Defect Chemistry and Doping of BiCuSeO
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While p-type BiCuSeO is a well-known mid-temperature oxide thermoelectric (TE) material, computations
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 conditions, where the formation of Cu
vacancies is suppressed. We computationally survey a broad suite of 23 dopants and find that only ClI
and Br are effective n-type dopants. Therefore, we recommend 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, = reaching a maxi-
mum TE figure of merit (z7) of ~ 1.5 at 823 K when co-doped
with Ca and Pb.~ The high zT is, in part, due to the high ther-
mopower (~ 350 uV/K at room temperature) - as well as the in-
trinsically low lattice thermal conductivity (< 1 W/mK) arising
from its low Young’s modulus** and strong anharmonicity. > As a
result, BiCuSeO has attracted, and continues to inspire, a myriad
of studies to further improve its TE performance. "~

Tuning of the charge carrier (hole, electron) concentrations is
needed to optimize the p- or n-type TE performance of materi-
als.” 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. "=~ Other efforts to optimize p-type BiCuSeO have in-
cluded doping with group-1 elements such as Na, " K,/
and Cs, '~ converging the light and heavy hole bands through al-
loying with La,“" and increasing the electrical conductivity via
isovalent Ag doping. 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.“” have shown, using Boltzmann transport theory
calculations, that the 7T 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 (), which is a measure of the opti-
mized zT
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Fig. 1 Comparison of the relevant calculated electronic transport
properties of p-type (red) and n-type (blue) BiCuSeO. f is the predicted
thermoelectric performance, u is the room-temperature mobility in
cm?/Vis, N, is the band degeneracy, and m;} and ms are the band and
density-of-states (DOS) effective masses, respectively, in units of the
free electron mass (m,).

where p is the intrinsic charge carrier mobility at 300 K, mp,ng is
the density-of-states effective mass, k. 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
1. Note that k7, is a common denominator for p- and n-type f.
We calculate a hole mobility of 6 cm?/Vs, which is in agreement
with the range of experimentally-measured Hall mobilities (4 -
22 cm?/Vs). »?® While mpos is higher for p-type BiCuSeO sug-
gesting higher thermopower, the combination of lower band ef-
fective mass (m}), corresponding to a higher carrier mobility, and
higher band degeneracy (N;,) predicts a higher TE performance
for n-type BiCuSeO.

While previous experimental studies have attempted to synthe-
size n-type BiCuSeO,“"~~ 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,
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which has been attributed to the poor thermal stability of the
dopants in BiCuSeO.~">°" While this unusual behavior was ex-
plained in terms of the chemical bonding strength,”" 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 (Vc,). Interestingly,
we also find that BiCuSeO is n-type dopable under Cu-rich con-
ditions, when the formation of the electron-compensating V¢, 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 ~10'® 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 competing impurity 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).”°" The core and valence electrons were treated with the
projector augmented wave method. The plane-wave energy
cutoff was set to 340 €V 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 correction
was applied to Cu (U =5 V).

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) °” overestimated the ¢ 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. ™ The crystal structure relaxed with the vdW-corrected
optB86 exchange-correlation functional (vdW+U) “* 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. *~ The electronic structure
was calculated using the tetrahedron method for k-point integra-
tions, ™ using a dense 12 x 12 x 6 I'-centered k-point mesh. It is
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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, 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 €V is in close
agreement with the experimental value of ~ 0.8 eV.”” The band
structure calculated along the high-symmetry k-point paths~">
is shown in Figure S2.

2.3 Defect Energetics

The defect energetics were calculated using the standard super-
cell approach.”*”° A 3 x 3 x 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 a3 x3 x2
I'-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 x 6 x 4 I'-centered k-point mesh.

The formation energies of defects were calculated as

AEps = Eps — Enost + Zniﬂi +4EF + Ecorr )]
i

where AEpq is the formation energy of defect D in charge state
q, Eps and Epo are the total energies of the supercell with and
without the defect respectively, and Ef is the Fermi energy.

The chemical potential y; of element i is expressed relative to
a reference state (,uio) such that y; = N,-O + Ay;. A certain num-
ber of atoms (n;) of element i are added (n; < 0) or removed
(n; > 0) from the host supercell to form the defect D. The ref-
erence chemical potentials M,O were determined by fitting them to
a set of experimentally-measured formation enthalpy~*~> (un-
der standard conditions) of several compounds in the Bi-Cu-
Se-O quaternary chemical space.’*°! The fitted values of p
of all elements considered in this study are tabulated in Table
S2. The bounds on Ay; are set by thermodynamic phase sta-
bility conditions; specifically, Ay; should satisfy the constraint
A + Aicy + Altse + Allo = AHPICU50, where AHPICUSO is the
formation enthalpy of BiCuSeO. Also, Aug;, Allcu, Allo, and Auge
values should be such that other competing phases are unstable
relative to BiCuSeO. In experiments, Ay; = 0 corresponds to i-rich
growth conditions and a large negative value of Ay; represents i-
poor growth conditions.

Corrections to the defect formation energy arising from finite-
size effects were included in E.yy, following the methodology
of Lany and Zunger. 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 filling“~ due to shallow
defects.

The pylada-defects software®” 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 ¢ = -3, -2, -1, 0, +1, +2, and +3. Addi-
tional charge states were considered where necessary. The plau-
sible sites that can accommodate interstitial defects were deter-
mined by a Voronoi tessellation scheme implemented in pylada-
defects. °" The lowest-energy interstitial site was determined from
the total energy of the interstitial configurations in the neutral
charge state. The structures of Cu/" and O are shown in Fig-
ure S1. The optimized defect structures are available in a public
repository.

2.4 Charge Carrier Concentrations

The free charge carrier concentrations were calculated by solv-
ing for the equilibrium Fermi energy (Eliq) satisfying the charge
neutrality condition, which is expressed as

Y [ Np e dE T ] 4 p—n =0 3)

Di
where the sum runs over all defects DY, Np is the site concen-
tration where defect D can be formed, kg 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. """
culated as

The free carrier concentrations p and » are cal-

VBM
p=[ " sB)1-EB)E
- )

n= 8(E)f(E)dE
CBM
where f(E) is the Fermi-Dirac distribution. The density of states
g(E) was calculated using DFT with a I'-centered 12 x 12 x 6 k-
point grid°/ 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 suggests that there are 12 distinct four-
phase stability regions of BiCuSeO in the quaternary equilibrium
Bi-Cu-Se-O phase space. Each stability region is defined by the
equilibrium between BiCuSeO and three other competing phases.

(a) most Cu-poor
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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, Bi,O3, and
Bi,O,Se) with the highest free hole concentration of 1.3 x 1020 cm~3,
and (b) most Cu-rich conditions (equilibrium with Bi, Cu,O, and Cu,Se)
with lowest free hole concentration of 5.1 x 10'® 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 (AE,). Under the
most Cu-rich condition, BiCuSeO has an n-type dopability window (AE,)
suggesting the possibility of n-type doping. The formation energies of all
native defects are shown in Figure S3 in the supplementary information.

In the chemical potential space, these phase stability regions (Ta-
ble S3) correspond to different elemental chemical potentials (y;
in Eq. 2) and, as a result, different defect and carrier concentra-
tions. In principle, the elemental chemical potentials can be con-
trolled by modifying the growth conditions (e.g., Cu-poor vs. Cu-

rich) and by performing phase boundary mapping, °*:"° in which
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the competing (impurity) phases of a material are explicitly deter-
mined to gauge the thermodynamic state of the material. We find
that BiCuSeO is in thermodynamic equilibrium with Se, Bi;O3
and Bi;0,Se under the most Cu-poor growth condition, and in
equilibrium with Bi, Cu;O, and Cu,Se 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 (Vcy), as shown in Figure 2. The relevant defects are those
with the lowest formation energy at the equilibrium Fermi energy
(ERY), which is determined self-consistently by solving the charge
neutrality condition (Section 2.4). In Figure 2, E;! (marked with
a dotted vertical line) is calculated assuming the typical synthe-
sis temperature of 973 K. It has been shown experimentally that
decreasing the Cu content in BiCu;_,SeO increases the hole car-
This can be explained by the low formation
energy of the acceptor defect V¢, 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 V.

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 forma-
tion of Se vacancies (Vg) and Cu interstitials (Cu;). In contrast,
hole compensation does not occur under Cu-poor conditions due
to the higher formation energies of Vs, and Cu;. Our predicted
free hole concentrations in native BiCuSeO range from 5.1 x 10'8
em™3 (Cu-rich) to 1.3 x 10%° em~=3 (Cu-poor), in agreement with
experimental measurements as shown in Figure 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 Er 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 (AE,) may be defined at
the VBM (Figure 2a), where a large positive AE,, indicates a highly
p-type dopable material while a negative window would suggest
difficulty in p-type doping. Similarly, an n-type dopability window
(AE,) 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), AE, is > 0.5 €V. In fact, we find BiCuSeO has a positive AE),
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. *>*"=*/+=/%

Perhaps the less anticipated result of our defect calculations is
the prospect of doping BiCuSeO n-type, as evidenced by a posi-
tive AE,, under Cu-rich growth conditions (Figure 2b) where the
formation of the electron-compensating acceptor V¢, 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

rier concentration.
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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
etal,” Leeetal,'’ Renetal,’” Zhang et al.”"). The predicted range
of hole concentrations are in fair agreement with experiments.

the corresponding free carrier concentrations.

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 concentrations
generated by each dopant. All dopants are considered as substi-
tutional defects, and some are additionally considered as intersti-
tials where appropriate (e.g., Li). We calculate the carrier con-
centrations in all five-phase equilibrium regions where BiCuSeO
is stable in the quinary Bi-Cu-Se-O-dopant phase space. The equi-
librium 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 concentra-
tions are shown in Figure 4 and compared to available data from
experimental doping 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., AE, and AE, in
Figure 2) is necessary (but not sufficient) to realize the desired
doping. Finally, certain dopants may form both substitutional (or
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Fig. 4 Predicted range of free carrier concentrations for native defects and 23 dopants in BiCuSeO. The typical synthesis temperature of 973 K is
used to calculate the carrier concentrations. The free hole (p-type) and electron (n-type) concentrations are shown in the top and bottom panels,

respectively. Experimentally measured carrier concentrations are shown with solid black circles, * '~

where the size of the marker

corresponds to the nominal doping concentration ranging from 1 to 35 atomic %, as shown in the inset. Larger circles correspond to lower doping

concentrations, whereas smaller circles to higher doping concentrations.

