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to n-type doping. The results that support the p-type doping are
obtained from the literature.5,16,30,31 Thus, the following
dopant elements are calculated only in the Pb site: Al, Ga, In,
Sb, Bi, La and Au. The formation energy for dopant on Cs site or
interstitial are very high because the large difference in the
atomic radius, and therefore were not considered. The thermo-
dynamic transition levels (TTL) of these defects and dopants
are calculated with eqn (2), and these points are mentioned and
highlighted in the Results section.

The density functional theory (DFT) used: To compute the
total energy used in the eqn (1), and all the electronic properties
of HP’s we used first principles calculations based on density
functional theory (DFT) as implemented in Vienna Ab initio
Simulation Package – VASP.32,33 The projected augmented wave
method (PAW)34,35 was employed to describe the interaction of
valence electrons with the ionic cores, considering the follow-
ing electronic distribution for each chemical specie: Al (3s23p1),
Au (5d106s1), Br (4s24p5), Bi (6s26p3), Cl (3s23p5), Cs (5s25p66s1),
Ga (4s24p1), I (5s25p5), In (5s25p1), La (6s25d1), Pb (6s26p2), Sb
(5s25p3). For the exchange and correlation functional we
employed the Perdew–Burke–Ernzerhof implemented for solid
materials (PBESol)36 and the stress tensor and the atomic forces
were minimized with a plane wave energy cutoff of 400 eV. Also
we used a k-point mesh of 5 � 5 � 9 to integrate the Brillouin
zone of CsPbBr3 in the primitive orthorhombic cell and the
same density for all the remaining systems.

The band gaps of CsPbX3
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p-type pinning energy E(p)
pin in CsPbCl3 lies in the valence band,

however the doping-induced Fermi energy shift DE(p)
F towards

the valence band after doping with acceptor impurities such as
Na, K, Rb, Cu or Ag is still far away from the valence band
maximum, lying deep in the band gap.5 The DE(p)

F is very small
and makes the p-type doping unsuccessful.

The DPs (ii) and (iii) are a consequence of the valence and
conduction band position with respect to the vacuum. When
the atomic radius of halogen decreases, i.e., goes from I to Cl,
the position of Ev tends to become deeper in energy, increasing
the ionization potential for the HP’s, as shown in Fig. S3 in the
ESI.† 43 High ionization potential increases the difficulty to
find shallow acceptors that leads to a large DE(p)

F and therefore
the p-type doping becomes unlikely to be achieved. For the
n-type, the decrease in the halogen radius also decrease the
electronic affinity of the halide perovskite, and the Ec becomes
closer to the vacuum level for Cl when compared to I or Br, as
shown in Fig. S3 in ESI.† 43 Thus, the difficulty to find shallow
donors that leads to large DE(n)

F increases and the process to
achieve the n-type doping becomes unlikely.

In the next section, through DFT calculations, we determine
the Fermi pinning levels and DE(n)

F and DE(p)
F for CsPbX3 (X = I,

Br and Cl), that is the base for our DP already demonstrated. In
addition, we discuss the details of atomic configuration and
electronic properties for each defect and dopant.

IV. Structural defects and extrinsic
impurities as dopants
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interaction, and is the deep intrinsic defect with the smallest
formation energy.

The shift of the thermodynamic charge transition level (+/�)
towards the Ev when the halogen changes from Ii to Bri (and
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Rare earth element: The substitution of Pb by La leads to a
much larger formation energy for neutral and negative charge
states if compared to the positive one for all CsPbX3 (X = Cl, Br,
I) perovskites. The donation of two valence electrons (one from
d and one from s orbitals) of La to halogen atoms leaves one
unpaired electron in the s orbital that increases its formation
energy, resulting in a decreased stability when compared to the
positive configuration. The transition level (+/�) occurs only
deep inside the conduction band for all CsPbX3 (X = Cl, Br, I).
In the intermediate condition (point A), the formation energy of
LaPb
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band should not have a small electron affinity. When a material
does not follow these points, issues are observed such as the
possibility for charge localization in form of small polarons,
and pinning for holes or electrons that lie inside the band gap,
DP-(ii). Taking as examples oxides and nitrates, it is known that
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