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ABSTRACT

Using density-functional theory calculations, we analyze the optical absorption properties of lead
(Pb)-free metal halide perovskites (AB2>"X3) and double perovskites (AB"B**Xs) (A = Cs or
monovalent organic ion, B?* = non-Pb divalent metal, B* = monovalent metal, B** = trivalent
metal, X = halogen). We show that, if B2" is not Sn or Ge, Pb-free metal halide perovskites
exhibit poor optical absorptions because of their indirect bandgap nature. Among the nine
possible types of Pb-free metal halide double perovskites, six have direct bandgaps. Of these six
types, four show inversion symmetry-induced parity-forbidden or weak transitions between band
edges, making them not ideal for thin-film solar cell application. Only one type of Pb-free double
perovskite shows optical absorption and electronic properties suitable for solar cell applications,
namely those with B" = In, Tl and B** = Sb, Bi. Our results provide important insights for

designing new metal halide perovskites and double perovskites for optoelectronic applications.
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Organic—inorganic lead (Pb) halide perovskite solar cells have attracted significant attention,
owing to their rapid improvement in record power conversion efficiency (PCE) over the past few
years.! "¢ Despite the demonstration of the great potential, this emerging photovoltaic technology
is still facing serious challenges, most notably with regards to cell instability against moisture
and temperature and the inclusion of toxic Pb. Extensive efforts have been paid to discover

nontoxic or low-toxicity and air-stable metal halide perovskite-based solar cell materials.” %!

There are two general routes for designing Pb-free metal halide perovskite related absorber
materials. The first route is to replace Pb by a divalent cation to create a Pb-free AB*'X3
perovskite (A = Cs or monovalent organic ion, B* = non-Pb divalent metal, X = halogen). The
divalent cations from group 2, group 12, and group 14 (Ge and Sn) of the periodic table are the
choices for the B>" site. Among these possible Pb-free metal halide perovskites, so far, only Sn
halides have achieved solar cells with reasonable PCEs.”'%?? Previous studies have revealed the
importance of the strong Pb 6s—I 5p antibonding coupling and the high symmetry of the
perovskite structure for the superior photovoltaic properties of lead halide perovskite
absorbers.?>2° Therefore, lone-pair Bi**/Sb** trivalent cations have been employed to replace Pb,
resulting in A3(Bi**/Sb**)2Xo low-dimensional perovskite and non-perovskite (also called
perovskite alternative) compounds, which show low electronic and structural dimensionalities
and associated large bandgaps (> 2 eV), heavy carrier effective masses, detrimental defect
properties, and thus poor photovoltaic performances.'?*2?” To overcome the low structural
dimensionality issue, trivalent Bi**/Sb** has been combined with monovalent cations on the B-
sites of halide perovskites to form A,B*(Bi**/Sb**)Xs (B® = monovalent metal) double

perovskites. Since they adopt a crystal structure (cubic, space group Fm-3m) with a three-



dimensional extended array of corner-sharing metal halide octahedra, a preferred characteristic
for promising photovoltaic absorbers, metal halide double perovskites have received extensive
attention. A recent report has systematically studied the stability and electronic properties of
A:BT(Bi**/Sb*")Xs systems.?® Experimentally, some metal halide double perovskites, e.g.,
Cs:NaB**Cls (B** = Sc,”’ Y, In,® TL?° Sb¥ and Bi’’), Cs:KB*'Cls (B*" = Sc,*! In®?),
(MA):KBiClg,** Cs:AgB**Clg (B> = In,>* Bi¥), Cs,TITICI6*® and (MA),TIBiCls*’ have been
synthesized, among which, Cs>AgBiBrs and Cs2AgBiCls, have been proposed as candidates for
photovoltaic application.!>2%*%3 These systems also show some promising photovoltaic
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properties, including long carrier recombination lifetime!®> and good stability against

15,35.38-44 an undesirable feature for

air/moisture;>>* however, they possess indirect bandgaps,
efficient thin-film solar cell applications. Therefore, the search for double perovskites with direct
bandgaps has been extended beyond the Bi*'/Sb*" based systems to AB'B**Xs double
perovskites (B*/B** = monovalent/trivalent metal). Recent reports have shown, for example, that
Cs2AgInClg exhibits a direct bandgap.*

