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While p-type BiCuSeO is a well-known mid-temperature oxide thermoelectric (TE) material, com-
putations predict that superior TE performance can be realized through n-type doping. In this
study, we use first-principles defect calculations to show that Cu vacancies are responsible for the
native p-type self doping; yet, we find that BiCuSeO is n-type dopable under Cu-rich growth con-
ditions, where the formation of Cu vacancies is suppressed. We computationally survey a broad
suite of 23 dopants and find that only Cl and Br are effective n-type dopants. Therefore, we rec-
ommend that future experimental doping efforts utilize phase boundary mapping to optimize the
electron concentration and resolve the anomalous p-n-p transitions observed in halogen-doped
BiCuSeO. The prospects of n-type doping, as revealed by our defect calculations, paves the path
for rational design of BiCuSeO chemical analogues with similar doping behavior and even better
TE performance.

1 Introduction
p-type BiCuSeO is one of the most promising thermoelectric (TE)
materials for mid-temperature applications,1 reaching a maxi-
mum TE figure of merit (zT ) of ∼ 1.5 at 823 K when co-doped
with Ca and Pb.2 The high zT is, in part, due to the high ther-
mopower (∼ 350 µV/K at room temperature)1 as well as the in-
trinsically low lattice thermal conductivity (< 1 W/mK) arising
from its low Young’s modulus3,4 and strong anharmonicity.5 As a
result, BiCuSeO has attracted, and continues to inspire, a myriad
of studies to further improve its TE performance.1,6–8

Tuning of the charge carrier (hole, electron) concentrations is
needed to optimize the p- or n-type TE performance of materi-
als.9 For BiCuSeO, doping efforts have almost exclusively been
limited to optimizing the hole carrier concentration because the
as-grown material is natively p-type. Doping with group-2 ele-
ments (Ca, Sr, and Ba) has been successful in optimizing p-type
BiCuSeO.10–13 Other efforts to optimize p-type BiCuSeO have in-
cluded doping with group-1 elements such as Na,14–16 K,17,18

and Cs,19 converging the light and heavy hole bands through al-
loying with La,20 and increasing the electrical conductivity via
isovalent Ag doping.21–23 The widespread success of p-type Bi-
CuSeO begs the question of whether BiCuSeO can be doped n-
type and if it performs equally well as a TE material. We address
these questions in this study by computing the formation energies
of native defects and 23 dopants in BiCuSeO.

Yang et al.26 have shown, using Boltzmann transport theory
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calculations, that the zT of n-type BiCuSeO can exceed that of p-
type BiCuSeO due to the low conduction band effective mass. We
also perform an independent analysis based on a semi-empirical
model for the quality factor (β), which is a measure of the opti-
mized zT 24,25,27

β ∝
µm∗

DOS
3/2

κL
T 5/2 (1)

where µ is the intrinsic charge carrier mobility at 300 K, m∗
DOS is

the density-of-states effective mass, κL is the lattice thermal con-
ductivity at 300 K, and T is the temperature. Parameters that
are relevant for electronic transport are summarized in Figure

Nb (0-4)

β (0-20)p-type
n-type

μ (0-200 cm2/Vs)m*
DOS (0-3 me)

m*
b (0-2 me)

Fig. 1 Comparison of the relevant calculated electronic transport
properties of p-type (red) and n-type (blue) BiCuSeO. β is the predicted
thermoelectric performance, 24,25 µ is the room-temperature mobility in
cm2/Vs, Nb is the band degeneracy, and m∗

b and m∗
DOS are the band and

density-of-states (DOS) effective masses, respectively, in units of the
free electron mass (me).
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1. Note that κL is a common denominator for p- and n-type β .
We calculate a hole mobility of 6 cm2/Vs, which is in agreement
with the range of experimentally-measured Hall mobilities (4 -
22 cm2/Vs).1,28 While m∗

DOS is higher for p-type BiCuSeO sug-
gesting higher thermopower, the combination of lower band ef-
fective mass (m∗

b), corresponding to a higher carrier mobility, and
higher band degeneracy (Nb) predicts a higher TE performance
for n-type BiCuSeO.

