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The solar cell based on organic-inorganic hybrid halide perovskite is progressing amazingly fast in last decade owing
to the robust experimental and theoretical investigations. First-principles calculation is one of the crucial ways to understand
the nature of the materials and is practically helpful to the development and application of perovskite solar cells. Here, we
briefly review the progress of theoretical studies we made in the last few years on the modification of electronic structures
of perovskites by varying the composition, configuration, and structure, and the new understandings into the defect prop-
erties of halide perovskites for solar cell and optoelectronic applications. These understandings are foundations and new
starting points for future investigations. We hope the experience and inspiration gained from these studies encourage more
theoretical explorations for new functional perovskite-based materials.
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1. Introduction
1.1. Background

Perovskites are a family of materials with the chemi-
cal formula ABX3, where X is usually chalcogen or halogen.
Most of the chalcogenide perovskites, especially oxide per-
ovskites are well-known magnetic, ferroelectric, piezoelectric,

[1-4] Recently, halide per-

and even photocatalytic materials.
ovskites have drawn general interest in the field of material
science and physics due to the dramatic increase of the power
conversion efficiency (PCE) of halide-perovskite-based solar
cells from 3.8% to 25.2% during the last decade.[>~'®! In ad-
dition to the experimental progress, lots of efforts have been
focused on the theoretical study of the perovskite materials for
solar cell and optoelectronic applications. In this paper, we
will briefly review our theoretical work on the basic electronic
structure, property modification, and defects of the perovskite
materials.

1.2. Basic properties

The family of halide perovskites contains high-
efficient photovoltaic and optoelectronic materials, such as
CH;NH,Pbl; (MAPbDI3). The excellent performance of the
MAPbDI3-based solar cell is mainly due to its exceptional op-
toelectronic properties: (i) ideal band gap (~ 1.5 eV),['] (ii)
high light absorbance (~ 107> cm™!),I!8] (iii) low exciton

binding energy (10-30 meV),"”! (iv) low and balanced elec-

DOI: 10.1088/1674-1056/abb3f6

tron and hole effective masses (~ 0.1myg),[*"! (v) long-lived
charge carrier,?"??! and (vi) defect tolerance. >3-4

The origin of all the above excellent optoelectronic prop-
erties is the special electronic structure of the halide per-
ovskite, such as MAPbI3, as shown in Fig. 1. The simplest
structure of MAPbDI3 is a cubic structure (o phase), where
cation Pb>* has six nearest neighbor anions I~ and organic
cation MA™ has twelve nearest neighbor anions I~. Unlike
the 1% and 2" generation photovoltaic materials (Si or GaAs),
the perovskites have an inverted band structure. The valence
band maximum (VBM) has anion p, Pb p and s characters;
and the conduction band minimum (CBM) has non-bonding
Pb p character. The occupied Pb s orbital couples strongly
with anion p orbital at R point, leading to direct band gap,
low effective mass, and high optical transition matrix ele-
ments. Besides, the high degeneracy of the band edge states
and s, p wavefunction characters result in high joint density of
states (JDOS), 3 which is responsible for the high absorption
coefficient of perovskite compared to GaAs within the visi-
ble light range. The strong spin—orbital coupling (SOC) of
the heavy atoms Pb and I together with the lack of inversion
symmetry results in the Rashba effect, which splits the spin-
degenerate bands by shifting their extrema away from the R
point. The mismatch of the spin momentum at the splitted
VBM and CBM leads to the quasi-direct band structure, which
is partly responsible for the low radiative recombination rate

in the system. [1-2%]
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Fig. 1. The crystal structure of (a) & phase MAPbI3, (b) partial charge density of the CBM, (c) partial charge density of the VBM, (d) band
structure, (e) density of states (DOS) and partial DOS of MAPbI3. (f) Schematic optical absorption of Si, GaAs, and halide perovskites.

Modified with permission from Ref. [17].

The formation and property of the intrinsic defects in per-
ovskites have also been well studied as shown in Fig. 2. The
low energy defects such as Via, Vpn, MApy, MA], I, MA;
have shallow defect levels, whereas the defects with deep de-
fect levels (Ina, Ipy, Pby, Pby, and etc.) all have high formation
energy. In other word, most of the formable intrinsic defects
are shallow defects. Besides, the halide perovskites could ei-
ther be p-type or n-type depending on the chemical potential,

@ ,

which is quite beneficial to the diversity of the growth ap-
proaches and solar cell architectures.*®! This observed “de-
fect tolerance” originates from the large atomic size of the
elements and the ionic character of the compounds with ion-
ization state ¢ = 1. Recently, some studies have suggested
that some charged defects can act as recombination centers in
halide perovskites.?’>"! We will review and discuss this issue
in detail in Section 3.
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Fig. 2. The formation energies (a) and the transition energy levels (b) of intrinsic point defects in MAPbI3 under the condition of different
chemical potentials. Defects with much higher formation energies are displayed as dashed lines. Zero in energy is referred to the VBM.