The crystal structures of metal halide perovskites and double perovskites possess inversion
symmetry, which provides the possibility of inducing parity-forbidden transitions between
conduction/valence band edges, and which can in turn seriously affect materials optical
absorption properties. For example, parity-forbidden transitions have been reported in other
semiconductors with inversion symmetry, including CuM*0, (M** = Al, Ga, In),* In0;,*
TLO;,* and Sn0,,*® and were used to explain their anomalously large optical bandgaps.
Inversion symmetry-induced dipole forbidden transitions are particularly undesirable for thin-

film solar cell absorber application, because of the inefficient absorption of photons with

energies close to the bandgap values. Though metal halide perovskites and double perovskites
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possess inversion symmetry, the effects of possible parity-forbidden transitions have not been
systematically investigated, except for the explanation of the reported bandgap variation among
groups studying Cs>Snle.'¢

In this work, we examine the nature (direct vs indirect) of bandgaps of Pb-free metal halide
perovskites and double perovskites and the effects of inversion symmetry-induced parity-
forbidden transitions for the double perovskites with direct bandgaps, using density-functional
theory (DFT) calculations. We show that Pb-free metal halide perovskites beyond B>" = Sn and
Ge have indirect bandgaps and, therefore, are expected to exhibit poor optical absorptions.
Among all nine possible types of Pb-free metal halide double perovskites A2 B'B**X, (B" =
monovalent metal, B>* = trivalent metal), distinguished by the groups from the periodic table that
the B* and B*" metals come from, six have direct bandgaps. Of these six types, only one type,
i.e., B =In, Tl and B3 = Sb, Bi, shows strong transitions between conduction and valence band
edges and small effective masses for carriers. All others show either symmetry-induced parity-
forbidden or weak transitions, making them less suitable for thin-film solar cell applications. The
parity-forbidden transition can explain very well the mystery observed with the new lead-free
halide double perovskite, CspAgInCle—i.e., while the synthesized powders exhibit white
coloration with an experimentally measured optical bandgap of 3.3 eV, the photoluminescence
(PL) emission energy is only 2.0 eV.** Our results suggest that inversion symmetry-induced
parity-forbidden transitions must be considered when designing new double perovskites for
optoelectronic application.

We first show the results of Pb halide perovskites, which will serve as a reference for
comparing with the results of Pb-free perovskites and double-perovskites. For the purpose of

efficient computation resource use, we consider Cs as the A cation. Figure 1(a) shows the PBE
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calculated band structure of CsPbl; with the a perovskite phase, which is stable at elevated
temperature.** The conduction band minimum (CBM) is mainly derived from Pb 6p orbitals
(marked in red) and exhibits an odd parity (R4"). The valence band maximum (VBM) consists of
Pb 6s and I 5p and exhibits an even parity (Ri*). Therefore, CsPbls perovskite has a direct

bandgap at the R point and exhibits no parity-forbidden (even to even or odd to odd) transitions.
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Figure 1. PBE calculated (a-c) band structures and (d-f) corresponding matrix elements for cubic
CsB?'I; perovskites: (a,d) CsPbls, (b,e) CsSnls, and (c,f) CsGels. The states colored in green,
red, and orange are for cation B> s, cation B*" p and I p states, respectively. The red numbers
indicate the order of Mulliken symbols for irreducible representations. Blue letters are
corresponding Koster notations. Red symbols below high-symmetry K points correspond to the
point groups with inversion symmetry. The corresponding band structure for CsPbl; with SOC
included is shown in Figure S1(a), demonstrating that SOC does not impact the symmetry

analysis given here.