While previous experimental studies have attempted to synthe-
size n-type BiCuSeO,29–32 none have been able to successfully
demonstrate stable n-type conductivity. In particular, doping with
halogens (Cl, Br, and I) is found to undergo an anomalous p-
n-p transition in the carrier type with increasing temperature,
which has been attributed to the poor thermal stability of the
dopants in BiCuSeO.30,31 While this unusual behavior was ex-
plained in terms of the chemical bonding strength,31 it is not
entirely clear why n-type doping is difficult — is it due to com-
pensating acceptor-like native defects that limit n-type doping or
the low solubility of dopants? In addition, a broader pool of plau-
sible n-type dopants for BiCuSeO remains to be explored.

In this study, we assess the p- and n-type dopability of BiCuSeO
by performing first-principles defect calculations for a compre-
hensive set of native defects and dopants. We find that BiCuSeO
is natively a p-type semiconductor, mainly due to the low forma-
tion energies of acceptor copper vacancies (VCu). Interestingly,
we also find that BiCuSeO is n-type dopable under Cu-rich con-
ditions, when the formation of the electron-compensating VCu is
most suppressed. Despite the possibility of achieving n-type Bi-
CuSeO, out of the 23 dopants that are considered in this study,
we find that only doping with halogens (Cl, Br) achieve free elec-
tron concentrations of ∼1018 cm−3. Accordingly, while native
electron-compensating acceptor defects can be suppressed under
appropriate growth conditions, the solubility of dopants is the pri-
mary limiting factor to achieving n-type conductivity in BiCuSeO.
As a result, we stress that thermodynamic growth conditions and
the resulting equilibrium phases of doped samples be carefully
analyzed when pursuing n-type BiCuSeO.

2 Computational Methods
The first-principles density functional theory (DFT) calculations
were performed using the Vienna Ab initio Simulation Package
(VASP).33,34 The core and valence electrons were treated with the
projector augmented wave method.35,36 The plane-wave energy
cutoff was set to 340 eV for all calculations except for dopant
calculations involving F, where we instead use a larger cutoff of
540 eV. A rotationally invariant Hubbard U on-site correction37

was applied to Cu (U = 5 eV).38

2.1 Structure Relaxation

BiCuSeO has ZrSiCuAs-type layered structure with space group
P4/nmm (number 129), shown in Figure S1(a). Since BiCuSeO
has a layered crystal structure, we found that structure relaxation
with the generalized gradient approximation (GGA) of Perdew-
Burke-Ernzerhof (PBE)39 overestimated the c axis by 1.5% (Table
S1 in the supplementary information). It is well known that the

GGA functional underbinds the layers in quasi-2D structures such
as BiCuSeO due to the absence of long-range van der Waals inter-
actions.40 The crystal structure relaxed with the vdW-corrected
optB86 exchange-correlation functional (vdW+U)41 yielded lat-
tice constants in much better agreement with experimental values
(< 0.1% error, see Table S1) compared to GGA+U .

2.2 Electronic Structure

The electronic structure of BiCuSeO was calculated using
the GGA+U functional on the crystal structure relaxed using
vdW+U , as suggested by Marom et al.42 The electronic structure
was calculated using the tetrahedron method for k-point integra-
tions,43 using a dense 12× 12× 6 Γ-centered k-point mesh. It is
well-known that the band gap is underestimated with the GGA
functional, which can affect the calculated defect formation ener-
gies and charge carrier concentrations. We address the band gap
issue by applying shifts to the band edge positions based on GW
quasiparticle energy calculations,44–48 which resulted in the va-
lence (conduction) band edge shifts of -0.36 (+0.08) eV relative
to the GGA band edges. We also included relativistic spin-orbit
coupling (SOC) effects due to the presence of heavy Bi atoms,
from which we obtained valence (conduction) band edge shifts of
+0.02 (-0.31) eV. The “corrected” band gap of 0.88 eV is in close
agreement with the experimental value of ∼ 0.8 eV.49 The band
structure calculated along the high-symmetry k-point paths50,51

is shown in Figure S2.

2.3 Defect Energetics

The defect energetics were calculated using the standard super-
cell approach.52,53 A 3× 3× 2 supercell of BiCuSeO, containing
144 atoms, was considered for all defect formation energy calcu-
lations. We calculated the total energies of the host and defected
supercells using a two-step process: first, we relaxed the ionic po-
sitions using the optB86 vdW-corrected functional with a 3×3×2
Γ-centered k-point mesh, and afterwards calculated the total en-
ergy of the vdW-relaxed supercell using a self-consistent GGA+U
calculation with a 6×6×4 Γ-centered k-point mesh.