Modified with permission from Refs. [17,23].
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1.3. Disadvantages and solution

Despite the exceptional optoelectronic properties of
organic-inorganic hybrid halide perovskites, two serious prob-
lems including thermodynamic instability of MAPbI3 and tox-
icity of the water soluble Pb?* ions have presented major bar-
riers to their commercial application.30-31]

The low stability of MAPbI; was once attributed
to the moisture, oxygen, UV-radiation, and heat in the
environment.!’3>331 However, first-principles calculations
show that MAPbI; in the @ (Pm3m), B (I4/mmc), and y
(Pnma) phase is thermodynamically unstable and will even-
tually decompose, although it could be synthesized.**] The
thermodynamic stability is closely related to the geometric tol-
erance factor ¢ (t = (Ry +Rx)/v/2(Rp + Ry)), which should
be close to 1 in principle. For MAPbI; in « phase, t > 0.89
at finite temperature. 3! To enhance the stability, 7 is required
to increase towards 1. Given this, altering the effective radius
of A, B, or X to adjust the tolerance factor is a possible solu-
tion to the issue. Another way to enhance the stability is to
convert the crystal structure but retain the excellent electronic
structure, which will be discussed in Subsection 2.3.

The other problem relates to the toxicity of lead. To solve
the problem of toxicity, the concept of Pb-free perovskite was
therefore introduced. A direct way to solve the problem is
to replace Pb?>* by another cation with similar lone-pair state
such as Sn?* or Ge?>*. Substituting Pb by Sn/Ge is expected
to increase the tolerance factor # and improve the thermody-
namic stability. Whereas, the stability of Sn>*/Ge?* in halide
perovskite is a challenge because of the easy oxidization of
Sn?*/Ge?* into Sn**/Ge*t (if without protection) in Sn/Ge
based halide perovskites.3*381 To date, the PCE of the Sn-
based halide perovskite solar cell has just achieved 10%. !
Instead of entirely substituting Pb by Sn, mixed-(Sn,Pb) per-
ovskite could reduce the amount of used Pb, while tuning the

[38,40.411 Another way to de-

bandgap and retaining the stability.
velop Pb-free perovskites is to replace a pair of Pb>* with one
B/ and one B3" to form double perovskite.!*>*! With dif-
ferent combinations of B; and B», electronic structures and
optoelectronic properties are tunable. In addition, altering the
configuration with fixed composition and structure could also

adjust its properties, which will be discussed in Subsection 2.2.

2. Property modification and control

To overcome the disadvantages of MAPbI3; and search for
the stable Pb-free perovskite materials, property modification
and control based on perovskites have been carried out by al-
tering the composition, configuration, and structure. The fol-
lowing works describe several ways to control and adjust the
properties and show the great potential and various possibili-
ties of perovskite materials.

2.1. Variation of composition

Altering and adjusting composition is usually an effec-
tive way to modify the optoelectronic properties of materials.
The easiest way to adjust the composition is to introduce a
new element on an ion site. For ABX3 perovskite, the syn-
thesis and application of mixed-(Sn,Pb) perovskites have al-
ready verified the feasibility of the composition mixing on B-
site. Our studies of ion mixing on the A- and the X-sites show
that the compositional management of ions on A- or X-site not
only modifies the optoelectronic properties but also increases

[44.45] The compositional

the stability of the halide perovskite.
adjustment is not limited to merely one certain ion-site but
can extend to all ion-sites in ABX3. Here, we take the high-
throughput screening of chalcogenide perovskites as an exam-
ple to show the property modification, especially the stability

improvement, by altering the entire composition. 6]

2.1.1. The A-site cation mixing

As mentioned in Subsection 1.3, Goldschmidt tolerance
factor ¢ is one of the important empirical indexes for predict-
ing stable crystal structures of perovskite materials. As shown
in Fig. 3, a ¢ value between 0.8 and 1.0 is favorable for cubic
perovskite structure, and larger (> 1) or smaller (< 0.8) val-
ues of tolerance factor usually result in non-perovskite struc-
tures. For example, CH(NH;),Pbl; (FAPbI3) can exist in
the perovskite a-phase (CaTiO3-type) with good photovoltaic
properties. However, it is more stable in the hexagonal phase
(CsNiBr3-type) with t > 1.[47] On the other hand, CsPblj is
stabilized to an orthorhombic structure (NH4CdCls-type) with
t < 0.8.181 Combined first-principles calculations and experi-
mental observation show that by alloying FAPbI; with CsPbl3,
the effective tolerance factor could be tuned, and the stability
of the photoactive ¢-phase of the mixed solid-state perovskite
alloys FA|_,Cs,Pbl; is enhanced. *4!
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Fig. 3. Correlations between tolerance factor and crystal structure of
perovskite materials. Reprinted with permission from Ref. [44].

