
On the dopability of semiconductors and

governing materials properties

Anuj Goyal,† Prashun Gorai,† Shashwat Anand,‡ Eric S. Toberer,† G. Jeffrey

Snyder,‡ and Vladan Stevanović∗,†

†Colorado School of Mines, Golden, CO 80401, USA

‡Northwestern University, Evanston, IL, USA

E-mail: vstevano@mines.edu

Supplementary Information

Cation vacancy

The n-type dopability metric, Eq. (9) in the main text, based only on cation vacancy is given

as:

δε
(Vc)
F = ε̄c − CBM +

1

Nc

(V̄c − Vα) +
1

Nc

∆µc, (1)

Upgrading the model to account for the loss of N s
c amount of electrons from the cation-s

states (ε̄sc) in the valence band of the compound to the reference phase, for systems like PbX

and Bi2X3 (X = S, Se, Te). Also, assuming cation-rich conditions for the n-type doping

(∆µc = 0), changes Eq.(1) to:
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δε
(Vc)
F = ε̄c − CBM +

N s
c

Nc

(
ε̄c − ε̄sc

)
+

1

Nc

(V̄c − Vα),

δε
(Vc)
F =

(
1 +

N s
c

Nc

)
ε̄c − CBM −

N s
c

Nc

ε̄sc +
1

Nc

(V̄c − Vα), (2)

Using intrinsic material properties as proxies to replace the physically derived terms in

Eq.(2). We approach by (1) fitting parameter × work function of the cation (Wc), a ×Wc,

as a substitute for the
(
1 + Ns

c

Nc

)
ε̄c term (representing average electronic energy of the cation

reference phase), (2) b × CBM , (3) c × 〈εsc〉 to substitute Ns
c

Nc
εsc, where 〈εsc〉 is calculated

using computed DOS, (4) and using d×∆Hf as representative of the nuclear repulsive term

1
Nc

(V̄c−Vα), and adding an additional fitting parameter e to account for the unknown within

the proxies. Eq.(2) now modifies to:

δε
(Vc)
F = a(Vc) ×Wc − b(Vc) × CBM − c(Vc) × ε̄sc + d(Vc) ×∆Hf + e(Vc), (3)

where {a(Vc), b(Vc), c(Vc), d(Vc), e(Vc)} are the free parameters of the model (fitting constants)

for the n-type dopability metric, when cation vacancy is the lowest energy (killer) intrinsic

acceptor defect.

Anion vacancy

Deriving a more generic description for the anion vacancy formation energy, than that derived

in the main text Eq. (6), based on the compound stoichiometry CxAy such that xNc+yNa =

yna, where N = electrons and n = states.

∆EVa =
x

y
Nc(εF − ε̄V B) +Na(ε̄a − ε̄V B) + (V̄a − Vα) + ∆µa, (4)

S2



p-type dopability metric based on the anion vacancy is then given as:

δε
(Va)
F =

Na
x
y
Nc

ε̄a + V BM −
(
1 +

Na
x
y
Nc

)
ε̄V B +

1
x
y
Nc

(V̄a − Vα) +
1

x
y
Nc

∆µa, (5)

Assuming anion-rich conditions for p-type doping (∆µa = 0), changes Eq.(5) to:

δε
(Va)
F =

Na
x
y
Nc

ε̄a + V BM −
(
1 +

Na
x
y
Nc

)
ε̄V B +

1
x
y
Nc

(V̄a − Vα), (6)

Similar to the n-type dopability metric, using proxies in the p-type dopability metric. (1)

a ×Wa (work function of anion reference phase or in case of molecules the first ionization

energy) for ε̄a, (2) b×V BM , (3) average energy (center of mass) of the valence band c× ε̄V B,

and (4) d×∆Hf for the nuclear repulsive term (V̄a − Vα). Eq.(6) now modifies to:

δε
(Va)
F = a(Va) ×Wa + b(Va) × V BM − c(Va) × 〈εpa〉+ d(Va) ×∆Hf + e(Va), (7)

where {a(Va), b(Va), c(Va), d(Va), e(Va)} are the fitting constants for the p-type dopability

metric, when anion vacancy is the lowest energy (killer) intrinsic donor defect.

Cation Interstitial

∆EIc = Nc(εF − ε̄c) +N s
c (ε̄sc − ε̄c) + (Vα − V̄c)−∆µc (8)

δε
(Ic)
F = εF − ε̄c +

N s
c

Nc

(
ε̄sc − ε̄c

)
+

1

Nc

(Vα − V̄c)−
1

Nc

∆µc (9)

Ignoring the ∆µc term at the moment, and applying the proxies to rest of the terms in

eq. 9. Note that the cation atom likes to donate electrons and hence act like a donor in an

ionic material, and will limit the p-type dopability. Therefore, assuming Fermi energy to be

located at the V BM .