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,’ ' Ca,™=’® Sr,*"
and Ba'~"”). 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. >/ >/~ Our cal-
culations suggest that this is due to the high formation energy of
Mgg; relative to the dominant native acceptor defect V¢, (Figure
S4); in other words, the solubility of Mg in BiCuSeO is low. In
contrast, Ca and Sr are highly effective with predicted maximum

free hole concentrations of 1.5x10%! cm—3 and 1.9x10%! cm™3

achieved under the most Ca- and Sr-rich doping conditions (Ta-
bles S5, S6). The predicted hole concentrations for Ca and Sr
doping are also in good agreement with available experimental
data (Figure 4).""*%/ For low nominal doping (< 5 atomic %)
with Ba, the measured hole concentrations are < 102° cm—3,
agreement with our predicted range of 9.4x10'8-1.3x10%° 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 Bi’* (0.96 A) and the dopants (Mg: 0.72 A,
Ca: 1.00 A, Sr: 1.18 A, Ba: 1.35 A).

in

However, there are reports of higher hole concentrations
achieved in heavily Ba-doped BiCuSeO with 15 atomic % Ba.
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 calcula-
tions. In the dilute limit, it is assumed that the dopants introduce
charge carriers (electrons or holes) without perturbing the elec-
tronic structure of the host material i.e., the rigid band approxi-
mation. Predictions of carrier concentrations based on the dilute
doping assumption are in excellent agreement with experiments,
as shown in this work for native BiCuSeO (Section 3.1) and in
other studies on MgzSb,, " PbTe, "> KGaSby, " and CoSbs.
Ref. 11, it is shown that 15 at. % Ba doping is associated with
a concomitant ~ 1 % expansion in the lattice parameters, which

In
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Fig. 5 Formation energy associated with (a) Cl, (b) Br, and (c) | doping in BiCuSeO. For each dopant, BiCuSeO is in thermodynamic equilibrium with
the following impurity phases: (a) Bi, Cu,Se, BiCIO, and Bi,4Cl,y0s;, (b) Bi, BisBr,Os, Cu,0, and Cu,Se, and (c) Bi, Cu,Se, Cu,0, and Bi41,0s.
Halogens prefer to occupy the Se site (dopant substitutions on the O site are higher in energy and not shown). The native defects of BiCuSeO, from

€

Figure 2, are shown in lighter color. The equilibrium Fermi energy (Eg') determined by charge neutrality at 973 K are shown as vertical dotted lines.

clearly indicates that the dilute doping assumption may no longer
valid. For such high doping concentrations, interactions between
the dopant atoms become prevalent, which are not considered
in the dilute doping model. Nonetheless, the predicted carrier
concentration ranges of the other group-2 dopants (Mg, Ca, Sr)
are in agreement with experiments, suggesting that the maximum
carrier concentration attainable through group-2 doping has been
already achieved in experiments. Further increases in hole con-
centrations 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, T1) group-14 (Si, Ge,
Sn, Pb), and group-17 (F, Cl, By, ).

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 x 1018 ecm~3, when BiCuSeO is in equilibrium with Bi,
Cu,Se, BiClO, and BiyyClj(O3; (Table S24). Similarly, Br is pre-
dicted to be an n-type dopant with highest electron concentration
of 1.4x 10'® cm~3 when in equilibrium with Bi, Bi4Br,0s, Cu,O,
and Cu,Se (Table S25). In contrast, we find that F and I are inef-
fective n-type halogen dopants (Figure 5c, Figure S5).
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Zhang et al. reported n-type BiCuSeO by doping the material
with Cl, Br, and I, 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 studies~">
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 parent
material. °* Based on our results, we suggest that the different
thermodynamic states of the quinary Bi-Cu-Se-O-X (X = Cl, By,
I) phase space be explored in detail e.g., through phase bound-
ary mapping°%’~>°" to understand the observed p-n-p transition
in the conductivity type. In phase boundary mapping, the pres-
ence 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 sol-
ubility of dopants in these different thermodynamic states play
a crucial role in the resulting carrier concentration, as demon-
strated in several studies.“®°' Moreover, studies on the thermal
stability of BiCuSeO have suggested that the material is prone
to Se volatilization especially at higher temperatures, °~“~ which
likely affects the dopant solubility given that our results predict
the substitution 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 thermo-
dynamic 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. %,~" 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 temperature *">* 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, “*’*°* we wanted to explore the possi-
bility of n-type doping if donor defects, Li; and Znc,, 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 (Lig;) 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 Lic, defect. Our predicted
range of carrier concentrations for Li-doped BiCuSeO matches the
experimentally-measured hole concentrations’* (Figure 4), sug-
gesting that the formation of Li; is not favorable. For Zn, we
predict that the substitution on the Cu site (Znc, 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 x10!8 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.
While our results agree that Sig; is a donor defect and Geg;, Sng;,
and Pbg; 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., Allgopant = 0 €V, 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
Allgopant < 0 €V. For example, we find Si-doped BiCuSeO is in equi-
librium with elemental Bi, CusSe,, Bi;Se3, and SiO, 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., “” 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
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 struc-
ture. While the formation energy of the acceptor V¢, is relatively
low in both compounds, which is expected due to the common
(CuySe;)? layers in both structures, there is little opportunity for
n-type doping of LaCuSeO. °® The distinctly different n-type dopa-
bility of BiCuSeO and LaCuSeO can be explained by the relative
positions of the conduction band edge (CBE). Heuristic guide-
lines suggest that compounds with lower CBEs tend to be n-type
dopable.“’>°° Since the CBE of BiCuSeO, which is primarily de-
rived from Bi-6p states, is lower than that of LaCuSeO, where the
CBE is composed of Cu-4s/La-5d states,”” it is expected that La-
CuSeO would be less n-type dopable compared to BiCuSeO. This
heuristic comparison between LaCuSeO and BiCuSeO contextual-
izes chemical substitution as an inverse design principle to realize
p- and n-type dopable materials. ““-°” By substituting Bi with an
element with larger electron affinity e.g., Sb, that lowers the en-
ergy of the CBE, an n-type dopable analogue of BiCuSeO may be
possible. The discovery and design of such chemical analogues
will be the focus of a future study.
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Pristine and Interstitial Structures

(a) BiCuSeO b) Cu interstitial (c) O interstitial
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Figure S1: (a) Crystal structure of BiCuSeO, (b) Structure of copper interstitial (Cu;™'), and (c) Structure
of oxygen interstitial (O?).

Calculated Lattice Parameters

Method a(A) ¢(A) aError (%) c Error (%)
PBE + U 3.949  9.062 0.52 1.49
vdW + U 3.926  8.927 0.08 0.02

Experiment! 3.929 8.929

Table S1: Lattice constants calculated using different functionals and compared to experimental values.'
The experimental lattice constants are better reproduced with the van der Waals-corrected functional with
Hubbard U correction (vdW+U).



Electronic Structure of BiCuSeO

ST

1.0
s | /
- 0.88 eV
>
© 0.0
o /
c
L
d
1.0}

N
r-xX Mm I Z R A Z

Figure S2: Computed electronic band structure of BiCuSeO along the special k-point paths of the Brillouin
zone. The band edge positions are rigidly shifted to according to GW and spin-orbit coupling calculations.



Elemental Reference Chemical Potentials

Element u° (eV)

Bi -4.42
Cu -1.65
Se -3.63
0] -4.76
Li -1.64
Zn -0.80
Mg -1.00
Ca -1.60
Sr -1.15
Ba -1.34
Al -2.81
Ga -2.30
In -2.27
Tl -2.35
Si -4.74
Ge -4.07
Sn -3.65
Pb -3.79
Sc -4.49
Y -4.81
Ti -5.39
Zr -5.97
Hf -7.51
F -1.52
Cl -1.73
Br -1.74
I -1.67

Table S2: Elemental reference chemical potentials u, fitted to experimental formation enthalpies.?3

GGA+U functional is used to calculate the total energy of the compounds used in the fitting.



Phase Equilibria of BiCuSeO

Equilibrium Phases Appi Apca  Apo  Apse p—n (em™3)

Se, CusSey, BisSes -0.378  -0.62 -1.923 0.0 7.36x1017
Se, BizOsSe, Bipy O3 -0.602 -0.708 -1.61 0.0 1.26x10%0
Se, Bip0sSe, BipSez  -0.378 -0.708 -1.835 0.0 1.25x10%°
Se, CuzSes, BipO3 -0.865 -0.62 -1.435 0.0 7.48x10%
Cuy0, CusSey, BiyO3  -0.603 -0.445 -1.61 -0.262  2.6x10
CuySe, Cup0, CuzSey -0.285 -0.318 -1.864 -0.453  1.13x10"

Bi, Cuy0, BiyO3 0.0 -0.244 -2.012 -0.664  5.61x10'®
Bi, CuySe, CuyO 0.0 -0.223 -2.054 -0.643  5.11x10'®
Bi, CusSe, CuzSes 0.0 -0.318 -2.149 -0.453 1.1x10%
Bi, CusSe,, BisSes 0.0 -0.452 -2.216 -0.252  2.33x10'
Bi, BiyO5Se, BiyO3 0.0  -0.507 -2.012 -0.402  3.44x10'
Bi, Biz0Se, BisSes 0.0 -0.582 -2.087 -0.252  5.4x10"

Table S3: Chemical potentials Ay; (in eV) in all phase regions of the quaternary Bi-Cu-Se-O phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.



Native Defects in BiCuSeO
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Figure S3: Formation energy (AFEpq) as a function of Fermi energy (Fr) of all native defects in BiCuSeO
under the most Cu-rich condition where BiCuSeO is in equilibrium with Bi, CusSe, and CusO.



Group-2 Doping: Mg, Ca, Sr, Ba

(a) most Cu-poor/Mg-rich

(b) most Cu-poor/Ca-rich

cag,” |
a(‘u

VCu

Cag

(c) most Cu-poor/Sr-rich

(d) most Cu-poor/Ba-rich

Ba(‘,u
3+ /' B 7
//SrCu
S 27 1T 1
)
[
Sy 1 |
\ VCU
VCu BaBi
0 W‘ | i \
0.0 0.2 0.4 0.6 08 0.0 0.2 0.4 0.6 0.8
E-(eV) E-(eV)

Figure S4: Formation energy of defects associated with (a) Mg, (b) Ca, (c) Sr, and (d) Ba doping under
the most Cu-poor and dopant-rich conditions i.e., phase regions that yield the highest hole concentrations.
BiCuSeO is in equilibrium with the following phases: (a) Se, MgO, BisO3Se, and BizOs, (b) Se, CaO,
CusSesy, and CaSeOs, (c) SrSeOs, SrSe, BipO5Sra, and CusSes, and (d) BaCusSes, BaSeOs, CusSes, and

BayBisOg. Native defects of BiCuSeO (Figure 2 in main text) are shown in lighter colors.



Group-17 Doping: F
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Figure S5: Formation energy of defects associated with F doping under the most Cu-rich condition, where
BiCuSeO is in equilibrium with Bi, CusO, CuySe, and BiFO. Native defects of BiCuSeO (Figure 2 in main
text) are shown in lighter colors. The equilibrium Fermi energy (En?), as determined by charge neutrality
at 973 K, is marked with a dotted vertical line.