The high transition probabilities between the topmost valence and the lowest conduction band
are revealed by the calculated sum of the squares of the dipole transition matrix elements,'® P,
at various k points as shown in Figure 1(d). Although P? values are provided in arbitrary units,
the values of different structures can be directly compared. It is worth noting that the inclusion of
spin-orbital coupling (SOC) only introduces a split of the Pb 6p orbital-derived conduction band
and does not change the CBM parity, as detailed for the CsPblsz band structure with SOC
included (Figure S1(a)). These results are consistent with the symmetry analysis of a-MAPbI3
based on a tight binding model.’® The results can also be applied to all other Pb halide
perovskites. Therefore, Pb halide perovskites exhibit very high optical absorption coefficients,
making them highly desirable for thin-film solar cell applications.

We next discuss the results of Pb-free AB**X3 metal halide perovskites. The B** cation can
be a divalent cation from group 14 (e.g., Sn, Ge), group 2 (e.g., Mg, Ca, Sr, Ba) or group 12
(e.g., Zn, Cd). Transition metals are not considered because of their localized partially occupied
d orbitals. Among these candidates, only Sn(2+) and Ge(2+) exhibit lone pair s orbitals,
resembling Pb 6s? in Pb-based perovskites. Because of this, the band structures of CsSnls and
CsGels perovskites, as shown in Figure 1(b) and 1(c), respectively, have very similar features as
the CsPbl; band structure—i.e, the CBM is also mainly derived from the B*" p orbitals, lies at the
R point and has an odd parity (R4~ ), whereas the VBM consists of B>" s and X p orbitals and
exhibits an even parity (R1"). As a result, CsSnlz and CsGels perovskites also exhibit no parity-
forbidden transitions and have large dipole transition matrix elements around the R point (Figure

1(e) and (f)). However, the Sn 5s orbital is higher in energy than the Pb 6s orbital. Additionally,



Sn has a smaller atomic size than Pb. Therefore, the Sn 5s-1 5p antibonding coupling is stronger
than the Pb 6s-1 5p antibonding coupling. The Sn 5s-I 5p antibonding coupling state lies 1.55 eV
higher than the topmost I 5p state at the R point, as indicated by the pink arrow in Figure 1(b).
The corresponding value is only 0.69 eV in CsPblz (Figure 1(a)). Therefore, the bandgap of
CsSnlz is smaller than that of CsPbls. Notably, CsGels exhibits a larger bandgap than CsSnls.
This mainly arises because the 4s energy level (-12.031 eV) of Ge sits closer to the 6s energy
level of Pb (-12.401 eV) than the 5s energy level of Sn (-10.896 eV).>! As a result, the Ge 4s-I
S5p antibonding coupling is considerably weaker than that of SnS5s-I 5p. The Ge 4s-1 5p
antibonding coupling state is about 0.87 higher than the topmost I 5p state at the R point (marked
by the pink arrow on Figure 1(c)), which is significantly smaller than the value of 1.55 eV for
CsSnl; (Figure 1(b)). Detailed analysis of the VBM components at the R point reveals that the
ratios between the contributions from the B>* s states and the I 5p states are 0.75, 0.63 and 0.5
for CsSnls, CsGels and CsPbls, respectively.

If Pb is replaced by a divalent element that has no lone-pair s orbitals, such as group 2 (Mg,
Ca, Sr, Ba) or group 12 (Zn, Cd), the CBM no longer derives from the B** p orbital, leading to
indirect bandgaps, an undesirable situation for thin-film solar cell application. As an example,
Figure 2(a) shows the PBE calculated band structure of CsZnCls, a representative for B*>" =
group 12 elements. The CBM mainly derives from the Zn s orbital, which lies at the I" point and
exhibits a I'1" even parity. The VBM comes from the Cl 3p orbital and lies at the R point. As a
result, CsZnClz perovskite exhibits an indirect bandgap. Figure 2(b) shows the PBE calculated
band structure of CsCaCls, serving as an example for the case of B** = group 2 elements. In this

case, the CBM derives from Ca 3d orbitals and also lies at the T" point and exhibits a I'i" even



parity. The VBM still comprises Cl p states and lies at the R point, resulting in an indirect
bandgap. Substituting Pb by other group 2 and group 12 elements does not change the bandgap
nature. Therefore, Pb-free perovskites are not ideal absorbers for thin-film solar cell application
if Pb is replaced by elements other than Sn(2+) or Ge(2+). It should be noted that Sn(2+) and
Ge(2+) can be easily oxidized into the more stable states of Sn(4+) and Ge(4+). As reported in

