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We study the effects of Bi doping on the physical properties of CsPbX3 (X = I or Br), promising active
materials in application to the solar cell, using first-principles calculations with the hybrid functional. In
both CsPbBr3 and CsPbls, we find that excess electrons introduced by Bi replacing Pb (Bipy) are mostly
compensated by native acceptors such as Cs and Pb vacancies. As a result, the equilibrium Fermi level lies
far below the defect level of Bipp, indicating that Bipy, prefers the 1+ charge state over the neutral one. The
band structure of Bi-doped CsPbX3 shows that the interaction between the defect and host states affects
the conduction band, narrowing the bandgap of the host material. The formation energy of Bipy, is smaller
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Lg(‘;v%;lisde perovskites in CsPblz than in CsPbBr3, implying the easier doping of Bi in CsPbls. The computational results suc-
Doping cessfully explain distinct doping effects on absorption spectra between CsPblz and CsPbBr3, which was
Defects observed in recent experiments.

Density functional theory
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1. Introduction

With outstanding optical and charge-transport properties, as
well as solution processability, lead halide perovskites (LHPs) are
emerging as a key component in low-cost and high-performance
photovoltaic devices [1,2]. The power-conversion efficiency over
20% has been achieved by solar cells using the organic-inorganic
hybrid LHPs such as CH3NH3Pbl; (MAPI), HC(NH;),Pbls (FAPI), and
their mixed phases [3—5]. Recently, full-inorganic LHPs wherein Cs
replaces the organic molecule are attracting attention because they
exhibit superior environmental stability while their optoelectrical
properties are on par with those of hybrid LHPs [6—-9].

Doping with heterometal ions provides a route to tune the
physical properties of LHPs, enabling performance enhancement in
optoelectronic devices [10,11]. Diverse metal elements such as K,
Rb, In, Sb, and Bi are being investigated as possible dopants
[12—19]. Among them, the Bi dopant is found to replace Pb atoms in
stable and controllable ways owing to similar ionic radii between
Pb%* and Bi* (1.19 and 1.03 A, respectively) [8,12,14—16,18,19]. It
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was found that Bi doping can enhance the efficiency of solar cells by
increasing the visible-light absorption [16]. In addition, Bi doping
was reported to enable a precise control of the charge transfer at
the interface between LHPs and other materials by tuning the
energy-level alignment [19].

In spite of the wide interest on Bi doping, understanding of
doping effects on the physical properties of LHPs is still incomplete,
which may impede optimizing the doping condition in various
applications. For instance, Bi is a trivalent element that can serve as
a donor when substituted for the Pb atom. Indeed, Hall effect or
ultraviolet photoemission spectroscopy measurements showed an
increase of the Fermi level of CH3NH3PbBr; (MAPB) and CsPbBr3
films upon Bi doping [15,18,19]. However, the metallic conductivity
was not observed even at high doping levels of 10'°—10%! cm—3, and
the Bi-doped films still behaved as semiconductors with the Fermi
level near the midgap. Based on the first-principles calculations
[20], it was claimed that the deep nature of substitutional Bi for the
Pb site (Bipp) was responsible for the semiconducting nature. As
another explanation, the electrical compensation due to the for-
mation of native acceptors was also suggested [18]. However, these
two mechanisms have not been justified quantitatively, and thus,
the origin of the limited conductivity of Bi-doped LHPs is still
elusive. On the other hand, the absorption threshold of LHPs was
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reported to shift toward lower frequencies under Bi doping. In
MAPDBr3; and CsPbBrs, this redshift was attributed to the increase of
tail states near band edges with the bandgap unaffected, although
the origin of the absorption tail is not clear [14,15]. This contrasts
with CsPblz where the Bi doping resulted in redshifts of the ab-
sorption spectrum, i.e., bandgap narrowing, rather than the
amplified tail states [16]. Such distinct effects of Bi doping on the
absorption spectrum have not been explained clearly.