Group-1 Doping: Li
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Figure S6: Formation energy of defects associated with Li doping in BiCuSeO under the most Cu-rich
condition where BiCuSeO is in equilibrium with Bi, CusO, BisO3, and CugLigOg. Native defects of BiCuSeO
(Figure 2 in main text) are shown in lighter colors. The equilibrium Fermi energy (Eg'), as determined by
charge neutrality at 973 K, is marked with a dotted vertical line.



Group-12 Doping: Zn
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Figure S7: Formation energy of defects associated with Zn doping in BiCuSeO under the thermodynamic
conditions where BiCuSeO is in equilibrium with Bi, CusgSes, ZnSe, and ZnO. Native defects of BiCuSeO
(Figure 2 in main text) are shown in lighter colors. The equilibrium Fermi energy (Ep'), as determined by
charge neutrality at 973 K, is marked with a dotted vertical line.
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Group-3 Doping: Sc, Y
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Figure S8: Formation energy of defects associated with (a) Sc, and (b) Y doping in BiCuSeO under the
most Cu-rich conditions where BiCuSeO is in equilibrium with (a) Bi, CusSe, CuyO, and CuOsSe, and (b)
Bi, CuaSe, Cup0, and Y203. Native defects of BiCuSeO (Figure 2 in main text) are shown in lighter colors.
The equilibrium Fermi energy (Ep?), as determined by charge neutrality at 973 K, is marked with a dotted
vertical line.
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Group-4 Doping: Ti, Zr, Hf
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Figure S9: Formation energy of defects associated with (a) Ti, (b) Zr, and (c¢) Hf doping in BiCuSeO under
Cu-rich conditions where BiCuSeO is in equilibrium with (a) Bi, CusSe, CusO, and BizO;Tis, (b) Bi, CusSe,
Cu 0, and ZrOsq, and (c) Bi, CusSe, CupO, and HfO,. Native defects of BiCuSeO (Figure 2 in main text)
are shown in lighter colors. The equilibrium Fermi energy (Epn'), as determined by charge neutrality at 973
K, is marked with a dotted vertical line.
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Group-13 Doping: Al, Ga, In, and T1
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Figure S10: Formation energy of defects associated with (a) Al, (b) Ga, (¢) In, and (d) T1 doping in BiCuSeO
under Cu-rich conditions where BiCuSeO is in equilibrium with (a) Bi, CuaSe, Cuz0, and AlCuO,, (b) Bi,
CusSe, Cu0, and CuGaOs, (¢) Bi, CusSe, Cuz0O, and CulnOs, and (d) Bi, CusSe, Cuy0O, and CuySesT1.
Native defects of BiCuSeO (Figure 2 in main text) are shown in lighter colors. The equilibrium Fermi energy
(ExY), as determined by charge neutrality at 973 K, is marked with a dotted vertical line.
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Group-14 Doping: Si, Ge, Sn, Pb
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Figure S11: Formation energy of defects associated with (a) Si, (b) Ge, (c) Sn, and (d) Pb doping in BiCuSeO
under Cu-rich conditions where BiCuSeO is in equilibrium with a) Bi, CusSe, Cuz0, and BisO128Sis, (b) Bi,
CusSe, Cuz0, and BigGe3z012, (¢) Bi, Cup0, BizO7Sns, and CusSe, and (d) Bi, PbSe, CuzSes, and BisSes.
Native defects of BiCuSeO (Figure 2 in main text) are shown in lighter colors. The equilibrium Fermi energy

(Ex?), as determined by charge neutrality at 973 K, is marked with a dotted vertical line.
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Phase Equilibria of Mg-Doped BiCuSeO

Equilibrium Phases Appi Apcu Apnmg Apo Apse p—n (cm™3)

Se, MgO, CusSes, BisSes 0.378  -0.62 -4.323 -1.923 0.0 7.39x109
Se, MgO, Bi»0,Se, Bi,O;  -0.602 -0.708 -4.636 -1.61 0.0 1.26x102°
Se, MgO, Bi»0,Se, BisSe;  -0.378 -0.708 -4.411 -1.835 0.0 1.25%1020

Se, MgO, CusSes, BizO3 -0.865 -0.62 -4.811 -1.435 0.0 7.53x 10"
Bi, MgO, Biy05Se, BiySes 0.0 -0.582 -4.159 -2.087 -0.252  5.39x10'
Bi, CuzSe, MgO, Cu,O 0.0 -0.223 -4.192 -2.054 -0.643  5.24x10'®
Bi, MgO, Cuy0, Biy O3 0.0 -0.244 -4.234 -2.012 -0.664  5.67x10'®
Bi, MgO, Biy03Se, Biy 03 0.0  -0.507 -4.234 -2.012 -0.402  3.45x10%
Bi, MgO, CuszSes, BisSes 0.0 -0.452 -4.03 -2.216 -0.252  2.36x10%
Bi, CuySe, MgO, CusSe, 0.0 -0.318 -4.097 -2.149 -0.453  1.12x10"

MgO, CusSes, Cuy0, BisO3 -0.603 -0.445 -4.636 -1.61 -0.262  2.63x10'7
CusSe, MgO, CusSes, CunO  -0.285 -0.318 -4.382 -1.864 -0.453 1.16x 10

Table S4: Chemical potentials Ay; (in €V) in all phase regions of the quinary Bi-Cu-Se-O-Mg phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibria of Ca-Doped BiCuSeO

Equilibrium Phases Appi Apca  Apce  Apo  Apse  p—n (em™3)
Se, Ca0, CusSes, BizSes -0.378 -4.659 -0.62 -1.923 0.0 1.38x10%!
Se, Ca0, CaO3Se, BisSes -0.378 -4.723 -0.684 -1.859 0.0 1.19x 102!

Se, BizO2Se, CaO3Se, BizSes -0.378  -4.795 -0.708 -1.835 0.0 8.89x10%°

Se, Ca0, CuzSes, CaO3Se -0.441 -4.723  -0.62 -1.859 0.0 1.53x10%!
Se, CusSey, BiyO3, CaO3Se -0.865 -5.995 -0.62 -1.435 0.0 7.65x10%°
Se, Biz05Se, Biy03, CaO3Se -0.602 -547 -0.708 -1.61 0.0 1.45x1020
Bi, CaO, Cuy0, Biy03 0.0  -457 -0.244 -2.012 -0.664  1.11x10%
Bi, CaO, CuySe, CuO 0.0 -4.528 -0.223 -2.054 -0.643  1.41x10%
Bi, CaO, Biy04Se, BisSes 0.0 -4.495 -0.582 -2.087 -0.252  3.88x10%°
Bi, CaO, BiyOsSe, BiyO3 0.0 -4.57  -0.507 -2.012 -0.402  2.53x102%°
Bi, CaO, CusSe,, BisSes 0.0  -4.366 -0.452 -2.216 -0.252  4.48x10?%°
Bi, CaO, CusSe, CusSes 0.0  -4.433 -0.318 -2.149 -0.453  3.44x10?%

Ca0, Biy035Se, CaO3Se, BisSes -0.354 -4.731  -0.7 -1.851 -0.016 1.05x 102!
Ca0, CusSe, Cux0, CusSes -0.285 -4.718 -0.318 -1.864 -0.453  3.95x10?%°
Ca0, Biy058e, Biy03, CaO38e  -0.353 -4.806 -0.625 -1.776 -0.166 7x10%0

Ca0, Cuy0, BiyO3, CaO3Se -0.485 -4.894 -0.406 -1.688 -0.341 6.1x1020
Cuy0, CusSes, BiyO3, CaO3Se  -0.603 -5.208 -0.445 -1.61 -0.262  2.97x10%°
Ca0, Cuy0, CuzSey, CaO3Se  -0.496 -4.886 -0.402 -1.696 -0.327  6.81x10%°

Table S5: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Ca phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibria of Sr-Doped BiCuSeO

Equilibrium Phases Appi  Apcy  Apo  Apse  Apsy  p—n (em™3)
Bi, SeSr, CuszSey, BiySes 0.0 -0.452 -2.216 -0.252 -4.274  5.95x10%°
Bi, Cuy0, BiyO3, Bi;O4Sr 0.0 -0.244 -2012 -0.664 -4.72  5.66x10"
Bi, CuySe, Cuy0, BipO,Sr 0.0 -0.223 -2.054 -0.643 -4.551 1.2x1020
Bi, CusSe, BiyO5Srs, Biz04Sr 0.0 -0.258 -2.089 -0.573 -4.411  2.66x10%°
Bi, CuySe, BiyO5Srs, CusSes; 0.0 -0.318 -2.149 -0.453 -4.261  6.19x10%°
Bi, SeSr, BipO5Sry, CuszSes 0.0 -0.386 -2.183 -0.351 -4.175  8.91x10%
03SeSr, SeSr, CuzSes, BisSes -0.313  -0.591 -1.973 -0.043 -4.483  1.7x10?!
03SeSr, SeSr, BipO5Srs, BiaSes -0.256  -0.61 -1.973 -0.081 -4.445  1.59x102!

03SeSr, BigO5Sry, BioaO4Sr, BigSes  -0.242  -0.66 -1.927 -0.09 -4.573  1.05x10%!
03SeSr, Bis05Se, BinO4Sr, BisSes -0.244 -0.663 -1.924 -0.089 -4.583 1.02x 102t
03SeSr, Cuy0, CuzSey, BioO4Sr -0.474 -0.394 -1.712 -0.339 -4.968  4.02x10%°
03SeSr, BisO5Sry, CusSeq, BioO4Sr  -0.371  -0.445 -1.842 -0.262 -4.658 1.09% 102!
03SeSr, Cuy0, CuzSes, BisO3 -0.603 -0.445 -1.61 -0.262 -5.353 1.29% 1020
03SeSr, SeSr, BiyO5Sra, CuszSes -0.289 -0.544 -1.973 -0.114 -4.412 1.92x 102!
03SeSr, Biy05Se, BisO3, BiasO4Sr -0.356  -0.625 -1.774 -0.164 -4.958 3.1x102%0
03SeSr, Cuy0, BiyO3, Bip04Sr -0.487 -0.407 -1.687 -0.339 -5.045  3.03x10%°
CusySe, BipO5Srs, CusSey, BioO4Sr -0.18  -0.318 -1.969 -0.453 -4.531  5.04x10%°

CuySe, CuyO, CusSey, BioO4Sr -0.285 -0.318 -1.864 -0.453 -4.741  3.4x10%°
Se, 03SeSr, Biy0sSe, BiyO3 -0.603 -0.708 -1.61 0.0 -5615  1.29%x10%
Se, 03SeSr, CuzSes, BizO3 -0.865 -0.62 -1.435 0.0  -6.14 7.53x10%9
Se, 03SeSr, Bis05Se, BisSes -0.378 -0.708 -1.835 0.0  -4.94  4.03x10%
Se, 03SeSr, CuzSes, BiySes -0.378 -0.62 -1.923 0.0  -4.677  1.22x10%*!