The formation energies of defects were calculated as

∆EDq = EDq −Ehost +∑
i

niµi +qEF +Ecorr (2)

where ∆EDq is the formation energy of defect D in charge state
q, EDq and Ehost are the total energies of the supercell with and
without the defect respectively, and EF is the Fermi energy.

The chemical potential µi of element i is expressed relative to
a reference state (µ0

i ) such that µi = µ0
i +∆µi. A certain num-

ber of atoms (ni) of element i are added (ni < 0) or removed
(ni > 0) from the host supercell to form the defect D. The ref-
erence chemical potentials µ0

i were determined by fitting them
to a set of experimentally-measured formation enthalpies54,55

(under standard conditions) of several compounds in the Bi-Cu-
Se-O quaternary chemical space.56–61 The fitted values of µ0

i
of all elements considered in this study are tabulated in Table
S2. The bounds on ∆µi are set by thermodynamic phase sta-
bility conditions; specifically, ∆µi should satisfy the constraint
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∆µBi +∆µCu +∆µSe +∆µO = ∆HBiCuSeO
f , where ∆HBiCuSeO

f is the
formation enthalpy of BiCuSeO. Also, ∆µBi, ∆µCu, ∆µO, and ∆µSe

values should be such that other competing phases are unstable
relative to BiCuSeO. In experiments, ∆µi = 0 corresponds to i-rich
growth conditions and a large negative value of ∆µi represents i-
poor growth conditions.

Corrections to the defect formation energy arising from finite-
size effects were included in Ecorr, following the methodology
of Lany and Zunger.52,62 The finite-size corrections include: (i)
alignment of the average electrostatic potential between the neu-
tral, defect-free host supercell and the charged, defected super-
cells, (ii) removal of artificial, long-range interactions between
the image charges in periodic supercells that are charged, and (iii)
correction for Moss-Burnstein-type band filling63 due to shallow
defects.

The pylada-defects software64 was used in this work for au-
tomating the point defect calculations, including the creation of
defect supercells and calculation of finite-size corrections. The
formation energies of native point defects (vacancy, anti-site, in-
terstitial) and dopants (substitutional, interstitial) were calcu-
lated in charge states q = -3, -2, -1, 0 , +1, +2, and +3.
Additional charge states were considered where necessary. For
each dopant, we considered different plausible sites in the Bi-
CuSeO structure, including substitutional and interstitial sites.
The choice of plausible sites in based on chemical considera-
tions such as electronegativity and ionic size. The plausible sites
that can accommodate interstitial defects were determined by
a Voronoi tessellation scheme implemented in pylada-defects.64

The lowest-energy interstitial site was determined from the to-
tal energy of the interstitial configurations in the neutral charge
state. The structures of Cu1+

i and O0
i are shown in Figure S1. The

optimized defect structures are available in a public repository.65

2.4 Charge Carrier Concentrations

The free charge carrier concentrations were calculated by solv-
ing for the equilibrium Fermi energy (Eeq

F ) satisfying the charge
neutrality condition, which is expressed as

∑
Dq

[
q ND e−∆EDq/kBT

]
+ p−n = 0 (3)

where the sum runs over all defects Dq, ND is the site concen-
tration where defect D can be formed, kB is the Boltzmann con-
stant, T is the temperature, and p and n are the hole and electron
concentrations, respectively. We assume that the defects formed
at the synthesis temperature are kinetically “frozen in”; that is,
when a material is quenched to lower temperatures, the defect
concentrations reflect the defect thermodynamics at the synthesis
temperature. Therefore, in Eq. 3, we use the synthesis tempera-
ture (not to be confused with the transport measurement tem-
perature) to compute the net free carrier concentration. This
commonly used assumption, emanating from the fact that most
defects are not mobile at lower temperatures, provides accurate
predictions of free carrier concentrations in agreement with ex-
periments.45,46,66 The free carrier concentrations p and n are cal-
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Fig. 2 Formation energies of native defects in BiCuSeO are shown for
the (a) most Cu-poor growth condition (equilibrium with Se, Bi2O3, and
Bi2O2Se) with the highest free hole concentration of 1.3×1020 cm−3,
and (b) most Cu-rich conditions (equilibrium with Bi, Cu2O, and Cu2Se)
with lowest free hole concentration of 5.1×1018 cm−3, assuming a
synthesis temperature of 973 K. The equilibrium Fermi energy is marked
by the dotted vertical lines. Under Cu-poor conditions, BiCuSeO is
natively a degenerate p-type semiconductor with scope for higher hole
doping because of the large p-type dopability window (∆Ep). Under the
most Cu-rich condition, BiCuSeO has an n-type dopability window (∆En)
suggesting the possibility of n-type doping. The formation energies of all
native defects are shown in Figure S3 in the supplementary information.

culated as

p =
∫ VBM

−∞

g(E) [1− f (E)]dE

n =
∫

∞

CBM
g(E) f (E)dE

(4)
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where f (E) is the Fermi-Dirac distribution. The density of states
g(E) was calculated using DFT with a Γ-centered 12× 12× 6 k-
point grid67 and the tetrahedron method for Brillouin zone inte-
gration (Section 2.2).