In this work, we address the aforementioned issues centered
around Bi doping using the density functional theory (DFT) calcu-
lations. Among various competing polymorphs, the cubic phase of
CsPbl; (a-CsPbls) and the orthorhombic phase of CsPbBrs (y-
CsPbBr3) are chosen as the host material (see Fig. 1 for the crystal
structures). Bi doping in both phases have been extensively studied
in experiments [14—16,18,19]. While CsPbls is stable in the ortho-
rhombic phase (6-CsPbls) at room temperatures, we select a-CsPbls
because it is receiving more attention in terms of practical applica-
tions [16]. We study effects of Bi doping on the electrical properties
of CsPbX3 (X = I or Br) by investigating the defect properties. Our
calculations show that native acceptors such as Cs and Pb vacancies
(Vs and Vpy, respectively) substantially compensate n-type doping
in both materials, suppressing the free-electron density to values far
below the corresponding Bipp, concentration. As a result, the equi-
librium Fermi level lies below Bip, levels, implying that the
1+ charge state is the energetically favorable charge state of Bip,. We
analyze the band structure to obtain insights into doping-induced
modification of the optical properties. The band structure of Bi-
doped CsPbX3 (X = I or Br) reveals that the conduction band of
host materials becomes lower in energy than for the undoped cases,
causing the redshift of the absorption onset. On the other hand, we
find that the formation energy of Bipy, is smaller in «-CsPbls thanin y-
CsPbBr3, indicating the easier doping of Bi in the former. Based on
this fact, we shed light on the different absorption spectrum be-
tween Bi-doped CsPbl; and CsPbBr3 observed in experiments.

2. Methods
2.1. DFT calculations

The present DFT calculations are carried out using the Vienna Ab
initio Simulation Package (VASP) with projector-augmented wave

(a) a-CsPbl,

(b) y-CsPbBr,

Ocs©@Pb@1 ©Br

Fig. 1. Crystal structures of (a) a-CsPbls and (b) y-CsPbBrs.

pseudopotentials [21,22]. A cutoff energy of 400 eV is used for
expanding the plane-wave basis. Because of low computational
cost and bandgaps similar to experimental values, the (semi)local
functionals such as the Perdew-Burke-Ernzerh of functional [23],
without the spin-orbit coupling (SOC) effect, have been used to
examine defect properties of LHPs [24—27]. However, it was also
noted that such an approach is limited in describing the defect
properties accurately and that more elaborate methods such as
hybrid functionals with the SOC should be used [28,29]. As such, we
use the Heyd-Scuseria-Ernzerhof hybrid functional (HSEO06)
including SOC. The fraction of the exact Fock exchange was fitted to
0.76 and 0.55 for a-CsPblz and y-CsPbBrs3, respectively, to produce
experimental bandgaps. All the atomic positions are optimized
until magnitudes of atomic forces are reduced to within 0.05 eV/A.
The calculated fundamental properties such as the lattice param-
eters, bandgap, and heat of formation (AH') are listed in Table 1.

2.2. Defect formation energy

A 3 x 3 x 3 supercell for a-CsPbls (27 formula units of CsPbls)
and a 2 x 2 x 2 supercell for y-CsPbBrz (32 formula units of
CsPbBr3) were used for the defect calculations. We sampled only
the I'-point for the Brillouin-zone integration. The defect formation
energy (E) of a defect in the charge state g (D9) was evaluated as
[33].