Table S6: Chemical potentials Agy; (in €V) in all phase regions of the quinary Bi-Cu-Se-O-Sr phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibria of Ba-Doped BiCuSeO

Equilibrium Phases Appa  Appi  Apce  Apo  Apse p—n (em™3)
Se, BiySes, BaO3Se, CusSes -4.722  -0.378  -0.62 -1.923 0.0 8.82x 10"
Se, BiySes, Biz02Se, BaO3Se -4.985 -0.378 -0.708 -1.835 0.0 1.25%1020
Se, BaO3sSe, CusSey, BizO3 -6.185 -0.865 -0.62 -1.435 0.0 7.5x10%
Se, Biy05Se, BaO3Se, Biy O3 -5.66  -0.603 -0.708 -1.61 0.0 1.26x10%°
BiySes, BaSe, BaBiSes, BaCuySes -4.399 -0.169 -0.609 -2.003 -0.139  1.12x10%°
BiySes, BaCuySey, BaO3Se, CuzSes -4.643 -0.351 -0.608 -1.943 -0.018  9.45x10"

BisSes, BaBiSes, BaCusSes, BaO3Se -4.448 -0.218 -0.617 -1.979 -0.106 1.16x 1020

BisSes, BaSe, Bis0,Se, BaO3Se 4.380 -0.154 -0.633 -1.984 -0.149  1.17x10%°
Bi,Ses, BaSe, BaBiSes, BaOsSe -4.399 -0.169 -0.628 -1.984 -0.139  1.18x1020
CUQO, BaO;;Se, CugSeg, BagBi408 -4.706 -0.372 -0.353 -1.795 -0.401 4.84 % 1019

BaCusSes, BaO3Se, CusSes, BagBisOs -4.433 -0.281 -0.398 -1.908 -0.333 1.33x10%°

Cuy0, BaO3Se, CuszSes, BiyO3 -5.398 -0.603 -0.445 -1.61 -0.262 2.62x101°
Cuy0, BaO38Se, Biy O3, BayBisOg -4.844 -0.395 -0.376 -1.748 -0.401 2.94x101?
Biy05Se, BaO3Se, BisO3, BayBiyOg -4.757  -0.264 -0.595 -1.836 -0.226  6.61x10'°
BaSe, Bi»0,Se, BaO3Se, BayBisOg -4.386 -0.153 -0.632 -1.984 -0.152 1.17x10%0

BaSe, BaCu,Ses, BaO3Se, BayBiyOg -4.357 -0.167 -0.588 -1.984 -0.181 1.28x102°
BaSe, BaBiSe;, BaCuySes, BaO3Se -4.412  -0.194 -0.615 -1.984 -0.126 1.2x10%0
BaCuySes, CuzSey, CusSe, BapBisOg  -4.353 -0.161 -0.318 -1.988 -0.453  8.68x10%

Cuy0, CusSey, CuySe, BagBisOg -4.601 -0.285 -0.318 -1.864 -0.453  4.84x10"
Bi, Cus0, CusSe, BayBi,Og -4.411 0.0 -0.223 -2.054 -0.643  1.93x10%
Bi, BaCuySez, CusSe, BagBisOg -4.246 0.0  -0.264 -2.095 -0.56 5.07x10%°
Bi, Cuy0, BiyO3, BayBisOg -4.581 0.0 -0.244 -2.012 -0.664  9.38x10'8
Bi, BaCusSey, CusSes, CuySe -4.353 0.0  -0.318 -2.149 -0.453  3.76x10'?
Bi, BiySes, BaCuySes, CuszSes; -4.487 0.0 -0.452 -2.216 -0.252  2.87x10'9
Bi, BaSe, BaCusSes, BayBisOg -4.246 0.0 -0.532 -2.095 -0.292  8.36x10'9
Bi, Biy02Se, Biy03, BayBiyOg 4581 0.0 -0.507 -2.012 -0.402  3.6x10"
Bi, BaSe, BizO,Se, BayBisOg -4.284 0.0 -0.581 -2.086 -0.254  8.02x10'
Bi, BisSes, BaSe, Bio0,Se -4.286 0.0  -0.582 -2.087 -0.252 8x10'9

Bi, BisSes, BaSe, BaCusSes -4.286 0.0  -0.553 -2.116 -0.252  7.29x10%
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Table S7: Chemical potentials Ay; (in €V) in all phase regions of the quinary Bi-Cu-Se-O-Ba phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Li-Doped BiCuSeO

Equilibrium Phases Appi Apcy  Apni Apo Apse p—n (em™3)
Se, CusSes, BisSes, BigLizsOoy -0.378  -0.62 -2.217 -1.923 0.0 1.12x1020
Se, BizO5Se, BipyO3, BiLiO, -0.603 -0.708 -2.509 -1.61 0.0 1.44x10%0
Se, Biz04Se, BiLiOs, BigLizgOg4 -0.438 -0.708 -2.345 -1.775 0.0 1.22x10%°
Se, Bip04Se, BisSes, BigLingOa4 -0.378 -0.708 -2.305 -1.835 0.0 1.09x10%°
Se, LisO5Se, CuzSes, BigLinsOoy -0.609 -0.62 -2.372 -1.691 0.0 1.75x10%°
Se, Li;O5Se, CusSey, BiyO3 -0.865 -0.62 -2.691 -1.435 0.0 1.48x10%°
Se, LisO5Se, BiLiO3, BigLizgOoy -0.594 -0.655 -2.397 -1.671 0.0 1.57x10%°
Se, Li;O5Se, Biy 03, BiLiO, -0.676 -0.683 -2.534 -1.561 0.0 1.48x10%°
Bi, Biz05Se, BisSes, BigLizgOa4 0.0 -0.582 -2.179 -2.087 -0.252  4.61x10"
Bi, BiLiOs, CugLigOg, BigLizsO24 0.0 -0.329 -2.199 -2.067 -0.525  2.62x10%Y
Bi, Bix04Se, BiLiOs, BigLizsOo4 0.0 -0.562 -2.199 -2.067 -0.292  4.48x10'Y
Bi, Bi;05Se, Biy O3, BiLiO, 0.0 -0.507 -2.309 -2.012 -0.402  3.57x10"
Bi, Bi, O3, BiLiOg, CugLigOg 0.0 -0.274 -2.309 -2.012 -0.634  1.53x10"
Bi, Cuy0, Biy O3, CugLigOsg 0.0 -0.244 -2.338 -2.012 -0.664  1.28x10"
Bi, CusSe, Cus0, CugLigOsg 0.0 -0.223 -2317 -2.054 -0.643  1.41x10"
Bi, CusSes, BisSes, BigLizsOg4 0.0 -0.452 -2.049 -2.216 -0.252  4.26x10'
Bi, CuySe, CuzSey, CugLigOg 0.0 -0.318 -2.127 -2.149 -0.453  3.45x10"
Bi, CuzSey, CugLigOg, BigLizgOoy 0.0 -0.329 -2.111 -2.155 -0.437  3.66x10"

CusSes, BiLiOs, CugLigOs, BigLipgOq  -0.527 -0.505 -2.375 -1.715 -0.173  1.23x102°

CusSes, BiyOg3, BiLiOs, CugLigOg -0.692 -0.505 -2.539 -1.55 -0.173 1.25%x 1020
Cup0, CusSes, BisO3, CugLigOg -0.603 -0.445 -2.539 -1.61 -0.262  8.63x10"
LisO5Se, CusSes, BiyOg, BiLiO, -0.739 -0.536 -2.555 -1.519 -0.126 1.43%x 1020

LisO5Se, CusSes, BiLiOs, BigLissOo4 -0.63 -0.573 -2.409 -1.647 -0.071 1.65x10%0
CusSe, Cus0, CusSeq, CugLigOg -0.285 -0.318 -2.412 -1.864 -0.453 3.66x101?

Table S8: Chemical potentials Ay; (in €V) in all phase regions of the quinary Bi-Cu-Se-O-Li phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Zn-Doped BiCuSeO

Equilibrium Phases Appi  Apca  Apo  Apse  Apzn  p—n (em™3)

Bi, BizO5Se, BiySes, SeZn 0.0 -0.582 -2.087 -0.252 -1.496  6.54x10'®

Bi, Bi;05Se, SeZn, OZn 0.0 -0579 -2.084 -0.256 -1.492  6.37x10'8
Bi, CusSe, Cux0, OZn 0.0 -0.223 -2.054 -0.643 -1.522  4.3x10'8
Bi, Cu,0, Biy03, OZn 0.0 -0.244 -2.012 -0.664 -1.564  4.94x10'8
Bi, Bi»05Se, BisO3, OZn 0.0 -0.507 -2.012 -0.402 -1.564  9.63x10'8
Bi, BisSes, CusSes, SeZn 0.0 -0452 -2216 -0.252 -1.496  6.37x10'8
Bi, CusSes, SeZn, OZn 0.0 -0.384 -2.182 -0.354 -1.394  3.33x10'8
Bi, CusSe, CusSes, OZn 0.0 -0.318 -2.149 -0.453 -1.427  3.99x10'8

CuySe, Cuy0, CuzSey, OZn  -0.285 -0.318 -1.864 -0.453 -1.712  1.04x10%
Cuy0, CusSes, BisO3, OZn  -0.603 -0.445 -1.61 -0.262 -1.966  2.55x10"?
Se, CusSes, BisO3, OZn -0.865 -0.62 -1.435 0.0 -2.141 7.29x101°
Se, Bi05Se, BisSes, SeZn  -0.378 -0.708 -1.835 0.0 -1.748  2.89x10'
Se, Biy05Se, SeZn, OZn -0.385 -0.708 -1.828 0.0 -1.748  2.89x10%
Se, Biy05Se, Biy03, OZn -0.603 -0.708 -1.61 0.0 -1.966  8.07x10"
Se, BiySes, CuzSes, SeZn -0.378  -0.62 -1.923 0.0 -1.748  2.76x10"?
Se, CusSes, SeZn, OZn -0.472 -0.62 -1.828 0.0 -1.748  2.77x10V

Table S9: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Zn phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.