Recently, people realize that this classic tolerance factor
t is often insufficient to predict the stability of perovskites.
To enhance the accuracy of this descriptor, amendments have
been applied to the classic equations.[**~°1 So far, the toler-
ance factor ¢ (with or without revision) is closely checked in
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studying the thermodynamic stability and the strategy of al-

loy induced enhancement of stability is commonly adopted for

high performance perovskite-based solar cell.[!!->1-56]

2.1.2. The X-site anion mixing

Mixing multiple halogen ions is expected to have at least
three beneficial effects including enhancing the stability, im-
proving the carrier transport, and the band gap tuning. [%-97-631
However, the statistical relationship of basic electronic and
structural properties corresponding to the mixing composition
was not clear. Therefore, we took CsPb(X;_,Y;)s (X, Y =1,
Br, CI) as example to study the alloy properties of mixed halo-
gen anions. As shown in Fig. 4(a), the volume variation is nor-
mally linear to the concentration. Whereas, the variations of
formation energies and band gaps of the mixed random halide
alloys CsPb(X;_,Yy)3 show unusual behaviors. The band gap
bowing is negligible or even negative (in agreement with ex-
perimental results denoted as crosses, pluses, and green stars
marks) possibly because the interband coupling cancels the in-
traband coupling, which is usually observed in conventional

Fig. 4. (a) Variations of volumes, formation energies (per halogen atom), and band gaps of the mixed halide alloys CsPb(X;_,Y;)3 (X,Y =1,
Br, Cl) by SQS calculation. The solid lines are fitted by calculated results of SQS at nine different concentrations (fitted points are not shown
for clarity). The triangles represent the stable ordered structures at x = 1/3. For band gaps, the available experimental data are given (red
cross marks are data from Ref. [71], the red plus marks are data from Ref. [58], and the green star marks are date from Ref. [63]). (b) The
contributions of strain energy and Coulomb energy in the alloy. (c¢) Particularly stable mixed-halide structures for CsPbX,Y; (X,Y =1, Br, Cl;
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for some ordered alloys at some concentrations (x = 1/3) as
shown in Fig. 4(a) by triangles. The calculated formation en-
ergies of the ordered anion alloy CsPbl;Br;, CsPbl,Cl;, and
CsPbBr,Cl; were —5 meV, 4 meV, and —7 meV per formula

this year.[70]
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the atomic size of X is larger than Y). Reprinted with permission from Ref. [45].

2.1.3. The thorough composition management for

ABXj;

Motivated by the common sense that chalcogenides are

more stable than halides because of their higher Coulomb in-

applicable chalcogenide perovskites for solar cells. The previ-

108401-4

semiconductors.

The formation energy is positive for ran-

1.5 L= s
00 02 04 06 08 1.0
Concentration (x)

dom alloys simulated using the standard quasi-random struc-
ture (SQS) approach, but could be very small or even negative

unit, respectively. Usually, mixing multiple ions will cost en-
ergy due to the strain effect. This also explains why formation
of mixed-(I, Cl) alloy is difficult but forming mixed-(Br, CI)
and (I, Br) alloys is easier. However, the Coulomb interaction
of the isovalent halogen ions is negative as shown in Fig. 4(b).
With combined effects of strain and Coulomb interactions, the
very stable ordered structure CsPbX,Y; is therefore expected
to form as shown in Fig. 4(c). To date, the anion alloyed halide
perovskites are commonly used to enhance the stability and the
efficiency for single and tandem perovskite solar cells.!
Particularly, the proposed ordered CsPbl,Br perovskite solar
cell achieves an efficiency of 16.79% with high air stability in

[ CsPb(Br, C1),

X (‘st(II_\Br\h

teraction energy, it is worthy to investigate whether there are

ous reported works proposed the possibility of chalcogenide
perovskites such as BaZrS;, CaTiSs, CaZrSes, CaHfSes,
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SrSnSs,
theoretical investigation of very limited number of ABX3

and SrSnSe; as solar cell absorbers based on

compounds.!”>77#l To systematically screen all the possible
compositions of ABX3 for solar cell absorber, high-throughput
first-principles calculations were performed to extensively in-
vestigate 168 ABX3 chalcogenide compounds (A = Mg, Ca,
Sr, Ba, Zn, Cd, Sn, Pb; B = Ti, Zr, Hf, Si, Ge, Sn, Pb; X = O,
S, Se) in fixed four different crystal structures (as shown in
Fig. 5(a)), with a total of 672 systems, for potential appli-
cations as solar cell absorbers. Based on screening criteria
such as phase stability (thermodynamic and dynamic), band
gap, carrier effective mass, and optical absorption, five pos-
sible candidates BaZrS3, BaZrSes;, SrZrSe;, BaHfSe;, and
SrHfSe3 were identified for potential solar cell applications,
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as shown in Fig. 5(b). The identified compounds are dynam-
ically stable at 300 K, their band gaps and carrier effective
masses are appropriate, and they can achieve comparable or
even higher efficiency than MAPbI3 due to the strong p—d tran-
sition (Fig. 5(c)). Later, BaZrS; has been synthesized in ex-
periment and further studied. The synthetic powder of BaZrS3
possesses the Pnma space group with a direct band gap of
1.73-1.85 eV,[7>"771 which is obviously wider than the opti-
mal band gap for PVs. To reduce the band gap, two strategies
including alloying Ti at the Zr site and mixing Se to the S site
were proposed. !’ Tt is finally found that the former strategy is
more effective for band gap reduction, only a 4 at.% alloying
decreases the band gap from 1.78 eV to 1.51 eV.!”8] However,

higher Ti-alloying concentration leads to destabilization.[7678]

(b) 168 materials, 4 structures
6 cubic

62 orthorhombic
9 hexagonal

3 cubic
15 orthorhombic
2 hexagonal

Effective mass and
PBEO band gap

BaZrSs,BaZrSes,BaHfSes,
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SrZrSes,SrHfSes

BaZrSs, BaZrSes, SrZrSes, SrHfSes, BaHfSes

Fig. 5. (a) Four common structures for ABX3 compounds as denoted. (b) Screening progress. (c) Calculated optical absorption coefficients and
conversion efficiencies of six types of perovskites, MAPbI3, and GaAs. Reprinted with permission from Ref. [46].