E (D7) = Eyot (D) — Erot(crystal) — > Nju; + gEf, (1
i

where Eior(DY) and Eiot(crystal) are the total energy of a supercell
with D9 and the perfect crystal, respectively, and Ef is the Fermi
level with respect to the valence band maximum (VBM). For the
formation energy of charged defects, the spurious interaction be-
tween periodic images was fixed by the monopole correction that
considers the static dielectric constant of 20.5 measured in exper-
iments [34]. We explicitly check the supercell size dependence of
the formation energy with the example of Bi},ﬁ in a-CsPbls and find
that the formation energy changes by less than 0.1 eV when the
5 x 5 x 5 supercell is used (Table S1). In Eq. (1), N; is the number of
type i atom removed from (N; <0) or added into (N; >0) the
supercell and y; stands for its chemical potential. 4; depends on the
growth condition and should satisfy the following relation:

s + kpp + 3ux = AHT (CsPbX3). )

To avoid the formation of competing binary phases, the
following conditions are also imposed:

s + iix < AH (CsX), 3)

upp +2px < AHI (PbX;). (4)

Fig. S1 depicts the stability region of each compound and cor-
responding chemical potentials. Note that «a-CsPbls is a metastable

Table 1
The calculated physical properties of a-CsPbl; and y-CsPbBr5. Experimental values
are presented in parentheses.

Properties a-CsPbls y-CsPbBr3
Lattice parameter (A) a 6.28 (6.29°%) 8.29 (8.26°1)
11.80 (11.77°")
c 8.22 (8.21°")
Bandgap (eV) 1.72 (1.73'5) 2.26 (2.25—2.321532)
Heat of formation -6.20 —7.44

(eV/formula unit)
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phase at low temperatures, and no chemical potentials ensure its
phase stability against the other binary phases. In the present work,
we considered the chemical potentials on the border line between
the stable regions of Csl and Pbl, for a-CsPbls.

3. Results and discussion
3.1. Thermal ionization energies of Bipp

Among possible sites for Bi in the CsPbX3 crystal, we focus on
Bipp Which was found to be more stable than other defects such as
interstitials [12]. Fig. 2a shows the charge transition level between
different charge states of Bipp [¢(1+/0)] obtained as E (Bigb) -
Ef (Billg ; Ep= VBM). This quantity corresponds to the thermody-
namic defect level associated with the thermal ionization of Bipp. It
is seen in Fig. 2a that ¢(1+/0) appears at 0.1 eV below the con-
duction band minimum (CBM) in a-CsPbls; while 0.59 eV below the
CBM in y-CsPbBrj (the transition level of Bipp for y-CsPbBrs is in
good agreement with previous HSE calculations) [12]. These ioni-
zation energies are much higher than the thermal energy at room
temperatures (~0.025 eV). Thus, only a small portion of doped Bipp
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Fig. 2. (a) The charge transition level of Bip, in a-CsPbls and y-CsPbBrs. The VBM of
each material is set to 0. (b) The equilibrium free-electron concentration (n) satisfying
the charge neutrality condition of a-CsPbl; (red line) and y-CsPbBrs (blue line) as a
function of the Bi doping concentration ([Bifff;]) without considering the effect of other
defects. CBM, conduction band maximum; VBM, valence band maximum.
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Fig. 3. The formation energies of V{;, V&, and X}~ as a function of Fermi level in (a)
a-CsPbl; and (b) y-CsPbBrs.

is expected to be ionized at the room temperature. To explicitly
obtain how many carriers are generated owing to Bi doping, we
calculate the equilibrium concentration of free electrons (n) by
imposing the charge neutrality condition, n = [Billjg ], where [Bill,g] is
the concentration of ionized donors, neglecting influences of other
defects (see details for the calculation of the equilibrium concen-
tration in Supporting Information). n also relates to the Fermi level
as follows:

Er — CBM) 5)

n=Ncexp ( T

Concentration (cm™3)
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105 10% 107 10" 10®
[Bi"] (cm™)

102

Fig. 4. The equilibrium concentration of the free electron and defects (Bij;, Vs, V.
and lil’) satisfying the charge neutrality condition in a-CsPbl; at 300 K. For the for-
mation energy of the compensators, we consider the intermediate growth condition
and assume that their concentrations are quenched as the one equilibrated at
annealing temperature (see main text).
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where N¢ is the effective density of states for the conduction band, k
the Boltzmann constant, and T the temperature. For N¢, we use the
calculated effective mass of 0.12 and 0.20 m, for a-CsPbl; and y-
CsPbBrj3, respectively. The dependence of [Billg ] on the Fermi level is
given by the following equation [35].