21



Phase Equilibriua of Al-Doped BiCuSeO

Equilibrium Phases Apar Appi Apcy Apo  Apse p—n (cm™3)
Se, AlyOs, BiySes, CusSes 5.916 -0.378 -0.62 -1.923 00  7.36x10%
Se, Biy0sSe, BiyOs, AlyBiyOq 6.484 -0.602 -0.708 -1.61 00  1.26x1020
Se, BipOsSe, BisSes, Al4BisOg -6.09 -0.378 -0.708 -1.835 0.0 1.25x10%°
Se, Aly03, BisSes, AlyBizOg -5.962 -0.378 -0.651 -1.892 0.0 8.88x 107
Se, AlyO3, CuzSes, Al4BisOg -6.055 -0.47  -0.62  -1.83 0.0 7.46x101?
Se, CugzSes, Bis O3, AlyBisOg -6.746 -0.865 -0.62 -1.435 0.0 7.5x10%°
Cuz 0, CusSesz, AlCuOs, BisO3 -6.523 -0.603 -0.445 -1.61 -0.262 2.61x101°

CusSez, AICuOs, BixOs, AL,BinOg  -6.602 -0.721 -0.524 -1.531 -0.145  4.22x10'°
Al,O3, CusSes, AlCuOs, AlyBisO9  -5.614 -0.029 -0.326 -2.124 -0.441  1.17x10%

CusSe, Cup0, CusSes, AICuO, -6.142  -0.285 -0.318 -1.864 -0.453 1.13x 10
CusSe, Al,O3, CusSes, AICuO, -5.59  -0.009 -0.318 -2.14 -0.453 1.1x10%
Bi, CusSe, Al;O3, CuszSes -5.576 0.0  -0.318 -2.149 -0.453 1.1x10%
Bi, Al,O3, BisSes, CusSes -5.476 0.0  -0.452 -2.216 -0.252  2.34x10%
Bi, CuySe, Cuy,0, AlCuO, -5.857 0.0  -0.223 -2.054 -0.643  5.11x10'8
Bi, CusSe, Al,O3, AlICuO, -5.,581 0.0 -0.315 -2.146 -0.459  1.08x10%
Bi, Al,O3, AlICuO,, Al;BisOq -5.,585 0.0 -0.316 -2.143 -0.46 1.08x10"
Bi, AlICuO,, Biy03, Al;BiyOq -5.881 0.0 -0.283 -2.012 -0.625  7.59x10'®
Bi, Cup0, AICuO,, BiyO3 -5.92 0.0 -0.244 -2.012 -0.664  5.61x10'®
Bi, Biy0sSe, BiyO3, Al4BiyOg -5.881 0.0  -0.507 -2.012 -0.402  3.45x10'
Bi, BiyOsSe, BisSes, Al;BisOq -5.712 0.0 -0.582 -2.087 -0.252  5.39x10%
Bi, Al;O3, BisSes, AlyBiyOg -5.585 0.0  -0.525 -2.143 -0.252  3.77x10'°

Table S10: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Al phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Ga-Doped BiCuSeO

Equilibrium Phases Appi  Apca  Apca  Apo  Apse p—n (em™3)
Se, CuzSez, GayO3, BigSes -0.378  -0.62 -2.811 -1.923 0.0 7.36x10'°
Se, Bis05Se, BiaGaysOg, BisO3 -0.602 -0.708 -3.341 -1.61 0.0 1.26x102°
Se, BioGay O, GagO3, BixSes -0.378 -0.701 -2.933 -1.842 0.0 1.19x1020
Se, Biz05Se, BiyGaysOy, BisSes -0.378  -0.708 -2.948 -1.835 0.0 1.24x1020
Se, BizGas0g, CusSey, GagOs -0.62 -0.62 -3.175 -1.68 0.0 7.48%x10%
Se, BioGay 09, CuzSes, BizO3 -0.865 -0.62 -3.604 -1.435 0.0 7.5%x10%
Bi, Cup0, CuGaO,, BiyO3 0.0 -0.244 -2.754 -2.012 -0.664  5.61x10'®
Bi, Bip04Se, BiyGayOg, BisSes 0.0 -0.582 -2.57 -2.087 -0.252  5.37x10"
Bi, Bi;Ga, 09, Gay03, BiySes 0.0 -0.575 -2.555 -2.093 -0.252  5.14x10%
Bi, BisOsSe, BisGas0g, BiyO3 0.0 -0.507 -2.739 -2.012 -0.402  3.45x10'?
Bi, CuGaO,, BiyGa,09, Gay03 0.0  -0.28 -2.555 -2.093 -0.546  8.27x10'®
Bi, CuGaO,, BiyGa,0y, BizO3 0.0  -0.26 -2.739 -2.012 -0.648  6.37x10'®
Bi, CuySe, CuGaO,, GayO3 0.0 -0.274 -2.537 -2.105 -0.54 8x10'®
Bi, CuySe, Cuy,0, CuGaO, 0.0 -0.223 -2.691 -2.054 -0.643  5.11x10'®
Bi, CusSes, GasOs, BisSes 0.0 -0.452 -2.371 -2.216 -0.252  2.33x10'
Bi, CusSe, CusSes, GasO5 0.0 -0.318 -2.471 -2.149 -0.453 1.1x10%

CuGaOg, BiQGa4097 CU3Se27 G8.203 -0.221 -0.354 -2.776 -1.946 -0.399 1.44x 1019
CuGaOs,, BixGas0g, CusSes, BisO5  -0.65 -0.477 -3.389 -1.578 -0.215  3.17x10'°

Cuz0, CuGa0s, CusSes, BisOs -0.603 -0.445 -3.357 -1.61 -0.262  2.61x10"
CusSe, Cuy0, CuGaO,, CusSes; -0.285 -0.318 -2.976 -1.864 -0.453  1.13x10'°
CusSe, CuGaO,, CusSes, Gay0s -0.131 -0.318 -2.668 -2.018 -0.453  1.13x10%

Table S11: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Ga phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of In-Doped BiCuSeO

Equilibrium Phases Appi  Apca  Apm Apo  Apse p—n (em™3)
Se, Ins O3, CuzSes, CulnSeq -0.379  -0.62 -1.896 -1.921 0.0 7.34%10%°
Se, CusSey, CulnSey, BiySes -0.378  -0.62 -1.896 -1.923 0.0 7.34x10%
Se, Iny O3, Bis05Se, BiyO3 -0.602 -0.708 -2.362 -1.61 0.0 1.26x102°
Se, Iny O3, CulnSey, BiySes -0.378  -0.621 -1.895 -1.922 0.0 7.39x 10"
Se, Iny O3, Bis02Se, BiySes -0.378  -0.708 -2.025 -1.835 0.0 1.24x10%°
Se, Iny03, CuzSes, BiyO3 -0.865 -0.62 -2.625 -1.435 0.0 7.48x10%
Bi, InyO3, Bi05Se, BiySes 0.0 -0.582 -1.648 -2.087 -0.252  5.36x10'
Bi, InyO3, CulnSes, BisSes 0.0 -0.495 -1.518 -2.173 -0.252  3.08x10%
Bi, InyO3, Biz05Se, BiyO3 0.0 -0.507 -1.76 -2.012 -0.402  3.45x10"
Bi, CuySe, InyO3, CulnO, 0.0 -0.223 -1.696 -2.054 -0.642  5.13x10'®
Bi, CuySe, Cuy0, CulnO, 0.0 -0.223 -1.697 -2.054 -0.643  5.11x10'®
Bi, Cuy0, CulnO,, BiyO3 0.0 -0.244 -1.76 -2.012 -0.664  5.61x10'®
Bi, InyO3, CulnOs, BiyO3 0.0 -0.245 -1.76 -2.012 -0.664  5.65x10'®
Bi, CusSey, CulnSes,, BisSes 0.0 -0.452 -1.56 -2.216 -0.252  2.33x10"
Bi, InyO3, CusSes, CulnSe, 0.0 -0.413 -1.482 -2.197 -0.31 1.91x10"
Bi, CuySe, InyO3, CusSes 0.0 -0.318 -1.554 -2.149 -0.453 1.1x10%?

Iny03, CulnOy, CusSey, BipOs  -0.604 -0.446 -2.364 -1.609 -0.261  2.62x10
Cuy0, CulnOy, CusSes, BipOs  -0.603 -0.445 -2.363 -1.61 -0.262  2.6x10"°
CuySe, InyO3, CulnOs, CuzSe; -0.284 -0.318 -1.98 -1.865 -0.453  1.13x10"
CugSe, Cuy0, CulnO,, CuzSe; -0.285 -0.318 -1.982 -1.864 -0.453  1.13x10'°

Table S12: Chemical potentials Ay; (in €V) in all phase regions of the quinary Bi-Cu-Se-O-In phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Tl-Doped BiCuSeO

Equilibrium Phases Appi Apca Apo  Apse  Apti p—n (em™3)
Bi, BizO,Se, BiSe;T1, BiySes 0.0 -0.582 -2.087 -0.252 -0.659  5.39x10%
Bi, BiSe,Tl, BiyO3, Se1aTlag 0.0 -0.41 -2.012 -0.498 -0.166  1.85x10%
Bi, Bip04Se, BiSesTl, BipO3 0.0 -0.507 -2.012 -0.402 -0.359  3.45x10%
Bi, BiSe, T, CusSey, BisSes 0.0 -0.452 -2.216 -0.252 -0.659  2.34x10%
Bi, BiSeyT1, Seq2Tlag, CusSe, Tl 0.0 -0.399 -2.023 -0.498 -0.166  1.74x10%
Bi, BipO3, Se12Tlyg, CusSes Tl 0.0 -0.372 -2.012 -0.537 -0.142  1.43x10%
Bi, Cuz0, BiyO3, CupSe, Tl 0.0 -0.244 -2.012 -0.664 -0.142  5.67x10'®
Bi, CuzSe, CuyO, CuySe, Tl 0.0 -0.223 -2.054 -0.643 -0.227  5.15x10'®
Bi, BiSe,T1, CusSes, CupSe, Tl 0.0 -0.399 -2.189 -0.332 -0.498  1.78x10'
Bi, CusSe, CuzSes, CusSes Tl 0.0 -0.318 -2.149 -0.453 -0.417 1.1x10%?