S3



δε
(Ic)
F = −a(Ic) ×Wc + b(Ic) × V BM + c(Ic) × ε̄sc + d(Ic) ×∆Hf + e(Ic), (10)

where {a(Ic), b(Ic), c(Ic), d(Ic), e(Ic)} are the fitting constants for the p-type dopability metric,

when cation interstitial is the lowest energy (killer) intrinsic donor defect.

Anion Interstitial

∆EIa = Na(ε̄V B − ε̄a) +
x

y
Nc(ε̄V B − εF ) + (Vα − V̄a)−∆µa (11)

δε
(Ia)
F = − Na

x
y
Nc

ε̄a − εF +
(
1 +

Na
x
y
Nc

)
ε̄V B +

1
x
y
Nc

(Vα − V̄a)−
1

x
y
Nc

∆µa (12)

Note that the anion atom likes to accept electrons and hence act like an acceptor, and will

limit the n-type dopability. Therefore, assuming Fermi energy to be located at the CBM

and applying proxies to rest of the terms in eq. 12:

δε
(Ia)
F = −a(Ia) ×Wa − b(Ia) × CBM + c(Ia) × ε̄V B + d(Ia) ×∆Hf + e(Ia), (13)

where {a(Ia), b(Ia), c(Ia), d(Ia), e(Ia)} are the fitting constants for the n-type dopability met-

ric, when anion interstitial is the lowest energy (killer) intrinsic acceptor defect.
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Figure S1: Comparison of the analytic model and the calculated (from first-principles
defect calculations) p-type dopability metric δε(p)F in case of cation interstitials. The model
parameters for Eq.(10) are obtained via linear regression to the calculated values. The
expression for the p-type dopability metric based on cation interstitials is given as: δε(p)F =
−1.41Wc + 0.55V BM + 0.01 ε̄sc − 0.09 ∆Hf − 3.14.

Table S1: Experimental data of the band gap and maximal reported charge carrier concen-
trations for various binary and ternary semiconductors.

Compound Band gap (eV) Carrier concentration (cm−3) References

n p

KAlSb4 0.20 1.00E+19 - 1

AgFeSe2 0.23 5.00E+19 - 2

HfNiSn 0.45 1.00E+19 - 3

ZrNiSn 0.55 8.00E+19 - 3

TiNiSn 0.60 1.00E+19 - 3

InN 0.70 1.00E+19 - 4

CdO 0.90 1.00E+20 - 5–7

ZnAs2 0.90 8.00E+16 - 8

ZnSnN2 0.94 1.00E+21 - 2,9

AgInSe2 0.96 2.50E+18 - 2

CdAs2 1.00 7.00E+16 - 10

CdSnP2 1.16 8.00E+17 - 2
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AgInS2 1.18 3.00E+20 - 2

HfCoSb 1.31 1.00E+18 - 1

TiPtSn 1.31 1.00E+21 - 3

TiCoSb 1.42 1.00E+18 - 1

Bi2S3 1.45 2.00E+19 - 11,12

ZrCoSb 1.49 5.00E+19 - 1

CdIn2Te4 1.50 3.50E+15 - 2

CdIn2Se4 1.55 1.50E+19 - 2

CdSe 1.85 1.00E+18 - 13,14

Sb2S3 1.88 1.00E+18 - 15

ZnIn2Se4 1.92 8.00E+16 - 2

AgInO2 2.00 3.30E+20 - 16,17

Cd2SnO4 2.06 1.00E+19 - 18,19

CdIn2S4 2.10 1.25E+19 - 2

CdIn2O4 2.23 1.00E+19 - 20

SiC-3C 2.39 1.00E+19 - 21,22

AlP 2.50 1.00E+19 - 23

CdS 2.56 1.00E+21 - 2,24

In2O3 2.90 3.00E+20 - 25,26

ZnGeN2 2.90 1.00E+19 - 9

TiO2 3.03 1.00E+20 - 27,28

BaSnO3 3.10 1.00E+19 - 29

SrTiO3 3.25 1.00E+17 - 30,31

Zn2SnO4 3.35 1.00E+19 - 32

MgIn2O4 3.40 1.00E+19 - 33,34

ZnO 3.43 1.10E+21 - 35

SnO2 3.60 1.00E+20 - 36,37

ZnS 3.84 1.00E+18 - 14

SrSnO3 3.93 1.00E+19 - 38,39

Ga2O3 4.90 1.00E+20 - 40,41

Bi2Te3 0.13 1.00E+18 1.00E+19 42

Bi2Se3 0.16 1.00E+19 1.00E+19 43–45

InSb 0.17 1.00E+19 1.00E+20 46

CoSb3 0.22 1.00E+21 1.00E+19 1

PbSe 0.27 2.00E+19 1.00E+19 47
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InAs 0.30 1.00E+21 1.00E+20 46