o
1+ 2exp{_EF*€’(<1T+/0)}’

where [Biff}] is the total Bi concentration (cumulated over the

charge state). The equilibrium [Bi%] can be computed from the
formation energy of Bipp, but this requires information on the Bi

chemical potential which may reflect the actual growth condition.
Thus, for simplicity, we use [Bik] as the variable. Fig. 2b illustrates
that most of Bipy, in «-CsPbls is ionized, generating as many n as the

dopant concentration at [Bi})‘,’;]~1015 cm 3. The ionization efficiency

gradually decreases with increasing [Bir], and only 1% of [Bify]

(6)

[Bip, =

contributes to the free-carrier concentration when [Bify] reaches

10%° cm—3 (2.44% of the Bi/Pb ratio). Such inefficient ionization at
high doping concentrations is caused by the shift of the Fermi level
toward higher energy, which increases the energy cost for adding
electrons to the host material. According to n in Fig. 2b, when a few
percent of Bi is doped in the a-CsPbls film, its resistivity is expected
to decrease dramatically by several orders of magnitudes in com-
parison with the undoped film. However, the actual reduction in
the resistance was measured to be less than two orders of magni-
tude when the Bi/Pb ratio ranges over 2.57—11.94% [16]. A similar
discrepancy between theory and experiment is found for v-
CsPbBrs; n is calculated to be slightly higher than 10 cm™ at
[Bif] = 10%° cm~3 (the Bi/Pb atomic ratio of 2.05%) for which the
equilibrium Ep lies at 0.25 eV below the CBM. In experiment, by
contrast, the Fermi level is located below the midgap in CsPbBr3
with 2% of the Bi/Pb ratio [ 19]. Therefore, we conclude that the deep
nature of Bipp is not the main origin for the absence of n-type
conductivity of Bi-doped CsPbX3 found in experiments.
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smaller than 1 eV when the Fermi level is higher than 0.92 eV. This
means that carrier compensation can occur significantly.

We assess the carrier compensation by these native defects
quantitatively by evaluating n explicitly. As in the aforementioned
case, we apply the charge neutrality condition, but in this case, the
presence of the compensators is taken into account as
n+ [Vé;] +2x [Vl%g} + [I}*} = [Bil],g]. The concentration of the

native defects is calculated by

b

where N is the density of defect sites. The extreme growth con-
ditions assumed in the aforementioned case may not reflect the
experimental situation properly. Herein, we consider the interme-
diate growth condition for the defect formation energy. (See the

MES
CB BIPb

Spin
splitting B (D)

kT

(7)

(D] :Nsexp{ -

/Bi-6p

VB

'
.
]
'
T
I
'
'
¥
]
]
'
1
'
'
I
'
'
'
1
1
1

~na
LI
O~

Fig. 6. Interaction between Bi and X p states depending on the charge state of Bipy,. CB,
conduction band; VB, valence band.

Table 2
The bond length (in unit of A) of Pb-X and Bi-X in a-CsPbls and y-CsPbBrs.
Pb-X Bi-X
Bify Bipy
a-CsPbl3 3.19 3.20 3.07
y-CsPbBr3 2.98 2.98 2.84