BiSesT1, BiyOs, Se12Tlyy, CusSes Tl -0.097  -0.447 -1.947 -0.429 -0.207  2.44x10%

CusSe, Cus0, CusSey, CusSesT1 -0.285 -0.318 -1.864 -0.453 -0.417 1.14x 1019
Cuy0, CusSesy, BisO3, CuySes Tl -0.603 -0.445 -1.61 -0.262 -0.544  2.62x10"
Se, CusSey, BisO3, CuySe, Tl -0.865 -0.62 -1.435 0.0 -0.719  7.53x10'
Se, BiSe,Tl, Bis O3, CupSes Tl -0.612 -0.704 -1.604 0.0 -0.55 1.23%x10%0
Se, Biy0sSe, BiSeyT1, BisSes -0.378 -0.708 -1.835 0.0 -0.784  1.25x10%°
Se, Biy0sSe, BiSeyT1, BipO3 -0.602 -0.708 -1.61 0.0  -0.56 1.26x10%°
Se, BiSe, T, CusSes, BiySes -0.378 -0.62 -1.923 0.0 -0.784  7.36x10"
Se, BiSeyT1, CuzSey, CupSe,T1 -0.443 -0.62 -1.857 0.0 -0.719  7.43x10%

Table S13: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-T1 phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Si-Doped BiCuSeO

Equilibrium Phases Appi Apcu  Apo  Apse  Apsi p—n (em™3)
Bi, BisO15Si3, BisSes, 05Si 0.0 -0.491 -2.177 -0.252 -5.116  3.02x10%°
Bi, Bi;012Si3, Biy05Se, BiySes 0.0 -0.582 -2.087 -0.252 -5477  5.39x10"
Bi, Cuy0, Big015Sis, BizO3 0.0 -0.244 -2.012 -0.664 -5.777  5.61x10'®
Bi, Bi;015Si3, Bi;02Se, BiyO3 0.0 -0.507 -2.012 -0.402 -5.777  3.45x10"
Bi, CuySe, Cuy0, Biy015Si3 0.0 -0.223 -2.054 -0.643 -5.608  5.11x10'®
Bi, CusSes, BisSes, 0Si 0.0 -0.452 -2216 -0.252 -5.038  2.34x10"
Bi, Bis012Si3, CusSes, 0,Si 00 -0.374 -2177 -0.369 -5.116  1.55x10"
Bi, CuySe, Bis012Si3, CuzSey 0.0 -0.318 -2.149 -0.453 -5.228  1.1x10%

Bi 015Si3, CusSes, BigSes, 0281 -0.352 -0.609 -1.942 -0.017 -5.586  6.87x10"
CusSe, Cuz0, BigO128iz, CuzSes -0.285 -0.318 -1.864 -0.453 -5.988  1.13x10%9
Cu0, Bis012Si3, CusSes, BioO3 -0.603 -0.445 -1.61 -0.262 -6.581 2.61x10"?
Se, Bi;012Si3, CuzSey, BisO3 -0.865 -0.62 -1.435 0.0  -6.931 7.5x10
Se, Bis012Si3, CuzSey, BisSes -0.378  -0.62 -1.923 00  -563  7.36x10"
Se, Bi;O12Si3, BiOsSe, BisSez  -0.378 -0.708 -1.835 0.0 -5.981  1.25x10%°
Se, Bi4012Si3, Bis02Se, BiyO3 -0.603 -0.708 -1.61 0.0 -6.581 1.26x10%0

Table S14: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Si phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Ge-Doped BiCuSeO

Equilibrium Phases Appi  Apce  Apge  Apo Apse p—n (em™3)

Se, BisGez012, CusSes, BisSes -0.378  -0.62 -2.165 -1.923 0.0 7.36x10'°
Se, Bi12GeOqg, Bis0sSe, BisGesO1a -0.582 -0.708 -3.061 -1.63 0.0 1.26x1020

Se, BijoGeOqg, Bip02Se, BiyO3 -0.603 -0.708 -3.224 -1.61 0.0 1.26x10%°
Se, Bip04Se, BigGes01o, BisSes -0.378 -0.708 -2.515 -1.835 0.0 1.25x10%°
Se, BijoGeOqg, CusSes, BizOs3 -0.865 -0.62 -3.574 -1.435 0.0 7.5x101
Se, Bij2GeOqg, BisGesO12, CusSes -0.845 -0.62 -3.411 -1.455 0.0 7.48x1019
Bi, Biz05Se, Bi4Gez012, BisSes 0.0 -0.582 -2.012 -2.087 -0.252  5.39x10%
Bi, BijoGeOqp, Biz05Se, Biz O3 0.0 -0.507 -2.421 -2.012 -0.402  3.45x10%
Bi, BijsGeOqg, Bip02Se, BisGesO1o 0.0 -0.514 -2.284 -2.018 -0.388  3.62x10"
Bi, Bi4Ge3012, CuzSes, BisSes 0.0 -0.452 -1.494 -2.216 -0.252 2.34x101?
Bi, CusSe, BigGes012, CuzSes 0.0 -0.318 -1.762 -2.149 -0.453 1.1x10%
Bi, CusSe, Cus0, BigGez Q12 0.0 -0.223 -2.142 -2.054 -0.643  5.11x10'®
Bi, Bij3GeOy, Cuy0, BisOs 0.0 -0.244 -2.421 -2.012 -0.664  5.61x10'®
Bi, Bij3GeOsyg, Cus0, BisGez012 0.0 -0.241 -2.284 -2.018 -0.661 5.54x10'8
CusSe, Cus0, BigGesOqa, CuzSes -0.285 -0.318 -2.522 -1.864 -0.453 1.13x 10
Bi12GeOyg, Cus0, CusSes, BisO3 -0.603 -0.445 -3.224 -1.61 -0.262 2.61x10"1?

BilgGeOQO, CUQO, Bi4G€3012, CU3SGQ -0.552 -0.425 -3.02 -1.651 -0.293 2.3)(1019

Table S15: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Ge phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Sn-Doped BiCuSeO

Equilibrium Phases Appi Apca  Apo  Apse  Apsn p—n (em™3)

Se, 0580, CusSes, BisSes -0.378  -0.62 -1.923 0.0 -1.897  7.36x10
Se, Bis0sSe, BisO7Sns, BiaO3 -0.603 -0.708 -1.61 0.0 -2.676  1.26x10%°
Se, BizO2Se, BioO7Sns, BisSes -0.378 -0.708 -1.835 0.0  -2.113  1.25x10%

Se, O2Sn, BisO7Sns, BisSes -0.378  -0.68 -1.863 0.0 -2.017 1.06x102%°
Se, OQSH7 B1207SH2, CU3S€2 -0.557 -0.62 -1.743 0.0 -2.256 7.48X1019
Se, BisO7Sny, CusSes, Bis O3 -0.865 -0.62 -1.435 0.0 -3.026 7.5%x10'°

CugO, B1207SH2, CuQSe, Cugseg -0.285 -0.318 -1.864 -0.453 -2.104 1.13><1019
OQSH7 BigO7Sn2, CUQSQ, CugSeg -0.104 -0.318 -2.045 -0.453 -1.652 1.13)(1019
CUQO, B1207Sn2, Cugseg, Bi203 -0.603 -0.445 -1.61 -0.262 -2.676 2.61X1019

Bi, Cuy0, BiyO7Sns, BisO3 0.0 -0.244 -2.012 -0.664 -1.873  5.61x10'®
Bi, O35n, Bi;O7Sny, CusSe 0.0 -0.283 -2.114 -0.522 -1.513  8.61x10'®
Bi, Cuy0, BipO7Sny, CusSe 0.0 -0.223 -2.054 -0.643 -1.724  5.11x10'®
Bi, O2Sn, CusSe, CusSes 0.0 -0.318 -2.149 -0.453 -1.444  1.11x10"
Bi, O3Sn, CusSes, BisSes 0.0 -0.452 -2.216 -0.252 -1.31 2.34x10%
Bi, Biy05Se, BisO7Sns, BisO3 0.0 -0.507 -2.012 -0.402 -1.873  3.45x10"
Bi, Bi»O5Se, Bi;O7Sns, BisSes 0.0 -0.582 -2.087 -0.252 -1.61 5.39x101?
Bi, 025n, BiyO7Sn,, BisSes 0.0 -0.554 -2.114 -0.252 -1.513  4.52x10"

Table S16: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Sn phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Pb-Doped BiCuSeO

Equilibrium Phases Appi  Apca  Apo  App,  Apse p—n (em™3)
Se, PbSe, CusSey, BiySes -0.378  -0.62 -1.923 -0.942 0.0 8.28x 10"
Se, PbSe, Biy05Se, Biy O3 -0.602 -0.708 -1.61 -0.942 0.0 1.92x10%0
Se, PbSe, Biy0,Se, BisSes -0.378 -0.708 -1.835 -0.942 0.0 1.3x1020
Se, PbSe, CusSey, O5PbsSe -0.772  -0.62 -1.528 -0.942 0.0 4x10%0
Se, O3PbSe, CuszSez, O5PbsSe -0.773  -0.62 -1.527 -0.943 0.0 4x10%0
Se, O3PbSe, CusSey, BiyO3 -0.865 -0.62 -1.435 -1.22 0.0 1.54x1020
Se, O3PbSe, Biy 03, O5PbsSe -0.727 -0.666 -1.527 -0.943 0.0 3.17x10%°
Se, PbSe, BiyO3, O5PbzSe -0.726  -0.667 -1.528 -0.942 0.0 3.17x10%°
Bi, PbSe, Biy0,Se, BisSes 0.0 -0.582 -2.087 -0.69 -0.252  5.62x10"
Bi, CuySe, CuyO,Pb, OPb 0.0 -0.228 -2.059 -0.335 -0.632  6.01x10"
Bi, PbSe, CuySe, OPb 0.0 -0.237 -2.068 -0.326 -0.616  6.59x10'
Bi, CuySe, CuyO, CuyO5Ph 0.0 -0.223 -2.054 -0.356 -0.643  5.31x10%
Bi, CuyO2Pb, Biy03, OPb 0.0 -0.252 -2.012 -0.382 -0.656  4.6x10'?
Bi, Cuy0, CuyO5Pb, BiyO3 0.0 -0.244 -2.012 -0.398 -0.664  4.18x10"
Bi, PbSe, BiyO3, OPb 0.0 -0.349 -2.012 -0.382 -0.56  6.32x10%
Bi, PbSe, Bis0,Se, BiyO3 0.0 -0.507 -2.012 -0.54 -0.402  5.11x10"
Bi, PbSe, CusSey, BisSes 0.0 -0.452 -2216 -0.69 -0.252  2.74x10"
Bi, PbSe, CuySe, CusSey 0.0 -0.318 -2.149 -0.489 -0.453  4.58x10"

Cuy0, CupyOoPb, CusSes, BinO3  -0.603 -0.445 -1.61  -0.8 -0.262  2.94x10%
Cup02Pb, CusSesy, BipO3, OPb -0.627 -0.461 -1.594 -0.8 -0.238  3.42x10%°
PbSe, CuzSey, O5PbsSe, OPb -0.679 -0.536 -1.579 -0.815 -0.127  4.58x102%°
CusSes, BisO3, O5PbsSe, OPb -0.688 -0.502 -1.553 -0.841 -0.178  4.03x10%°
O3PbSe, CuzSey, BizO3, O5PbsSe  -0.786 -0.567 -1.488 -0.983 -0.079  3.36x10%°
PbSe, BiyO3, O5PbsSe, OPb -0.649 -0.565 -1.579 -0.815 -0.127  3.91x10%
PbSe, CuySe, CusSes, OPb -0.244 -0.318 -1.905 -0.489 -0.453  1.56x102%°
CuySe, CuyOoPb, CuzSey, OPb -0.269 -0.318 -1.88 -0.514 -0.453  1.56x10%
CusSe, Cus0, CuzOsPb, CuzSes  -0.285 -0.318 -1.864 -0.546 -0.453  1.46x10%°

Table S17: Chemical potentials Ay; (in V) in all phase regions of the quinary Bi-Cu-Se-O-Pb phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.