3 Results and Discussion

3.1 Native Point Defects in BiCuSeO

Our convex hull analysis, which includes 39 competing phases in
the quaternary Bi-Cu-Se-O phase space, suggests that there are
12 distinct four-phase stability regions of BiCuSeO. Each stabil-
ity region is defined by the equilibrium between BiCuSeO and
three other competing phases. In the chemical potential space,
these four-phase phase stability regions (Table S3) correspond to
different elemental chemical potentials (µi in Eq. 2) and, as a re-
sult, different defect and carrier concentrations. In principle, the
elemental chemical potentials can be controlled by modifying the
growth conditions (e.g., Cu-poor vs. Cu-rich) and by performing
phase boundary mapping,66,68 in which the competing phases of
a material are explicitly determined to gauge the thermodynamic
state of the material. We find that BiCuSeO is in thermodynamic
equilibrium with Se, Bi2O3 and Bi2O2Se under the most Cu-poor
growth condition, and in equilibrium with Bi, Cu2O, and Cu2Se
under the most Cu-rich condition (Table S3).

Our defect calculations show that BiCuSeO is natively a p-
type semiconductor under Cu-poor and Cu-rich growth condi-
tions due to the low formation energy of the acceptor-like Cu va-
cancy (VCu), as shown in Figure 2. The relevant defects are those
with the lowest formation energy at the equilibrium Fermi energy
(Eeq

F ), which is determined self-consistently by solving the charge
neutrality condition (Section 2.4). In Figure 2, Eeq

F (marked with
a dotted vertical line) is calculated assuming the typical synthesis
temperature of 973 K. The concentrations of VCu, VBi, VSe, and VO

under the most Cu-poor conditions are 1.2×1020 cm−3, 8.8×1012

cm−3, 3.5×1017 cm−3, and 9.6×1016 cm−3, respectively, suggest-
ing that VCu is the predominant defect under the most Cu-poor
conditions (Figure 2a). It has been shown experimentally that
decreasing the Cu content in BiCu1−xSeO increases the hole car-
rier concentration.69 This can be explained by the low formation
energy of the acceptor defect VCu under Cu-poor growth condi-
tions, which is consistent with our predictions. Therefore, our
results show that synthesizing BiCuSeO under Cu-poor growth
conditions is a practical method to tune the hole carrier concen-
tration due to the low formation energies of VCu.

The free hole concentration is maximized when BiCuSeO is
grown under Cu-poor conditions (Figure 2a). Under the most
Cu-rich conditions, the hole concentration is minimized (Figure
2b) due to charge compensation by electrons generated by the
formation of Se vacancies (VSe) and Cu interstitials (Cui). The
concentrations of VCu, VSe, and Cui under the most Cu-rich con-
ditions are 8.9×1018 cm−3, 1.2×1018 cm−3, and 1.4×1018 cm−3,
respectively. In contrast, hole compensation does not occur un-
der Cu-poor conditions due to the higher formation energies of
VSe and Cui. Our predicted free hole concentrations at a synthe-
sis temperature of 973 K in native BiCuSeO range from 5.1×1018

cm−3 (Cu-rich) to 1.3× 1020 cm−3 (Cu-poor), in agreement with
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Fig. 3 Shaded area is the predicted range of free hole carrier
concentrations in native BiCuSeO as a function of synthesis
temperature. The highest (lowest) free hole concentrations are achieved
under the most Cu-poor (Cu-rich) growth conditions. Experimentally
measured hole carrier concentrations are shown as colored symbols (Li
et al., 3 Lee et al., 17 Ren et al., 70 Zhang et al. 31). The predicted range
of hole concentrations are in fair agreement with experiments.

experimental measurements as shown in Figure 3. The free hole
concentration in Figure 3 increases with synthesis temperature
because the concentration of VCu increases following a Boltzmann
distribution (Eq. 3).