CdSnAs2 0.30 5.00E+18 5.00E+18 2

PbTe 0.31 1.00E+20 1.00E+19 48,49

KGaSb4 0.39 2.50E+19 5.00E+18 1

PbS 0.40 4.00E+19 8.00E+18 50

Mg3Sb2 0.42 1.00E+19 1.00E+20 51–53

CoSb3 0.50 1.00E+20 1.00E+18 1

CuFeS2 0.53 3.00E+21 7.00E+20 2,54

CdGeAs2 0.53 4.00E+18 2.00E+17 2

Cu2SnSe3 0.66 1.00E+18 2.90E+21 2

SnO 0.70 1.00E+17 1.00E+19 55?

GaSb 0.73 1.00E+17 1.00E+18 46,56,57

Mg2Si 0.80 1.00E+20 5.00E+17 58,59

CuInSe2 0.86 7.00E+18 1.00E+19 2

CuInTe2 0.88 2.00E+17 7.50E+19 2

SnSe 0.90 2.00E+19 2.00E+18 60,61

ScN 0.90 1.00E+21 1.00E+20 62–64

Cu3N 1.00 1.00E+17 1.00E+16 65

SnS 1.10 4.00E+15 1.00E+18 66,67

CuInS2 1.20 1.00E+18 2.00E+19 2

InP 1.34 1.00E+17 1.00E+19 46,68

GaAs 1.42 1.00E+18 5.00E+19 69,70

CuInO2 1.44 1.00E+17 1.00E+17 17,71

CdTe 1.58 2.00E+18 1.00E+16 72–75

MgGeAs2 1.60 3.00E+18 2.00E+19 2

CdGeP2 1.80 1.00E+20 2.00E+18 2

ZnSiP2 2.07 4.80E+18 5.00E+17 2

AlAs 2.10 1.00E+17 1.00E+19 76

GaP 2.30 1.00E+19 1.00E+18 77

ZnSe 2.80 1.00E+19 1.00E+17 78,79

GaN 3.47 5.00E+20 5.00E+17 80

Ag2SnTe3 0.08 - 1.00E+20 2

CuFeTe2 0.10 - 5.00E+21 2

CuFeSe2 0.16 - 2.00E+20 2

SnTe 0.18 - 1.00E+21 81
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Ag2GeTe3 0.25 - 8.00E+17 2

Sb2Te3 0.30 - 1.00E+19 82

Cd4Sb3 0.30 - 3.00E+19 1,83

Cu2SnSe3 0.31 - 3.20E+20 2

ZnSnSb2 0.40 - 1.00E+21 2

Cu2SnSe4 0.50 - 1.00E+21 2

Cu2SnTe3 0.50 - 1.00E+21 2

CdSb 0.50 - 1.00E+18 84

ZnSb 0.50 - 8.00E+18 85

AgAlTe2 0.56 - 1.00E+17 2,54

Cu3SbS4 0.74 - 1.00E+21 2,54

ZnSnAs2 0.74 - 1.00E+21 2,9

Ag2SnSe3 0.81 - 1.00E+18 2

Cu2GeTe3 0.81 - 3.00E+21 2

CuGaTe2 0.82 - 1.10E+20 2

Cu3AsSe4 0.88 - 2.70E+18 2

Cu2SnS3 0.91 - 2.50E+21 2

Ag2GeSe3 0.91 - 2.00E+17 2

Cu2GeSe3 0.94 - 1.40E+21 2

CuGaSe2 0.96 - 1.20E+19 2

NiO 1.00 - 1.00E+19 86–88

AgGaSe2 1.10 - 6.60E+16 2,54

Cu2In4Te7 1.10 - 5.30E+18 2

ZnGeAs2 1.16 - 1.00E+15 9

Sb2Se3 1.20 - 1.00E+15 89,90

AgGaTe2 1.32 - 1.00E+17 2,54

Cu3PSe4 1.40 - 6.00E+17 2

ZnSnP2 1.45 - 1.00E+17 2,9

Cu2GeS3 1.50 - 3.00E+17 2

CdSiAs2 1.51 - 1.00E+17 9

AlSb 1.70 - 1.00E+19 2

ZnGeP2 1.80 - 1.00E+17 9,91

ZnSiAs2 2.10 - 1.00E+17 2,9

Cu2O 2.20 - 1.00E+15 28,92–94

LaCuOTe 2.20 - 1.30E+17 95
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ZnTe 2.25 - 1.00E+18 96