literature, Sn(2+) and Ge(2+) halide perovskites suffer from instability issues. >
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Figure 2. PBE calculated band structures and corresponding transition matrix elements (in
arbitrary unit) for (a,d) CsZnClz and (b,d) CsCaCls perovskite, and (c,f) hypothetical cubic
Cs2ZnZnCls double perovskite. The orange color corresponds to CI 3p states, the green color
corresponds to Zn 4s states and the blue color corresponds to Ca 3d states. Black/red symbols

below high-symmetry K points correspond to the point groups without/with inversion symmetry.

The above results show that some metal halide perovskites do not exhibit parity-forbidden

transitions between band edges, even though they possess inversion symmetry. However, as seen
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in Figure 2(a) and (b), the CBM and VBM have the same parity when Pb is replaced by a group
12 or group 2 element. When the CBM and VBM are located at different k points, this does not
induce parity-forbidden transitions between the band edges. However, with reduced symmetry,
for example in the case of double perovskites, the CBM and VBM could fold to the same k point,
leading to parity-forbidden transitions between CBM and VBM. As an example, we calculated
the band structure of a hypothetical cubic Cs2ZnZnCls double perovskite. As shown in Figure
2(c), the CBM still derives from the Zn s orbital and the VBM derives from CI p orbital;
however, now they both lie at the " point, showing I'1" and T's" even parity, respectively, and
exhibiting a parity-forbidden transition between the CBM and VBM. As shown in Figure 2(f),
the calculated dipole element matrix amplitude is zero between CBM and VBM at the I" point.
Therefore, inversion symmetry-induced parity-forbidden transitions may appear in metal halide
double perovskites. For comparison, the calculated dipole transition matrix elements between
band edges for CsZnCl; and CsCaCl; are shown in Figure 2(d) and (e), respectively.

Table 1 shows all possible types of A2B"'B**X¢ double perovskites and their corresponding
bandgap nature, calculated at the PBE level. The PBE calculated lattice constants and bandgap
values for considered double perovskites are given in Table S1. Among all nine possible types of
A>B"B*"X¢ double perovskites, three exhibit indirect or mostly-indirect bandgaps—i.e., when B*
and B*" have the following combinations: 1) B'= Cu, Ag, Au (group 11) plus B** = Sc, Y (group
3) or Sb or Bi (group 15) and 2) B = In, TI (group 13) plus B*" = Al, Ga, In, T1 (group 13). The
PBE calculated differences between direct and indirect bandgaps appear in Figure S2. Since an
indirect bandgap is less suitable for thin-film solar cell application, these types of double
perovskites are not discussed further in this study.

Table 1. Possible combinations for A,B"B** X double perovskite.
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B Group 3 Group 13 Group 15
+ .
- Sc, Y Al CT}?E;E? ), Sb(3+), Bi (3+)
Na. K. Rb Direct Direct Mostly Direct
Group 1 ’ C; ’
(All forbidden) (All forbidden) (Weak transition)
) Direct )
Group 11 | Cu, Ag, Au Indirect Indirect
(partial forbidden)
Direct Direct
Group 13 1,11,11((111))’ Indirect
(Weak transition) (Strong transition)

We next consider the parity of the conduction and valence bands near the bandgap
position, for the six types of double perovskites exhibiting direct or mostly direct bandgaps. Four
scenarios arise: (i) scenario S1: all k points forbidden. Two of the six types, i.e., B* = group 1
plus B3 = group 13, and B* = group 1 plus B*" = group 3, exhibit parity-forbidden transitions
between band edges at all k points; (ii) scenario S2: partial k point forbidden. One of the six
types, i.e., B* = group 11 plus B%* = group 13, exhibit parity-forbidden only between CBM and
VBM, but with allowed transitions between band edges at other k points; (iii) scenario S3:
allowed weak transitions. Two of the six types, i.e., B* = group 1 plus B%* = group 15, and B* =
group 13 (In and TI) plus B* = group 3, exhibit allowed but weak transitions between band
edges; and (iv) scenario S4: allowed strong transitions. Only one of the six types, i.e., B = group
13 (In, TI) plus B3 = group 15 (Sb, Bi), exhibit allowed and strong transitions between band
edges. From the optical absorption and carrier effective mass point of view, the last type of