A material is considered p-type dopable if the formation energy
of the lowest-energy native donor defect is positive for all values
of EF within the band gap. In such a case, holes generated by a
sufficiently soluble acceptor dopant are not compensated signif-
icantly by the electrons created by the native donor defect. Ac-
cordingly, a p-type dopability window (∆Ep) may be defined at
the VBM (Figure 2a), where a large positive ∆Ep indicates a highly
p-type dopable material while a negative window would suggest
difficulty in p-type doping. Similarly, an n-type dopability window
(∆En) is set by the formation energy of the lowest-energy native
acceptor defect at the CBM and provides a measure of the poten-
tial for n-type doping. Under the most Cu-poor condition (Figure
2a), ∆Ep is > 0.5 eV. In fact, we find BiCuSeO has a positive ∆Ep

in 10 out of the 12 phase stability regions, which is not surprising
considering the widespread success in p-type doping of BiCuSeO
e.g., with group-2 alkaline-earth elements.4,10–13,71–73,76

Perhaps the less anticipated result of our defect calculations is
the prospect of doping BiCuSeO n-type, as evidenced by a posi-
tive ∆En under Cu-rich growth conditions (Figure 2b) where the
formation of the electron-compensating acceptor VCu is most sup-
pressed. As such, it may be possible to realize n-type doping of
BiCuSeO provided a sufficiently soluble dopant can be found. In
the following section, we discuss 23 different p- and n-type can-
didate dopants and the necessary growth conditions to maximize
the corresponding free carrier concentrations.
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3.2 Dopants in BiCuSeO

We calculate the formation energies of 23 plausible p- and n-type
dopants for BiCuSeO and the resulting free carrier concentra-
tions generated by each dopant. All dopants are considered as
substitutional defects, and some are additionally considered as
interstitials where appropriate (e.g., Li). We report the carrier
type (whether p−n is positive or negative) and concentrations in
all five-phase equilibrium regions where BiCuSeO is stable in the
quinary Bi-Cu-Se-O-dopant phase space. The equilibrium phases
and the corresponding free carrier concentrations in each phase
region are listed in Tables S4 - S26. For each of the 23 dopants,
the range of achievable free carrier concentrations are shown in
Figure 4 and compared to available data from experimental dop-
ing studies.

Ideally, a dopant will extend the achievable range of car-
rier concentrations beyond what is attained through native self-
doping. However, there are several factors that may limit the ef-
ficiency of a dopant. First, the solubility of a dopant is the critical
limiting factor; if the formation energy of the substitutional (or
interstitial) dopant is high compared to the native defects i.e., sol-
ubility of the dopant is low, then the concentration of free carriers
generated by the dopant is insignificant compared to the native
self-doped carrier concentration. Second, free carriers generated
by the dopant may be charge compensated by the carriers of the
opposite type (electrons, holes) generated by the native defects
(donors, acceptors). Such a scenario occurs when the formation
energy of the compensating native defect is low and is one of the

central reasons why a dopability window (e.g., ∆Ep and ∆En in
Figure 2) is necessary (but not sufficient) to realize the desired
doping. Finally, certain dopants may form both substitutional (or
interstitial) acceptor and donor defects depending on the substi-
tuting site in the structure, such that the dopant generated elec-
trons and holes self-compensate.

We find that the primary factor limiting n-type doping of Bi-
CuSeO, despite being n-type dopable under Cu-rich growth con-
ditions, is the low solubility of dopants, as discussed in detail in
Section 3.2.2. Many of the dopants considered in this study ex-
hibit high formation energies in BiCuSeO, even under the most
dopant-rich thermodynamic conditions.

3.2.1 p-type Dopants

For the purposes of benchmarking our dopant calculations, we
first consider a series of well-known p-type dopants in BiCuSeO,
the group-2 alkaline-earth metals (Mg,71,72 Ca,4,12,73 Sr,10,76

and Ba11,13). The formation energies of these dopants as substi-
tutional defects on the Bi and Cu sites are shown in Figure S4.
We find that the alkaline-earth metals preferentially substitute
on the Bi site rather than the Cu site to form shallow acceptor-
like defects, which is consistent with experimental observations
of p-type doping with these group-2 elements. Preferential sub-
stitution on the Cu site would have resulted instead in donor-like
substitutional defects and n-type doping.