3.2. Carrier compensation due to native acceptors

Next, we discuss the effect of native acceptors on the carrier
compensation. Three types of point defects, Vé; , Vlz,g , and X
interstitial in the 1— charge state (X}’), are considered as po-
tential compensating centers. (V},g was reported to have the
higher formation energy than Vl%g , and thus, we do not consider
it in the present work.) [36] It was reported that Bipy itself may
contribute to the compensation of free electrons by forming the
DY center [37], which is neglected in this work, but its impact is
expected to be negligible because of the higher formation energy
compared with those of native acceptors [38]. In Fig. 3, we plot
the formation energy of these defects with respect to the Fermi
level under the X-rich or X-poor growth conditions. (Corre-
sponding chemical potentials are shown in Fig. S1.) The upper
limit of the Fermi level in Fig. 3 corresponds to the bandgap of
each material. The slope of the formation energy curve of a given
defect reflects its charge state.
In «-CsPbls, the formation energies of the compensating defects
are relatively small [Fig. 3a], implying the difficulty in electron
doping. To be specific, VL5 and VZ; at the I-rich condition have the
negative formation energies when the Fermi level is above 0.75 eV.
As a result, the equilibrium Fermi level satisfying the charge
neutrality cannot be larger than 0.75 eV for this growth condition,
which means that n-type doping is not feasible. The formation
energy of every compensator increases as the growth environment
evolves from the I-rich to I-poor condition, and for the latter case,
all the defects have the positive formation energies for the entire
range of the Fermi level. Nevertheless, the formation energies still
remain low. In particular, the formation energy of Vég becomes

chemical potential for this condition in Fig. S1.) We assume that the
concentration of the native defects is quenched similar to those in
high-temperature annealing [39,40]. That is to say, we initially set
the temperature to 373 K, the annealing temperature in experi-
ments [16], and obtain the equilibrium concentrations of the
compensators. Then, we recalculate n at 300 K by retaining the
concentrations of compensators equilibrated at 373 K. Fig. 4 shows
that n for Bi-doped CsPbls is highly suppressed when the carrier
compensation by the native acceptors is taken into account; [Bi] of
10%® cm~3 leads to n less than 10' cm~3 that is six orders of
magnitudes smaller than the one without carrier compensation.
This result implies that the conductivity cannot increase by the
amount of the Bi density. Indeed, 4% Bi doping leads to the decrease
of the resistance of films only by two orders of magnitude [16]. The
most critical compensator is found to be V{; whose concentration
is almost the same as [Bil;]. We note that the equilibrium Fermi
level in Bi-doped CsPbls is located far below the defect level of Bipp,
and thus, Bipp predominantly exists in the 1+ charge state. This
again supports the conclusion drawn in the previous section that
the deep nature of Bipp is not responsible for the low n-type con-
ductivity in experiments.
The carrier compensation by native acceptors is likely to be
more significant in y-CsPbBrs, as inferred by the lower formation
energy of the compensators (Fig. 3). In fact, n in Bi-doped CsPbBr3 is

calculated to be negligible with [Biff,’)t] up to 10?° cm> when

considering the carrier compensation. This means that the equi-
librium Fermi level is located below the midgap in Bi-doped
CsPbBr3, which agrees with experimental measurements [19]. As
a result, Bipy is completely ionized in y-CsPbBrs3, as in a-CsPbls.
Overall, in light of these results, Bipp acts as donors, but Bi incor-
poration does not alter the electrical properties of CsPbX3 signifi-
cantly because of the carrier compensation of the native acceptors.