2.2. Variation of configuration

Altering and adjusting the atomic configuration with fixed
crystal lattice and chemical formula could also lead to the vari-
ation of the electronic band structure, the thermodynamic and
optoelectronic properties. Given this general recognition, ef-
forts have been made to refine the aimed property by changing
the ordering of atomic configurations. However, the variation
from ordered structure to disordered structure usually costs en-
ergy. If the ground state is not stable, it is meaningless to dis-
cuss varying the configuration. For ABX3 perovskites, even
regardless the problem of the intrinsic instability, the variation
of the configuration of the A and B cations is quite limited
because the symmetry and the coordination of A and B are en-
tirely different in the compound.

Cation-transmutation is an effective method to enlarge the
selectivity and diversity of materials. Cation-transmutation
is a sequential process involving a series of cation muta-
tions to keep the overall number of valence electrons main-
tained and the compound remains charge neutral. The trans-
mutations of the class of I-III-VI, and I,-II-IV-VI4 photo-

voltaic materials from II-VI semiconductors are successful
examples.[7-81] When the number of cations increases in the
compound, more different ordered or disordered cation atomic
Also, the elec-
tronic structures can depend sensitively on the atomic configu-

configurations are possible in the sample.

ration. In this section, we will introduce the design of the elec-
tronic band structure of inorganic double perovskite by cation

[42,82

transmutation. I and the effect of configuration variation

on the material properties. 83

2.2.1. Cation transmutation

To counteract the mentioned two key issues of hybrid
organic—inorganic halide perovskites, people have searched al-
ternative high-performance stable Pb-free photovoltaic mate-
rials. One of the strategies is using cation-transmutation to de-
sign stable inorganic Pb-free halide perovskites for solar cells.
The idea is to convert two divalent Pb>* ions into one mono-
valent B]" and one trivalent B3" ions, forming a rich class of
quaternary halides in double-perovskite structure, as shown in
Fig. 6(a). The Bfr and B%* share the equivalent symmetry

108401-5
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and coordination environment, and therefore the atomic con-
figurations of the two cations directly influence the energy of
the material. After checking the energies for all the possible
first-neighbored arrangements of B1Xs and B»Xg octahedra,
the ground state structure denoted F was finally obtained as
shown in Fig. 6(b). With photovoltaic-functionality-directed
materials screening in Fig. 6(c), 11 optimal materials with in-
trinsic thermodynamic stability, suitable band gaps, small car-
rier effective masses, and low excitons binding energies were
preliminarily identified as promising candidates to replace Pb-

As

shown in Fig. 6(d), many compounds in double perovskites

based photovoltaic absorbers in perovskite solar cells.

have good phase stability against decomposition into binary
and ternary compounds. It was proposed that Cs,InSbClg and
Cs,InBiClg could be representative double perovskites for so-
lar cell applications based on the strict criteria and assumption
that In* can be stable. However, it was pointed out that the
easy oxidation of In* to In** can lead these proposed double

perovskites unstable. 84
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(a) Schematic idea of atomic transmutation and candidate AzBfngJng/ I perovskites for materials screening.

Decomposition pathways

(b) Energies of

CsyAgBiClg with different arrangements of AgClg (in gray) + BiClg (in blue). The energy of the lowest configuration F is set to zero.
(c) Materials screening process by considering the properties relevant to photovoltaic performance, such as decomposition enthalpy (AH), band
gap, effective masses (mg, my), and exciton binding energy (AEy). The red squares mean the materials passing the screening (selected) and
the green ones mean not passing (abandoned). The optimal nontoxic AZBTB%JFX(, perovskites satisfying all the criterions are marked with red
checks. (d) The AH corresponding to different decomposition pathways for selected AZB]+32+X6. Reprinted with permission from Ref. [42].