It is well-known that Mg is the least effective p-type dopant
in BiCuSeO out of the group-2 alkaline-earth metals.1,71,72 Our
calculations suggest that this is due to the high formation energy
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F ) determined by charge neutrality at 973 K are shown as vertical dotted lines.

of MgBi relative to the dominant native acceptor defect VCu (Fig-
ure S4); in other words, the solubility of Mg in BiCuSeO is low.
In contrast, Ca and Sr are highly effective with predicted maxi-
mum free hole concentrations of 1.5×1021 cm−3 and 1.9×1021

cm−3 achieved under the most Ca- and Sr-rich doping conditions
(Tables S5, S6). The predicted hole concentrations for Ca and
Sr doping are also in good agreement with available experimen-
tal data (Figure 4).4,10,12,73 For low nominal doping (< 5 atomic
%) with Ba, the measured hole concentrations are ≤ 1020 cm−3,
in agreement with our predicted range of 9.4×1018 to 1.3×1020

cm−3. This range of hole concentrations is comparable to native
and Mg-doped BiCuSeO, suggesting that Ba is not an effective p-
type dopant. The trend in the predicted hole concentrations for
the group-2 dopants appear reasonable if we consider the ionic
radii similarity between Bi3+ (0.96 Å) and the dopants (Mg: 0.72
Å, Ca: 1.00 Å, Sr: 1.18 Å, Ba: 1.35 Å).77

However, there are reports of higher hole concentrations
achieved in heavily Ba-doped BiCuSeO with 15 atomic % Ba.11

The discrepancy between our predictions and experiments for
high nominal doping concentrations could be due to the break-
down of the dilute doping assumption used in our defect calcu-
lations. In the dilute limit, it is assumed that the dopants intro-
duce charge carriers (electrons or holes) without perturbing the
electronic structure of the host material i.e., the rigid band ap-
proximation. Predictions of carrier concentrations based on the
dilute doping assumption are in excellent agreement with ex-
periments, as shown in this work for native BiCuSeO (Section
3.1) and in other studies on Mg3Sb2,66 PbTe,45 KGaSb4,46 and
CoSb3.78 In Ref. 11, it is shown that 15 at. % Ba doping is asso-
ciated with a concomitant ∼ 1 % expansion in the lattice param-
eters, which suggests that the dilute doping assumption may no
longer be valid. For such high doping concentrations, interactions
between the dopant atoms become prevalent, which are not con-

sidered in the dilute doping model. As with other first-principles
defect studies,53 inconsistencies may also arise from the choice
of the exchange-correlation functional, the finite-size correction
scheme, and/or the choice of the elemental chemical potentials.
Nonetheless, the predicted carrier concentration ranges of the
other group-2 dopants (Mg, Ca, Sr) are in agreement with ex-
periments, suggesting that the maximum carrier concentration
attainable through group-2 doping has been already achieved in
experiments. Further increases in hole concentrations for p-type
BiCuSeO is unlikely to be achieved with group-2 doping.

3.2.2 n-type Dopants

Our calculated native defect formation energetics reveal that Bi-
CuSeO is n-type dopable under Cu-rich growth conditions (Sec-
tion 3.1). Combined with the fact that the n-type performance
of BiCuSeO is predicted to surpass that of p-type (Section 1),
it is worthwhile to search for efficient n-type dopants. In our
search for n-type dopants, we assess 19 different elements, in-
cluding those in group-1 (Li), group-3 (Sc, Y), group-4 (Ti, Zr,
Hf), group-12 (Zn), group-13 (Al, Ga, In, Tl) group-14 (Si, Ge,
Sn, Pb), and group-17 (F, Cl, Br, I).

Through this broad search, we find that only group-17 halo-
gens (Cl, Br) serve as n-type dopants in BiCuSeO (Figure 4). The
formation energies of the substitutional halogen dopants in Bi-
CuSeO under the most halogen-rich thermodynamic conditions
(to maximize solubility) are shown in Figure 5. The highest
achievable free electron concentration by Cl doping is predicted
to be 2.4× 1018 cm−3, when BiCuSeO is in equilibrium with Bi,
Cu2Se, BiClO, and Bi24Cl10O31 (Table S24). Similarly, Br is pre-
dicted to be an n-type dopant with highest electron concentration
of 1.4× 1018 cm−3 when in equilibrium with Bi, Bi4Br2O5, Cu2O,
and Cu2Se (Table S25). Our phase stability analysis does not con-
sider disordered phases79,80 such as Bi4O4Cu1.7Se2.7(Cl/Br)0.3
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and Bi6O6Cu1.6Se3.6(Cl/Br)0.4; however, inclusion of these Cu-
poor disordered phases in the phase equilibria will not change the
conclusions of this work since these phases are more Cu-deficient
than the most Cu-poor phase (Cu3Se2), which is in equilibrium
with BiCuSeO. As such, the range of chemical potentials and pre-
dicted carrier concentrations listed in Tables S24 and S25 are ex-
pected to remain unchanged. In contrast to Cl and Br, we find
that F and I are ineffective n-type halogen dopants (Figure 5c,
Figure S5).