Cu3PS4 2.38 - 1.80E+17 2

CuGaS2 2.38 - 5.40E+17 2

CuAlS2 2.50 - 1.00E+19 2

CuGaO2 2.60 - 1.70E+18 17

CuAlSe2 2.67 - 1.00E+18 2

LaCuOSe 2.80 - 1.00E+20 95,97

ZnIn2S4 2.90 - 1.00E+17 2

CuI 2.95 - 1.00E+20 2,98,99

CuAlO2 2.97 - 1.30E+17 100,101

LaCuOS 3.10 - 1.00E+19 95,97

SrCu2O2 3.30 - 1.00E+17 102,103
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Table S4: Calculated cation vacancy formation energy ∆H at the conduction band minimum
(CBM) and the n-type pinning energy ε(n)F relative to the vacuum, along with the charge
state q. In the model cation-rich conditions are assumed.

Compound Defect (D) Charge (q) ∆H (D, q) @CBM ε
(n)
F

Bi2S3 VBi -3 1.55 -3.65
Bi2Se3 VBi -3 3.05 -3.81
CdO VCd -2 4.08 -2.86
GaN VGa -3 3.73 -2.28
Ga2O3 VGa -3 1.84 -3.09
In2O3 VIn -3 6.35 -3.35
MgO VMg -2 -2.85 -0.54
Mg2Si VMg -2 1.58 -1.99
PbS VPb -2 0.93 -3.36
PbSe VPb -2 1.27 -3.46
PbTe VPb -2 1.26 -3.77
ScN VSc -3 6.48 -1.04
SnO VSn -2 0.40 -3.57
SnS VSn -2 -0.20 -3.93

Rocksalt ZnO VZn -2 2.87 -1.98
Wurtzite ZnO VZn -2 3.36 -2.68
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Table S5: Calculated anion vacancy formation energy ∆H at the valence band maximum
(V BM) and the p-type pinning energy ε(p)F relative to the vacuum, along with the charge
state, q. In the model anion-rich conditions are assumed. For Mg2Si, the lowest energy
intrinsic donor is cation interstitial instead of the anion vacancy.

Compound Defect (D) Charge (q) ∆H (D, q) @VBM ε
(p)
F

Bi2S3 VS 2 -1.02 -5.08
Bi2Se3 VSe 2 -0.11 -5.27
CdO VO 2 0.37 -5.89
GaN VN 3 -1.07 -6.61
Ga2O3 VO 2 -2.66 -7.17
In2O3 VO 2 -1.18 -7.13
MgO VO 2 -1.15 -6.72
Mg2Si Mgi 2 -0.67 -3.21
PbS VS 2 0.97 -4.70
PbSe VSe 2 1.45 -5.08
PbTe VTe 2 1.33 -5.18
ScN VN 3 1.84 -4.73
SnO VO 2 1.10 -5.05
SnS VS 2 1.40 -5.60

Rocksalt ZnO VO 2 -0.44 -6.59
Wurtzite ZnO VO 2 -0.03 -7.72
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Table S6: Reference phase ionization energy (for gas phase) and work function (for solid
phase) with respect to the vacuum, obtained from Refs.54,104 Cohesive energy of a solid or
gas (molecule) phase is the energy required to break it into its constituent gas phase, and is
obtained from page 50 of Ref.105

Reference Ionization Energy or Work function Cohesive Energy

phase (eV) Method Additional Details (kJ/mol) in eV/atom

Bi (s) -4.34 Photoelectric effect Polycrystalline sample -210.0 -2.18
Cd (s) -4.08 Contact potential difference Polycrystalline sample -112.0 -1.16
Ga (s) -4.32 Photoelectric effect Polycrystalline sample -271.0 -2.81
In (s) -4.09 Photoelectric effect Polycrystalline sample -243.0 -2.52
Mg (s) -3.66 Photoelectric effect Polycrystalline sample -145.0 -1.51
N2 (g) -14.53 -945.0 -4.90
O2 (g) -13.62 -498.0 -2.58
Pb (s) -4.25 Photoelectric effect Polycrystalline sample -196.0 -2.03
S (s) -10.36 -275.0 -2.85
Sb (s) -4.70 Photoelectric effect 100 plane -265.0 -2.75
Sc (s) -3.50 Photoelectric effect Polycrystalline sample -376.0 -3.90
Se (s) -5.90 Photoelectric effect Polycrystalline sample -237.0 -2.46
Si (s) -4.60 Photoelectric effect 111 plane -446.0 -4.63
Si (s) -4.91 Contact potential difference 100 plane
Sn (s) -4.42 Contact potential difference Polycrystalline sample -303.0 -3.14
Te (s) -4.95 Photoelectric effect Polycrystalline sample -211.0 -2.19
Zn (s) -3.63 Photoelectric effect Polycrystalline sample -130.0 -1.35
Zn (s) -4.90 Contact potential difference Polycrystalline sample
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