Later,

both experimentally and theoretically, which include var-
[85-88]

several other candidates have been proposed,

ious combinations of AzBTB%JrX(, such as Cs;Snlg,
CsAgBiXg (X = Br, C1),139-21 Cs,InAgCls,[”3 Rb,CulnCly
(RbyAgInBrg),”* etc. Guidelines were urgently required for
the rational development of stable Pb-free double perovskites.
To fill in the gap, a systematic study on the relationship be-
tween B} /B3 "
carried out by the authors.[®?l The possible candidates of
B /By
lence atomic components: those with the d states, those with

combination and its electronic structures was
cations can be classified into three classes by their va-
lone pair s state, and those without the d or s states. Con-
sidering the possible combinations of the three classes of the
Bfr /B%+ cations, six distinct families of halide double per-
ovskites were found, as shown in Fig. 7. Based on the sym-
metry analysis of the band structure, we found that both the
+ /p3+
By /B;
states (Fig. 7(h)). Thus, there is strong s-p coupling between

cations in A,B] B3 " Xs must possess the lone-pair s

the lone-pair s and X p orbitals in the valence band and there is
no strong s-p coupling in the conduction band. To satisfy this
criterion, the class of A,BMMABYA X, compounds suffered from
the instability issue was the only possible candidates based on

the band structure analysis. This put the idea of Pb-free double
perovskite for solar cell into a dilemma. Despite this, halide
double perovskites have good material properties that go be-
yond solar cells. Indeed, they have been recently employed for
other optoelectronic applications such as x-ray imaging,®>!
UV detectors, ! laser material,[*”-*®! photocatalysts,*®! and
LEDs, [100-103]

2.2.2. The ordering effect

Instead of trying to improve the stability of A, BIIABYAX,
compounds, another way to design Pb free halide perovskites
for photovoltaic applications is to modify the optoelectronic
properties of halide double perovskites that are intrinsically
stable. One typical example is Csp AgBiBrg, which is syn-
thesized stable in cubic double perovskite structure, and re-
ported to have an indirect band gap of 1.95 eV or 2.19 eV,
respectively.[194105] Both the indirect band gap and the corre-
sponding little visible-light harvest suggest its limited applica-
tion in solar energy conversion. However, introducing cation
disorder and manipulating ordering can adjust the electronic

structure and the light absorption of Cs»AgBiBrg. !
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Reprinted with permission from Ref. [82].
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Comparing the band structures of the ordered and dis-
ordered structures, the reduced symmetry in the disordered
structure can significantly lower the band gap from 1.93 eV to
0.44 eV and convert the indirect semiconductor to a pseudo-
direct one, as shown in Fig. 8(a). The calculated light ab-
sorbance in Fig. 8(b) also shows the dramatic red shift of the
threshold from 3.13 eV (ordered) to 0.44 eV (fully disordered).
The order—disorder transition temperature is estimated to be
1200 K at which sharp changes of the energy and correlation
function are observed in Figs. 8(c) and 8(d). The band struc-
ture of the partial disordered phase at 1200 K is indirect with
a band gap of 1.46 eV and the light absorption threshold is at
1.82 eV in Fig. 8(b). Given the tendency in Figs. 8(c) and 8(d),
quenching from appropriate temperature beyond 1200 K, one
may synthesize a series of the disordered Cs,AgBiBrg with
the band structures varing from indirect band gap of 1.46 eV
to pseudo-direct band gap of 0.44 eV. Varying the ordering
configuration not only modifies the size of the band gap but
also changes the indirect band gap character to more direct
character. Controlling the extent of disorder, the light absorp-
tion is considerably enhanced and red-shifted to the visible and
the near infrared region for the disordered Cs; AgBiBrg alloys.
The property modification and control of the compound offer
an alternative way to develop the stable double perovskites.
Indeed, experimentally, partial disordered Cs;AgBiBrg with
the decreased band gap of 1.72 eV was obtained by control-
ling the temperature and speed of the solution-based crystal
growth,[19] which further confirms the effect of ordering on
the band gap.

Fully Disordered ~ Ordered Fully Disordered ~ Ordered

— —
1.05eV
Extra Electrons —~ ——@e——
0.44 1.93
| 0.44 eV | 0.44 eV

Fig. 9. The schematic idea to stablize the disordered phase by introduc-
ing extra electrons. Modification with permission from Ref. [83].

The order—disorder transition temperature (7¢) is as high
as 1200 K due to the large energy difference between the or-
dered and disordered phases. If the energy difference can be
reduced, the synthetic temperature will consequently decrease.
As shown schematically in Fig. 9, the CBM of the fully or-
dered phase is about 1.05 eV higher than that of the fully dis-
ordered phase. Introducing extra electrons to the CBM states
of the two phases, the disordered phase with the much lower
CBM will gain more energy than the ordered phase. In this
way, the energy difference between the two phases could be
reduced by introducing electrons to the system. To check the
proposal, we found that the disordered phase is calculated to
be as stable as the ordered phase by substituting 1/8 of Cs with

Ba. If the doping concentration is below 1/8, the energy differ-
ence and transition temperature are expected to be decreased.

2.3. Variation of structure

Structural variation is usually expected to cause the inter-
locked change of the thermodynamic, electronic, and optical
properties. For ABX3 perovskites, we would like to improve
the stability and decrease the toxicity without compromis-
ing the exceptional optoelectronic properties which are orig-
inated from the inverted band structure of the BXg octahe-
dron. Therefore, the key issue to modify the target proper-
ties is retaining the BXs octahedron and including new struc-
tural variables. In this section, two schemes including 3D—

(107

2D structural conversion!!%”! and perovskite—spinel structural

conversion!!%® are introduced.

