'° 1.49 This work
Li-doped BeSe 4.0 1.44 x 1016 1.09 This work
Li-doped MgS 4.5 1.40 x 1016 1.96 This work
Na-doped CaSe 3.85 3.89 x 1018 0.86 This work
Be-doped BN 6.36 4.55 x 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 equation*? as follows

h? 2 11 1 . : . .

AEM :2—*(’>7z2nh) , where ——=—+—, m, is hole concentration, m, and m,
m m, m, m
eh eh e h

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

E, =E,+AE.,™) shown in Table S4 are one or two orders of magnitude smaller than

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

Table S4. Intrinsic band gap (£,), BM correction gap (AE;M ), rectified gap (E;, ) and

the proportion of BM correction to intrinsic gap.

Compounds = Intrinsic gap =~ BM correction gap Rectified gap Proportion
Eg (eV) BM ' BM
AE;" (eV) E, (eV) AE! / E,
Li,Te 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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