29



Phase Equilibriua of Sc-Doped BiCuSeO

Equilibrium Phases Appi Apcy  Apo  Apse  Apse p—n (em™3)
Se, O3Sca, CuzSes, BixSes -0.378  -0.62 -1.923 -6.969 0.0 7.36x10%9
Se, 03Scy, Biz0sSe, Bip O3 -0.602 -0.708 -1.61 -7.437 0.0 1.26x10%°
Se, O3Sca, Biz0sSe, BigSes -0.378 -0.708 -1.835  -7.1 0.0 1.25x10%0
Se, O3Scy, CusSey, BioO3 -0.865 -0.62 -1.435 -7.7 0.0 7.5x101°
Bi, 03Scs, Biz0sSe, BisSes 0.0 -0.582 -2.087 -6.723 -0.252  5.39x10%
Bi, CuzSe, CuyO, CuO,Sc 0.0 -0.223 -2.054 -6.817 -0.643  5.11x10'®
Bi, O3Scy, CuySe, CuO,Sc 0.0 -0.253 -2.084 -6.726 -0.582  6.72x10'®
Bi, O3Scy, CuO3Sc, BipO3 0.0  -029 -2012 -6.835 -0.619  7.98x10'®
Bi, Cup0, CuO,Sc, BiyO3 0.0 -0.244 -2.012 -6.881 -0.664  5.61x10'®
Bi, O3Scy, Biz058e, BiyO3 0.0 -0.507 -2.012 -6.835 -0.402  3.45x10%
Bi, O3Scy, CusSes, BisSes 0.0 -0.452 -2.216 -6.528 -0.252  2.34x10'
Bi, O3Scy, CusSe, CusSes 0.0 -0.318 -2.149 -6.629 -0.453 1.1x10"?

03Scy, CusSe, CuOsSc, CuzSes  -0.194  -0.318 -1.955 -6.92  -0.453 1.13x10%
CusSe, Cup0, CuO5Sc, CusSes -0.285 -0.318 -1.864 -7.102 -0.453 1.13x10%
03Scy, CuOsSc, CusSes, BisO3  -0.739  -0.536 -1.519 -7.574 -0.126  4.54x10'
Cuy0, CuO5Sc, CusSes, BioO3  -0.603 -0.445 -1.61 -7.483 -0.262 2.61x10"1°

Table S18: Chemical potentials Agy; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Sc phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Y-Doped BiCuSeO

Equilibrium Phases Appi Apca  Apo  Apse  Apy  p—n (cm™?)
Bi, Bi;O5Se, BisSes, O3Y5 0.0 -0.582 -2.087 -0.252 -6.748 5.31e+19
Bi, Cus0, BiyO3, O3Ys 0.0 -0.244 -2012 -0.664 -6.86  5.59-+18
Bi, CusSe, Cus0, O3Y 0.0 -0.223 -2.054 -0.643 -6.796 5.08e+18
Bi, BizO5Se, Biz O3, O3Y, 0.0 -0.507 -2.012 -0.402 -6.86 3.44e+19
Bi, CuzSes, BisSes, O3Y2 0.0 -0.452 -2.216 -0.252 -6.553 2.04e+19
Bi, CusSe, CugSes, O3Ys 0.0  -0.318 -2.149 -0.453 -6.654  1.05¢-+19

CusSe, Cuy0, CusSes, O3Ys  -0.285 -0.318 -1.864 -0.453 -7.082  1.12e+19
Cus0, CugSes, BiyOs, O3,  -0.603 -0.445 -1.61 -0.262 -7.463  2.59e+19
Se, CusSes, BisO3, O3Y 0865 -0.62 -1.435 0.0 -7.725  7.46e+19
Se, Bi;05Se, BisSes, O3Ys  -0.378 -0.708 -1.835 0.0  -7.125  1.22e+20
Se, Bi;05Se, BisO3, O5Y;  -0.602 -0.708 -1.61 0.0  -7.462  1.25e+20
Se, CusSes, BisSes, O3Y5 0378  -0.62 -1.923 0.0 -6.994  6.67e+19

Table S19: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Y phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Ti-Doped BiCuSeO

Equilibrium Phases Appi  Apca  Apo  Apse  Apti p—n (em™3)
Bi, BizO5Se, BipO;Tis, BisSes 0.0 -0.582 -2.087 -0.252 -5.733  5.39x10%
Bi, Bi;O7Tia, O5Ti, BiySes 0.0 -0.567 -2.101 -0.252 -5.683  4.91x10%
Bi, Biy02Se, BiyO7Tiy, BiyOs3 0.0 -0.507 -2.012 -0.402 -5996  3.45x10"
Bi, CuySe, Cuy0, Biy07Tiy 0.0 -0.223 -2.054 -0.643 -5.847  5.11x10'®
Bi, CuySe, BiyO7Tiy, OoTi 0.0  -027 -2101 -0.549 -5.683  7.74x10'®
Bi, Cuy0, Biy07Tiy, BizO3 0.0 -0.244 -2.012 -0.664 -5.996  5.61x10'®
Bi, CusSes, O, Ti, BisSes 0.0 -0.452 -2216 -0.252 -5.453  2.34x10"
Bi, CusSe, CuzSes, OTi 0.0 -0.318 -2.149 -0.453 -5.587 1.1x101?

CuySe, Cuy0, BigO7Tip, CugSes -0.285 -0.318 -1.864 -0.453 -6.227  1.13x10'°
CusSe, BisO;Tis, CuzSes, OoTi  -0.144 -0.318 -2.005 -0.453 -5.875 1.13x10%
Cuy0, BiyO7Tis, CusSes, BisO3 -0.603 -0.445 -1.61 -0.262 -6.799  2.61x10
Se, BiyO7Tia, CusSes, BizO3 -0.865 -0.62 -1.435 0.0 -7.149  7.5x10%
Se, BiyO7Tia, CusSes, O, Ti -0.597  -0.62 -1.703 0.0  -6.479  7.48x10"
Se, Bi;05Se, Biy07Tiy, BigSes  -0.378 -0.708 -1.835 0.0  -6.237  1.25x10%°

Se, BiyO7Tiy, O5Ti, BisSes -0.378 -0.693 -1.849 0.0 -6.186 1.14x10%0
Se, Biy05Se, BisO7Tig, BisO3 -0.602 -0.708 -1.61 0.0 -6.799  1.26x10%°
Se, CuzSes, O,Ti, BisSes -0.378  -0.62 -1.923 0.0 -6.04 7.36x10'°

Table S20: Chemical potentials Agy; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Ti phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Zr-Doped BiCuSeO

Equilibrium Phases Appi  Apcu  Apo  Apse  Apze p—n (cm™?)
Bi, BizO5Se, OZr, BiySes 0.0 -0.582 -2.087 -0.252 -7.229  5.39x10%
Bi, CuySe, Cuy0, OyZr 0.0 -0.223 -2.054 -0.643 -7.294  5.11x10'®
Bi, Cuy0, O57Zr, BiyO3 0.0 -0.244 -2.012 -0.664 -7.379  5.61x10'®
Bi, Biy0sSe, 0sZr, BiyOs3 0.0 -0.507 -2.012 -0.402 -7.379  3.45x10"
Bi, O5Zr, CusSey, BisSes 0.0 -0.452 -2216 -0.252 -6.97  2.34x10"
Bi, CuySe, O2Zr, CusSes 0.0 -0.318 -2.149 -0.453 -7.104  1.1x10%

Cuy0, O9Zr, CuzSey, Bip0O3 -0.603 -0.445 -1.61 -0.262 -8.182  2.61x10'"
CuySe, CuyO, OyZr, CuzSes, -0.285 -0.318 -1.864 -0.453 -7.674  1.13x10'°
Se, OyZr, CusSes, BizO3 -0.865 -0.62 -1.435 0.0  -8.532 7.5%x10%
Se, Bi;0sSe, OoZr, BisSes  -0.378 -0.708 -1.835 0.0  -7.732  1.25x10%°
Se, Biy03Se, Oy7Zr, BiyO3 -0.602 -0.708 -1.61 0.0 -8.182 1.26 %1020
Se, OyZr, CusSes, BisSes -0.378  -0.62 -1.923 0.0  -7.557  7.36x10'

Table S21: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Zr phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibriua of Hf-Doped BiCuSeO

Equilibrium Phases Appi  Apca  Apnr Apo  Apse  p—n (em™3)
Se, HfO,, CusSes, BiaSes -0.378  -0.62 -8.0 -1.923 0.0 7.36x10%°
Se, Biy0sSe, HfO,, BigHfgOog -0.517 -0.708 -8.454 -1.695 0.0 1.25x1020

Se, BinO2Se, BizOs, BigHfgOog -0.603 -0.708 -8.668 -1.61 0.0 1.26x10%°

Se, Bi;05Se, HfOy, BiySes -0.378 -0.708 -8.175 -1.835 0.0 1.25x10%°
Se, HfO, CuszSes, BigHfsOog -0.78 -0.62 -8805 -1.52 0.0 7.48x10%
Se, CusSey, BiyO3, BigHfgOag -0.865 -0.62 -9.018 -1.435 0.0 7.48x10%
Bi, Bip05Se, HfOy, BiySes 0.0 -0.582 -7.672 -2.087 -0.252  5.4x10'
Bi, CuySe, Cuy O, HfO, 0.0 -0.223 -7.737 -2.054 -0.643  5.11x10'®
Bi, Cuy0, HfO,, BigHfsOog 00  -023 -7.765 -2.04 -0.65  529x10'®
Bi, Cuy0, BiyO3, BigHfgOog 0.0 -0.244 -7.864 -2.012 -0.664  5.61x10'3
Bi, Biy0sSe, Bis O3, BigHfsO9s 0.0 -0.507 -7.864 -2.012 -0.402 3.44x101°
Bi, Biy05Se, HfO,, BigHfgOag 0.0 -0.535 -7.765 -2.04 -0.345  4.14x10%Y
Bi, HfO,, CusSes, BisSes 0.0 -0.452 -7.413 -2.216 -0.252  2.33x10'
Bi, CuySe, HfO,, CusSes 0.0 -0.318 -7.547 -2.149 -0.453 1.1x10%?