2.3.1. 3D vs. 2D

Creating a surface of a bulk usually costs energy. There-
fore, the 3D bulk is often more stable than the correspond-

ing 2D material. To the opposite, reducing the dimension

(b) . : :
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Fig. 10. (a) Top and side views of bulk orthorhombic CsPbBrz, CsBr-
terminated and PbBr,-terminated triple-layer (L3) 2D orthorhombic CsPbBr3,
respectively. The structures of the monolayer (L1) and double-layers (L2) are
indicated. (b) Formation energies (eV/f.u.) of 2D orthorhombic CsPbBr3 (top)
and orthorhombic MAPbI; (bottom). Relaxed AX-terminated slabs (squares)
and PbX,-terminated slabs (triangles) are presented for three different thick-
nesses, i.e., L1, L2, and L3. The symbols are connected by lines for a better
view. The formation energy of bulk APbXj3 is indicated by a horizontal dashed
line. Reprinted with permission from Ref. [107].
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of the lead halide perovskites from 3D bulk to 2D slabs has
been found to improve the stability of the perovskites.[199-114]
This unusual phenomenon that a 2D slab cut out of the 3D
bulk could be more stable requires to be understood. Tak-
ing MAPbI; and CsPbBr3 as examples (Fig. 10), the PbXj;-
terminated 2D APbXj are calculated to be less stable than the
AX-terminated counterparts because there are more dangling
bonds on the PbX;-terminated surface. For CsPbBr3, the 3D
bulk is more stable than the 2D slab. But the 3D MAPbI;
bulk is less stable than its MAI-terminated 2D counterpart as
shown in Fig. 10(b) due to the structural relaxation of the hy-
drogen bonds on the surface. Therefore, the enhanced stability
of the 2D perovskite is found to originate from the asymmetric
surface properties. Our finding provides new insights into the
dimension-induced variation of thermodynamic stability.

2.3.2. Perovskite vs. spinel

Tetrahedral coordination semiconductors including crys-
talline Si, GaAs, CdTe, and octahedral coordination semi-
conductors, especially perovskites, are two typical classes

TCS

of successful semiconductors for solar cell absorbers, as
shown in Fig. 11(a).['">! According to the previous stud-
ies, the two classes of semiconductors show complementary
properties, which originate from their respective coordina-
tion, in terms of bond, stability, light absorption, and de-
fect tolerance. [>324116-118] To combine the advantages of both
the tetrahedral and octahedral coordinated semiconductors, a
spinel structure is thus proposed as an alternative potential
photovoltaic absorber. A publication which studies a class of
315 possible AB>X4 systems in three different phases identi-
fies five promising spinel compounds CdIn,Ses, HgAl>Sey,
Hgln,S4, HgY»S4, and HgSc, Sy for solar cells (Fig. 11(b)).
Among the five proposed semiconductors, HgAl,Se4 with the
quasi-direct band structure and a band gap of 1.36 eV (GWO0)
has a small electron effective mass (0.08my), high optical ab-
sorption (p to s—p states), high dynamic stability, and thus is
recommended for solar cell application. This work opens a
new route and proposes a new class of semiconductors with
mixed tetrahedral and octahedral coordinations for emerging
solar cell absorbers.
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Fig. 11. (a) Representative examples of two classes of structural families for solar cell absorbers of tetrahedral coordination structure and
octahedral coordination structure. Spinel structure can be considered as the mixing of tetrahedral and octahedral building blocks but keep
high crystal symmetry. (b) The calculated optical absorption spectrum and the spectroscopic limited maximum efficiency (SLME) for 10
spinel compounds MgIn,Ses, ZnSc,Ses, ZnY,Seq, CdScrSeq, CdY,Seq, HgAlrSeq, Hglnp Sy, CdInySesq, HgScrS4, and HgY,S4, in com-
parison to typical solar cell absorbers GaAs and CH3NH,Pbl;. Five compounds with inferior performance (Mgln,Se4, ZnScySey, ZnY,Sey,
CdScySey, and CdY,Seq) have been shaded. The orbital character of VBM and CBM for three selected compounds, HgAlxSeq, ZnScaSeq,
and CH3NH,;Pbl;3. The dipole-allowed intra-atomic transitions are indicated. Reprinted with permission from Ref. [108].
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3. Defect and dopants

Defect and dopant directly decide the carrier density and
the recombination rate, therefore, are crucial to the efficiency
of an optoelectronic device. As we have already stated in
Subsection 1.2, the common formable intrinsic defects in the
prototype perovskite MAPbI; are bipolar and shallow.[?3-2]
However, there are also some special cases and different
opinions.[?7-281191 Agiorgousis et al. reported the possibility
of forming covalency-induced Pb dimers or I trimers with deep
transition levels. The Pb dimers and I trimers are only stabi-
lized in a particular charge state with significantly lowered en-
ergy, which leads to deep charge-state transition levels within
the band gap.!?’! Du used hybrid functional with SOC calcu-
lation and found that only the iodine interstitial and its com-
plexes (Iva ) could induce deep electron and hole trapping lev-
els inside the band gap acting as nonradiative recombination
centers. 1%l Meggiolaro et al. also used HSE06 with SOC to
recalculate the intrinsic defects in MAPbI3 and identified I
as the deep hole trap state. They proposed that interstitial I~
can oxidized into IiJr (I trimer) which behaves as a kinetically
inactive electron trap state by the chemical post treatment. [>3]
The defect properties are quite complicated and more thorough
investigations and new understandings are still in progress.
Here, we describe some of our new findings regarding the n-
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3.1. Killer defects for n-type doping in perovskites: The
DY centers