Zhang et al. reported n-type BiCuSeO by doping the material
with Cl, Br, and I,30,31 providing valuable experimental evidence
that BiCuSeO can indeed be doped n-type. Our finding that Bi-
CuSeO is n-type dopable (Section 3.1) is retrospectively corrobo-
rated by these experiments. The same experimental studies30,31

report that halogen doping induces an anomalous p-n-p transi-
tion in the conductivity type with increasing temperature, which
the authors attribute to weak, thermally unstable Cu-X (X = Cl,
Br, I) bonds compared to the Cu-Se bond strength in the par-
ent material.31 The observed p-n-p transition could be due to
a number of factors, such as the formation of compensating p-
type secondary phases that evolve with temperature. Based on
our results, we suggest that the different thermodynamic states
of the quinary Bi-Cu-Se-O-X (X = Cl, Br, I) phase space be ex-
plored in detail through e.g., phase boundary mapping66,81,82

to understand the observed p-n-p transition in the conductivity
type. In phase boundary mapping, the presence of trace amounts
of specific dopant-related competing phases in a sample is the
signature of the corresponding thermodynamic state defined by
the elemental chemical potentials e.g., Cu-/Cl-rich. The solubility
of dopants in these different thermodynamic states play a cru-
cial role in the resulting carrier concentration, as demonstrated
in several studies.68,83 Moreover, studies on the thermal stabil-
ity of BiCuSeO have suggested that the material is prone to Se
volatilization especially at higher temperatures,84,85 which likely
affects the dopant solubility given that our results predict the sub-
stitution of the halogen atoms on the Se site. In light of our results
which indicate that both n- and p-type conductivity (Figure 3) are
possible with Cl and Br depending on the thermodynamic state,
we suggest that the anomalous p-n-p transition be revisited with
further experimental analysis.

In contrast to experiments, we predict that I is not an n-type
dopant in BiCuSeO (Figure 4) due to its low solubility compared
to Cl and Br. It is curious that although our calculated carrier
concentrations of p-type dopants (e.g., Ca, Sr) match experimen-
tal values rather well especially at low nominal doping concen-
trations, I is the only dopant for which our predictions do not
agree with experiments. This is especially surprising since the
nominal concentration of I in experiments is 1 at. %,31 which is
much lower than the nominal doping concentrations of the other
dopants. Due to the limited number of halogen doping studies, it
is difficult to gauge the exact cause of the disagreement. As men-
tioned before, the apparent p-n-p transition in the conductivity
type with temperature30,31 suggests some anomalous behavior of
the material. Further experimental studies of halogen doping in
conjunction with first-principles defect and dopant calculations
are needed to resolve these issues.

Apart from the halogens, we find that none of the other consid-
ered n-type dopants are effective. While Li and Zn are known p-
type dopants in BiCuSeO,28,74,86 we wanted to explore the possi-
bility of n-type doping if donor defects, Lii and ZnCu, are favorable
under certain thermodynamic equilibrium conditions. However,
our results suggest that this is not the case for Li and Zn doping.
For example, Li preferentially substitutes on the Bi site (LiBi) to
form an acceptor defect that leads to p-type rather than the de-
sired n-type doping (Figure S6). As expected, Li isovalently sub-
stitutes the Cu site forming the neutral LiCu defect. Our predicted
range of carrier concentrations for Li-doped BiCuSeO matches the
experimentally-measured hole concentrations74 (Figure 4), sug-
gesting that the formation of Lii is not favorable. For Zn, we
predict that the substitution on the Cu site (ZnCu in Figure S7) is
associated with a high formation energy such that the BiCuSeO is
still p-type with free hole concentration of 3.3 ×1018 cm−3 (Table
S9).