Cuy0, CusSes, BisOs, BigHfgOsg -0.603 -0.445 -8.668 -1.61 -0.262 2.6x101°
Cuy0, HfO,, CusSes, BigHfgO2  -0.39  -0.36 -8.284 -1.78 -0.39 1.51x 1019
CusSe, Cuy0, HfO,, CusSes -0.285 -0.318 -8.117 -1.864 -0.453  1.13x10%

Table S22: Chemical potentials Ay; (in €V) in all phase regions of the quinary Bi-Cu-Se-O-Hf phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibria of F-Doped BiCuSeO

Equilibrium Phases Apupi  Apca  App Apo  Apse p—n (em™3)

Cu0, CusSes, Bi03, BiFO 20.632 -0.465 -3.449 -1.601 -0.25  2.62x10'
CusSes, BizF1105, CusSe, BIFO  -0.263 -0.349 -3.507 -1.913 -0.423  8.12x10'®

Cuy0, CusSes, CuySe, BiFO -0.343 -0.349 -3.507 -1.832 -0.423  9.53x10'8
Bi, CusSes, BizF1105, CusSe 00 -0.349 -3555 -2.176 -0.423  2.99x10'8
Bi, CusSes, BizFy105, BisSes 0.0 -046 -3.53 -2.231 -0.256  3.82x10!8
Bi, Bi;F1; 05, Bi»05Se, BiFO 00 -0.583 -3.595 -2.088 -0.277  2.61x10'
Bi, Bi; O3, Bis0,Se, BiFO 00 -0518 -3.66 -2.023 -0.408  2.77x10'
Bi, Bi;F1,05, CusSe, BiFO 00 -0.262 -3.595 -2.088 -0.598  2.93x10'®
Bi, Cuy0, Cu,Se, BiFO 0.0 -0.235 -3.621 -2.061 -0.652  2.61x108
Bi, Cu,0, Bi,03, BiFO 00 -0.254 -3.66 -2.023 -0.671  3.59x10'®
Bi, Bi;F11 05, Bi»0sSe, BisSes 00 -0593 -359 -2.098 -0.256  2.59x10'°
Se, CusSes, BizF1;05, BiFO -0.686 -0.631 -3.366 -1.631 0.0 7x 1019

Se, CusSes, BiyO3, BIFO -0.882 -0.631 -3.366 -1.435 0.0 7.77x1010

Se, Bi;F1105, BisO5Se, BisSes -0.385 -0.722 -3.462 -1.842 0.0 9.44x101°

Se, Biy 03, Bis05Se, BiFO -0.611 -0.722 -3.456 -1.615 0.0 1.31x10%0
Se, Bi;F1;05, Bi»05Se, BiFO -0.415 -0.722 -3.456 -1.811 0.0 1.01x10%0
Se, CusSes, BizF1105, BisSes -0.385 -0.631 -3.421 -1.932 0.0 3.23x10"°

Table S23: Chemical potentials Ay; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-F phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibria of Cl-Doped BiCuSeO

Equilibrium Phases Appi  Apcr Apce Apo  Apse  p—n (em™3)
Se, BiClO, CusSey, BiySes -0.378  -1.43  -0.62 -1.923 0.0 3.32x10%?
Se, Biy 0S¢, Biy O3, BiggClyOgo -0.603 -1.627 -0.708 -1.61 0.0 1.05%x10%°
Se, BiClO, Biy04Se, BiygClaOp2 -0.446 -1.518 -0.708 -1.767 0.0 7.95%10%°
Se, BiClO, Biy04Se, BiySes -0.378 -1.518 -0.708 -1.835 0.0 7.92x10"
Se, BiClO, CusSey, BisgClygOgo -0.708 -1.43  -0.62 -1.592 0.0 3.34x10%
Se, CusSey, BiyO3, BisgClaoOg2 -0.865 -1.54 -0.62 -1.435 0.0 5.15%10%
Bi, BiClO, Biy0Se, BisSes 0.0 -1.643 -0.582 -2.087 -0.252  2.18x10"
Bi, BiClO, Biy05Se, BiygClagOg2 0.0 -1.666 -0.559 -2.064 -0.297  1.71x10%
Bi, Bip04Se, BiyO3, BiygClaOs2 0.0 -1.828 -0.507 -2.012 -0.402  1.66x10'
Bi, CusSe, Cus0, BigClyOs2 0.0 -1.697 -0.223 -2.054 -0.643 -2.32x10'®
Bi, CuySe, BiClO, BisgClyoOg2 0.0 -1.666 -0.233 -2.064 -0.623 -2.35x10'8
Bi, Cuy0, BisO3, BisgClagOgo 0.0 -1.828 -0.244 -2.012 -0.664 -4.58x10'7
Bi, BiClO, CusSes, BisSes 0.0 -1.514 -0.452 -2.216 -0.252  4.83x10'®
Bi, CusSe, BiClO, CusSes 0.0 -1.581 -0.318 -2.149 -0.453  9.94x10'

Cup0, CusSesy, BisOs, BiggClogOg2  -0.603 -1.627 -0.445 -1.61 -0.262 8.51x10'8
CuQSe, BiClO, CU3SQQ, Bi480120062 -0.255 -1.581 -0.318 -1.894 -0.453 3.5><1016
Cllgse, CUQO, CU3S€2, Bi480120062 -0.285 -1.602 -0.318 -1.864 -0.453 3.02)(1017

Table S24: Chemical potentials Agy; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Cl phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibria of Br-Doped BiCuSeO

Equilibrium Phases Appi  Appr  Apca Apo  Apse p—n (em™3)

BiyBry0s5, Cuz0O, CusSes, BiaO3 -0.603 -1.082 -0.445 -1.61 -0.262 1.02x10%
BiyBry0s, CusSes, Bip O3, BigBraO145es  -0.833 -1.006 -0.599 -1.456 -0.032 4.75x101°

BiyBry05, CusSe, CuszSes, BiBrO -0.152 -1.016 -0.318 -1.997 -0.453  2.06x10'7
BiyBry05, Cuz0, CuySe, CusSey -0.285 -1.082 -0.318 -1.864 -0.453  1.07x10'S
Bi, CuySe, CuszSes, BiBrO 0.0 -1.016 -0.318 -2.149 -0.453  1.92x10'7
Bi, CusSey, BiBrO, BiySes 0.0 -0.949 -0.452 -2.216 -0.252  5.31x10'®
Bi, BiyBry05, Biz0sSe, BixOs3 0.0 -1.283 -0.507 -2.012 -0.402  1.94x10"
Bi, BiyBry05, Biz02Se, BisSes 0.0 -1.096 -0.582 -2.087 -0.252  2.57x10"
Bi, BiyBry05, BiBrO, BisSes 0.0 -1.067 -0.57 -2.098 -0.252  2.08x10"
Bi, BiyBry05, Cuy0, Biy O3 0.0 -1.283 -0.244 -2.012 -0.664 -2.62x10'6
Bi, BiyBryOs5, CusO, CusSe 0.0 -1.177 -0.223 -2.054 -0.643 -1.37x10'8
Bi, BiyBry05, CuySe, BiBrO 0.0 -1.067 -0.267 -2.098 -0.554 -1.07x10'8
Se, BiyBry05, Biy O3, BigBraO14Ses3 -0.809 -1.014 -0.639 -1.472 0.0 6.63x10"°
Se, CusSes, BisO3, BigBraO14Ses -0.865 -1.108 -0.62 -1.435 0.0 6.84x101°
Se, BiyBryOs, CusSes, BiBrO -0.605 -0.865 -0.62 -1.695 0.0 3.58x 10"
Se, BiyBryOs, CusSes, BigBroO14Ses -0.833 -0.979 -0.62 -1.467 0.0 5.45x10"°
Se, BiyBr,05, BiBrO, BisSes -0.378 -0.941 -0.696 -1.847 0.0 7.51x10'9
Se, BiyBryOs5, Biz0ySe, BisSes -0.378  -0.97 -0.708 -1.835 0.0 8.8x10%
Se, BiyBry0s, Biz0sSe, BiyOs3 -0.603 -1.083 -0.708 -1.61 0.0 1.11x10%°
Se, CusSes, BiBrO, BisSes -0.378 -0.865 -0.62 -1.923 0.0 3.57x 10

Table S25: Chemical potentials Agy; (in eV) in all phase regions of the quinary Bi-Cu-Se-O-Br phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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Phase Equilibria of I-Doped BiCuSeO

Equilibrium Phases Appi  Apca A Apo  Apse p—n (cm™3)

Se, BisI»0s5, BisOsSe, Bis O3 -0.602 -0.708 -0.547 -1.61 0.0 1.24x1020
Se, BiyI»05, BiaOsSe, BisSes -0.378 -0.708 -0.435 -1.835 0.0 1.18x1020

Se, BilO, BigI;05, BisSes -0.378 -0.685 -0.379 -1.857 0.0 9.84x101°
Se, BilO, CusSey, BiySes -0.378  -0.62 -0.314 -1.923 0.0 6.1x10%
Se, BilO, BigI,05, CusSe; -0.573  -0.62 -0.314 -1.727 0.0 6.16x101°
Se, BiyIo05, CuzSey, BisO3 -0.865 -0.62 -0.46 -1.435 0.0 7.2x10%
Bi, BilO, Cul, BiySes 0.0 -0.455 -0.401 -2.213 -0.252  1.33x10%
Bi, BilO, BigI,05, BiySes 0.0 -0.559 -0.505 -2.109 -0.252  3.57x10%
Bi, BiyI, 05, Bio02Se, BiySes 0.0 -0.582 -0.561 -2.087 -0.252  4.6x10"
Bi, Cu0, Bisl; 05, BiyO3 0.0 -0.244 -0.748 -2.012 -0.664  2.41x10'®
Bi, BisI;Os5, Bis02Se, BiyO3 0.0 -0.507 -0.748 -2.012 -0.402 3.1x10%?
Bi, BilO, BiyI,05, Cul 0.0 -0.351 -0.505 -2.109 -0.46 4.14x10'8
Bi, CusSe, Cus0, Bigl,O5 0.0 -0.223 -0.642 -2.054 -0.643  9.13x10'7
Bi, CuySe, BiyI,05, Cul 0.0 -0.229 -0.627 -2.06 -0.63  9.66x10'7
Bi, CusSesy, Cul, BisSes 0.0 -0.452 -0.404 -2.216 -0.252 1.32x 10
Bi, CusSe, CuzSes, Cul 0.0 -0.318 -0.538 -2.149 -0.453 4.2x10'8
BilO, CusSes, Cul, BisSes -0.027 -0.464 -0.392 -2.195 -0.234  1.47x10"
BilO, BiyIz05, CuzSey, Cul -0.339 -0.464 -0.392 -1.883 -0.234 1.5x10"

Cus0, Bigl, 05, CusSes, BioO3 -0.603 -0.445 -0.547 -1.61 -0.262  2.05x10'°
CugSe, Cus0, Bigl505, CusSes -0.285 -0.318 -0.547 -1.864 -0.453  4.45x10'8
CusSe, BiyIy05, CusSes, Cul -0.266 -0.318 -0.538 -1.883 -0.453  4.22x10'8

Table S26: Chemical potentials Ag; (in €V) in all phase regions of the quinary Bi-Cu-Se-O-I phase space
that are in equilibrium with BiCuSeO. The corresponding charge carrier concentration in each phase region,
as determined by charge neutrality at the typical synthesis temperature of 973 K, is listed.
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