Substituting Pb with Bi (Bipy) is expected to act as a
shallow donor to enhance the electron conductivity for opto-
electronic materials such as MAPbIz and MAPbBr3 in exper-
iments, because Bi is at the right hand side of Pb in the pe-
riodic table.['?>123] However, suppressed photoluminescence
(PL), short photocarrier lifetime, and negative photoconduc-
tivity (NPC) were reported for Bi-doped MAPbBr3; by three
different experimental groups.!'?%-124123] The unusual exper-
iment observations of Bip, should be correlated to deep de-
fects, which is contrary to empirical expectation. In particular,
the NPC is quite rare and might be related to a special case
of defect complex. Learning from the donor-derived com-
plex center (DX center) in tetragonal semiconductors, which
is a deep negatively charged defect complex converted from
a nominally shallow donor defect,[126-1301 the Bipy, defect in
MAPbHBr3; might be a DX-like center, which we denoted it as
a DY center (in octahedral semiconductors) in our publication.
To figure out whether the unusual defect is DY center, we have
systematically investigated the Bipy, defect in MAPbBr3 and
MAPDI;3, respectively.
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Fig. 12. (a) The schematic illustration of DX center in tetragonal semiconductor. The local structures of the host and at, o, and DY~ defect
states and the calculated defect formation energy of Bipy, in (b) Bi-doped MAPbBr3 and (c) Bi-doped MAPbI3 as a function of Fermi energy
Er under the anion-rich/Pb-poor condition. The numbers indicate the obtained bond lengths for the full lines or distances for the dotted lines
of the broken bonds. (d) The alignment of the band edges of MAPbIz and MAPbBr3 and the relative single electron energy levels of o~ and
DY~ states. The red lines represent the stable states, while the grey lines represent the metastable states. The numbers in brackets represent the
projected p orbital percentage of (anion/cation). Modification with permission from Refs. [29,130].

As shown in Fig. 12(b), Bipy, shows the negative-U behav-
ior and might induce DY center in MAPbBr3. When the Fermi
energy Ep is below the crossing point (1.55 eV), the positive

ot is thermodynamically favorable. When the Ef exceeds

1.55 eV, the localized DY~ state which is highly distorted by
breaking three coordination bonds is dominant. To the con-
trary, Bip, shows the positive-U behavior and DY center is
not favorable to form in MAPbI; (Fig. 12(c)). The a* and
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o0 states are stable unless theEp reaches 1.48 eV. Even form-
ing the negative charged defect, the DY~ state is not stable
with respective to &~ in MAPbI;3. The origin of the formation
of DY center in MAPbI3 and MAPDbBr3 is further revealed.
As shown in Fig. 12(d), converting from the ¢~ state to the
deep DY state, it gains electronic energy by moving the two
occupied electrons from the o~ state to the deep DY~ state,
and costs strain energy for the structural displacement from
the Oy, to C3, symmetry. The higher CBM of MAPbBr3 leads
to higher electronic energy gain in MAPbBr3, which explains
why DY ™ state is stable in MAPbBr3 instead of MAPbI3, and
why the DY center prefers to form when the CBM of the host
is high. The thorough discussion of the DY center thus sup-
plies valuable insights for the defect studies in perovskites and
other octahedral semiconductors.[131-132]

The observed suppressed PL and short lifetime of the
electron can be easily understood. Electron trapping or non-
radiative recombination are expected to occur once the DY
center forms, because the DY~ states are deep enough to act as
the trapping center. The mechanism of the NPC in MAPbBr3

can also be explained as seen in Fig. 13. In dark state, Bipy
is dominantly in ot state and shows the character of shallow
donor (Fig. 13(a)). Upon light illumination, electrons are ex-
cited from the VBM to the CBM, which results in the increase
of the photocurrent from A to B in Fig. 13(c). Once the den-
sity of electrons is high enough, the quasi-electron Fermi en-
ergy (€g) would shift beyond the crossing point of ¢ state and
DY ™ state as shown in Fig. 13(d), therefore, the o™ state starts
to convert into the DY ™ state (C in Fig. 13(b)) by conquering
the energy barrier of 0.17 eV (Fig. 13(f)). After the transi-
tion, the trapped electrons in the DY~ states are deep enough
to recombine with the holes from the VBM by non-radiative
recombination, which thus leads to the fast decay of the pho-
tocurrent from C to D in Fig. 13(c). When the light is off,
the photocurrent is consequently decreased (E in Fig. 13(c))
as well as the Fermi energy level. The already formed DY
center requires layback time to convert back to the @~ or a™
state conquering the barrier of 0.45 eV, which gives rise to the
increase of the current from E to F in Fig. 13(c).
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Fig. 13. (a) Schematic diagram of energy levels of the Bi-doped MAPbBr3 crystal in dark. (b) Schematic representation of the emergence of
DX-like (DY) defect levels under light illumination. Also shown are the dynamic photocarrier generation and recombination processes that
lead to the negative photoconductivity. (c) Negative photoconductivity curve corresponding to the transitions taking place relevant to DY center
under light. (d) Schematic plot of formation energies of a shallow donor Bip;, (&™) and DY center in MAPbBr3 as functions of the Fermi level
(&p). (e) Atomic configuration of the DY center in Bi-doped MAPbBr3. (f) The transition of Bi-doped MAPbBr3; from the metastable o~ state
to the stable DY~ state. Modification with permission from Refs. [29,120].