3.3. Impact of Bipy on the absorption properties

We find that the alternation of the absorption properties upon Bi
doping is associated with the doping-induced modification of the
electronic band structure. Fig. 5a—c compare the band structures of
the undoped, Bigb—doped, and Bill)g—doped supercells of a-CsPbls,
respectively. For Bigb, an occupied defect level is seen in the
bandgap at 0.25 eV above the VBM. This defect state develops
through antibonding between Bi-6p and neighboring I-5p states.
(The corresponding bonding state lies far below the VBM.) To note,
the defect state is singly occupied by an electron with a certain spin
direction, while the corresponding unoccupied spin state is located
above the conduction band because of spin-splitting effects, as
depicted in Fig. 6. Once Bi}; forms with an electron removed from
the defect level, the bonds between Bi and neighboring I atoms
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become shortened (see Table 2 for the Bi-I bond length with respect
to the charge state of Bipp), stabilizing the occupied bonding state.
This change in the Bi-I bond length raises the antibonding state
above the conduction band owing to the enhanced bonding-
antibonding splitting, as illustrated in Fig. 6. We note that the
lowest conduction band for Bi}), which is preferred over Bi,,
downshifts in energy compared with the undoped crystal. This is
attributed to the interaction of host states with the unoccupied
defect state. As a result, the bandgap is narrowed. The bandgap
reduction due to the presence of Bi} is found to be 0.15 eV when
the doping concentration is 1.52 x 10%° cm~3 (the Bi/Pb ratio of
3.85%). This is in good agreement with the 0.17-eV redshift in ab-
sorption onset that was experimentally measured for «-CsPbls
films including the Bi/Pb ratio of 4.22% [16]. This implies that the
alternation of the conduction band caused by the electrostatic in-
fluence of Bij;; is the main origin of the redshift in the absorption
spectrum.
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In v-CsPbBr3, the atomic (Table 2) and electronic structures
(Fig. 5d—f) vary depending on the charge state of Bipy, which is
similar to a-CsPbls; the defect state with the antibonding character
is found inside the bandgap for Bid,, while it shifts above the
conduction band when Billb+ forms. As found in «a-CsPbls, the
bandgap reduces by 0.09 eV in the presence of Bi},gr with the con-
centration of 1.55 x 102 cm~3 (the Pb/Bi ratio of 3.23%). However,
photoluminescence and spectroscopic ellipsometry supported that
the bandgap of Bi-doped CsPbBr; does not change significantly.
Rather, tail states below the gap increased, changing the color of
crystals from yellowish orange to dark red with the increasing
dopant density [14,15]. The absorption tail would be attributed to
the small Bi concentration in y-CsPbBr3; the CBM would alter
locally at low doping concentrations (Fig. 7a), causing the tail-like
absorption below the gap (Fig. 7b). In contrast, the gap variation
would be smooth over the whole crystal at the high doping density
(Fig. 7c), leading to the noticeable shift in the absorbance (Fig. 7d).
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Fig. 7. Schematic band diagram for low (a) and high (c) doping level of Bip,. Expected absorbance as a function of photon energy is shown in (b) for low and (d) for high doping level.

CBM, conduction band maximum; VBM, valence band maximum.
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Indeed, the doping concentration of Bi was one or two orders of
magnitude smaller in CsPbBr3 in reference to CsPbls although both
materials were synthesized under similar solution-based pro-
cesses [15,16]. This can be explained by the defect energies; the
formation energy of Bill,bJr is lower in a-CsPbls than in y-CsPbBr3 by
0.15 eV when the Fermi level is near the midgap. (Bi-rich and BiX3
phases are considered in determining the chemical potentials of Bi
and Pb). This indicates that Bi doping is more facile in ¢-CsPbl; than
in y-CsPbBr3, which is consistent with the experiment.

In passing, we remark on influences of other defects on the
absorption properties of Bi-doped CsPbXs. We find that Vé;, the
major compensator, lowers the VBM and hence increases the
bandgap of the y-CsPbBrs model by 0.1 eV. Experimentally, how-
ever, the VBM of this material was unaffected by Bi doping [15].
Such discrepancy might be caused by other defects that are not
considered in the present work, and further investigation is in
demand.

4. Conclusion

We investigated the defect properties and electronic struc-
tures of Bi-doped CsPbXs3. The present results support that free
electrons of Bi-doped CsPbX; are significantly compensated by
the formation of native acceptors. In addition, we found that Bipy,
predominantly exists in the 1+ charge state in the CsPbX3 crys-
tals, lowering the conduction band. As a result, Bi doping can
contribute to the redshift of absorption onset found in experi-
ments. Finally, based on the formation energy of Bip,, we pro-
vided a plausible explanation on the difference in the doping-
induced change of absorption spectrum between «-CsPbl; and
v-CsPbBr3. By unveiling the impacts of Bi doping on the physical
properties of CsPbXs, this work will help improve the device
performance using LHPs with doping. Furthermore, this work will
serve as a useful reference for future defect studies on LHPs using
first-principles calculations.
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