Group-3 (Sc, Y) and group-13 (Al, Ga, and In) elements are
found to be isovalent dopants preferentially substituting on the
Bi site (Figures S8, S10). Substitution on the Cu site, which cre-
ates donor defects, is associated with high formation energies. It
is interesting that Tl, which is also a group-13 element, acts as
an acceptor on the Bi site instead of an isovalent dopant (Figure
S10d). However, the high formation energies i.e., low solubility
of group-3 and group-13 dopants in BiCuSeO make them ineffec-
tive n-type dopants (Figure 4). We also find that group-4 dopants
(Ti, Zr, Hf) are also ineffective due to their low solubility even
under the most dopant-rich and Cu-rich conditions (Figure S9).
Therefore, these dopants do not extend the range of achievable
carrier concentration from what is already attained through na-
tive self-doping (Figure 4).

We also consider n-type doping of BiCuSeO with group-14 ele-
ments (Si, Ge, Sn, Pb). It is worth mentioning that a previous
computational study of group-14 dopants by Shen et al. sug-
gested that Si is an exceptional n-type dopant for BiCuSeO.87

While our results agree that SiBi is a donor defect and GeBi, SnBi,
and PbBi are acceptors (Figure S11), the formation energies of
group-14 dopants in BiCuSeO are too high to increase the free
electron concentration. We believe that this discrepancy is at-
tributed to the phase stability information included in our calcu-
lation of the defect formation energy. While Shen et al. assume
that group-14 doped BiCuSeO is in thermodynamic equilibrium
with the dopant in its elemental form i.e., ∆µdopant = 0 eV, our
phase stability analysis, which considers all possible competing
phases (Tables S14 - S17), shows that this is not possible. For all
group-14 dopants, the most dopant-rich condition corresponds to
∆µdopant < 0 eV. For example, we find Si-doped BiCuSeO is in equi-
librium with elemental Bi, Cu3Se2, Bi2Se3, and SiO2 in the most
Si-rich phase region (Table S14). As a result, our calculated for-
mation energies of the group-14 dopants in BiCuSeO are higher
than those calculated by Shen et al.,87 suggesting that the solubil-
ity of group-14 dopants is much lower than previously predicted.

4 Conclusions and Outlook
We use first-principles defect calculations to show that the low
formation energy of copper vacancies is responsible for the native

Journal Name, [year], [vol.],1–10 | 7

Page 7 of 10 Journal of Materials Chemistry A



p-type character of BiCuSeO. Interestingly, we find that BiCuSeO
is also n-type dopable under Cu-rich growth conditions. Through
a broad computational survey of plausible n-type dopants, we
identify Cl and Br as the most effective n-type dopants. We find
that more than half of the plausible dopants are ineffective, pro-
viding useful guidance for future experimental doping efforts; for
n-type doping, experiments should continue to focus on halogen
doping to resolve the anomalous temperature-dependent p-n-p
transition.

BiCuSeO is a well-known p-type TE material. The prospects
of n-type doping, as revealed by our defect calculations and re-
cent experimental doping studies, prompt us to ask whether the
electron concentration in BiCuSeO can be optimized to unlock
the high n-type TE performance predicted by computations. Fur-
thermore, it is also worth asking whether we can design chemi-
cal analogues of BiCuSeO, with similar thermopower and thermal
conductivity, that can be doped both p- and n-type.

We may envision such a design possibility by comparing
the defect energetics of BiCuSeO with one of its chemical
analogues, LaCuSeO, which crystallizes in the same P4/nmm
layered structure. While the formation energy of the acceptor
VCu is relatively low in both compounds, which is expected due
to the common (Cu2Se2)2− layers in both structures, there is
little opportunity for n-type doping of LaCuSeO.88 The distinctly
different n-type dopability of BiCuSeO and LaCuSeO can be
explained by the relative positions of the conduction band edge
(CBE). Heuristic guidelines suggest that compounds with lower
CBEs tend to be n-type dopable.89,90 Since the CBE of BiCuSeO,
which is primarily derived from Bi-6p states, is lower than that of
LaCuSeO, where the CBE is composed of Cu-4s/La-5d states,49 it
is expected that LaCuSeO would be less n-type dopable compared
to BiCuSeO. This heuristic comparison between LaCuSeO and
BiCuSeO contextualizes chemical substitution as an inverse
design principle to realize p- and n-type dopable materials.48,91

By substituting Bi with an element with larger electron affinity
e.g., Sb, that lowers the energy of the CBE, an n-type dopable
analogue of BiCuSeO may be possible. The discovery and de-
sign of such chemical analogues will be the focus of a future study.
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