3.2. P-type doping in perovskite: Transparent conducting
materials

Transparent conductors (TCs) have a wide range of appli-
cations in optoelectronic devices, such as flat-panel displays,
solar cells, transparent thin-film transistors, light-emitting
diodes, and touch-screen sensors.!'33-1391 However, in these
days, the commercially used TCs are mostly based on n-type
oxides (TCOs), such as Sn doped In,O3 and Al doped ZnO,
while the fabrication of their p-type counterparts remains a
big challenge. In a recent work, we have proposed a series of

inorganic metal halide perovskites IMHPs) as potential can-
didates as p-type TCs, which possess an “inverted band struc-
ture (IBS)” compared to conventional n-type TCOs, i.e., hav-
ing s-like valence band maximum (VBM) and p-like conduc-
tion band minimum (CBM) (see Fig. 14(a)). Benefit from this
characteristic IBS, these IMHPs can satisfy most criteria of p-
type TCs, such as good transparency, high conductivity, good
dupability, and high thermodynamic stability.

Taking CsPbCl3; as an example, the calculated band gap
is 2.83 eV by HSE06 and GW+SOC methods, which can pro-
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hibit the interband absorptions of most visible light in this
material (T1 in Fig. 14(b)). Moreover, the VB states at the
high-symmetry R-point were found to have the same parity
(Fig. 14(c)), which implies that the dipole transitions between
these VB states should be forbidden. Consequently, it can
be expected that the intraband optical absorptions would also
be weak as the material is heavily doped with holes (T2 in
Fig. 14(b)). On the other hand, due to the IBS with s-like
VBM, CsPbCl; has a relatively small m}, (~ 0.21myq), which is
comparable to the electron effective masses in conventional n-
type TCOs (typically 0.20-0.35mg).!13%! This small m} would

(a) (b)
N
N
m .
n-type TCOs p-type TCs
(d) Ph-poor (e)

Pb-rich

Formation energy (eV)

AH, (eVit.u.)

00 07 14 21 2800 07 14 21 28

guarantee good conductivity in p-type doped CsPbCl;. As one
important feature of TCs, the p-type dopability of CsPbCls
should be high. As shown in Fig. 14(d), the theoretical calcu-
lations indicate that it is quite easy to dope CsPbCls p-type by
carefully selecting proper dopants, such as Na and K. These
extrinsic dopants prefer to substitute Pb in CsPbCls with low
formation energies and both yield shallow acceptor levels. Be-
sides CsPbCl3, other 27 candidates in this IMHPs family were
also considered. Among them, RbPbCl; and CsPbBr; were
predicted to be potential candidates as high-performance p-
type TCs, due to their similar properties to CsPbCls.
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Fig. 14. (a) Schematic illustration of normal band structure for conventional n-type TCOs such as In,O3 and inverted band structure for
p-type TCs. The black dashed line indicates the position of Fermi level, while the green dotted lines present the doping-limit energy level.
(b) Interband (T1) and intraband (T2) optical transitions in p-type TCs. (c) Band structures of CsPbCls calculated by HSE06 and GW+SOC
methods. (d) Calculated formation energies for various intrinsic defects, two defect complexes, and three extrinsic defects (Kpp, Napy, and
Agpyp) in CsPbCl3, under both the Pb-rich and Pb-poor conditions. (e) Decomposition energies (AHy) of 27 IMHPs. (f) Band gaps of 10 stable
IMHPs, calculated with GW+SOC method. Modification with permission from Ref. [121].

4. Conclusion and perspectives

This review summarizes the theoretical works on the elec-
tronic structure, optical and defect properties of halide per-
ovskites and the derived stable Pb-free optoelectronic materi-
als. We show that by adopting compositional management and
3D to 2D structural conversion, the thermodynamic stability of
Pb-based halide perovskites can be improved, which is benefi-
cial to the application in the field of solar cell. Adopting cation
transmutation with varied configuration and high-throughput
screening of perovskite and spinel structure, series of stable
and lead-free materials have been discovered and designed for
solar cells and other optoelectronic applications such as elec-
troluminescence, photodetector, x-ray imaging, laser, photo-
catalysis, and etc. However, in general, it is very difficult to
simultaneously improve all the required material properties for
specific applications, therefore, the greatest challenge in prac-
tical optoelectronic application using these materials would be
the optimization of the material properties through band struc-

ture engineering and defect control. Our review shows that
first-principles electronic structure calculations can provide us
deep understanding on the material properties of perovskites.
These understandings can help us design and study new stable
nontoxic perovskite-derived materials.
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