double perovskites is most desirable for thin-film solar cell application.
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Figure 3(a) shows the PBE calculated band structure of Cs;KInCle, representing the B =
group 1 plus B3 = group 13 type in the scenario S1. The corresponding partial density of states
(PDOS) of this double perovskite is shown in Figure S3(a). We use A = Cs and X = Cl, as an
example here, but expect the results to hold for other members of the double perovskite family as
well. It is worth noting that the focus of this study is on the optical absorption properties of a
broad range of possible cubic double perovskites. Thermodynamic stability and bandgap values

are also important, but are beyond the scope of this discussion. The orbital contributions to the
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Figure 3. PBE calculated band structures and transition matrix elements for (a, ¢) Cs:KInCls and
(b, d) Cs2KYCls. The orange color corresponds to CI 3p states, the green color corresponds to In
5s states and the blue color corresponds to Y 4d states. Black/red symbols below high-symmetry

K points correspond to the point groups without/with inversion symmetry.
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states near the band gap appear in Figure 3(a). The details of the numbers, symmetry elements
and Koster notations used in this paper are listed in Table S2. The lowest conduction band state
derives from the In 5s and Cl 3p orbitals. The topmost valence band state derives from CIl 3p
orbitals. Both the CBM and VBM lie at the I point and have even parity (I'"). The CB and VB
edge states at all other k points also have the same parity. Therefore, there are parity-forbidden
transitions between band edges at all k points. As a result, the calculated transition matrix
amplitudes are zero for transitions between CB and VB edges at all k points, as shown in Figure
3(c). Figure 3(b) shows the PBE calculated band structure of Cs;KYClg, a representative double
perovskite for the B" = group 1 plus B** = group 3 type in scenario S1. The PDOS of this double
perovskite appears in Figure S3(b). The topmost valence state derives from CI p orbitals, while
the lowest conduction state is mostly derived from the Y d orbital, except for the I" point, which
shows the same even parity. It is seen that the CB and VB edges at all k points exhibit the same
parity, introducing parity-forbidden transitions between band edges, consistent with the
calculated zero transition matrix amplitudes shown in Figure 3(d). Such parity-forbidden
transitions at all k points will lead to very poor optical absorptions of photons with energies close
to the bandgap values, consistent with the calculated optical absorption coefficients (Figure S4(a,
b)). Therefore, these two types of double perovskites are highly undesirable for thin film solar
cell application.

Figure 4(a) shows the PBE calculated band structure of Cs>xAgInCls, a representative of the
type of B" = group 11 plus B*" = group 13 double perovskite in the scenario S2. Both the VBM
and CBM lie at the I" point providing a direct bandgap. The PDOS of this double perovskite is

shown in Figure S3(c). The VBM mainly derives from Ag 4d and Cl 3p orbitals. The flat band
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nature of the VBM along the I'-X direction results from the disconnected nature of the Ag d
orbitals along the [111] direction. The CBM mainly derives from the delocalized In Ss states,
which leads to a dispersive conduction band with a bandwidth of ~2.5 eV. The Ag 5s states have
a much higher energy position than the In 5s states, corresponding to the CBM+1 state at the L
point. Owing to the In 5s state and inversion symmetry, the CBM has a A4, (I'1") representation
at the I" point, as indicated in Figure 4(a). At the I" point, the E, state of the Ag d orbitals has the
highest energy. As a result, the VBM has an E, (I';") representation at the I" point, as indicated in

Figure 4(a). Since VBM and CBM have the same even parity, a parity-forbidden transition from

E-E\gy (eV)
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Figure 4. PBE calculated (a) band structure and (b) transition matrix elements for Cs>AgInCls.
The orange color corresponds to Cl 3p states, the green color corresponds to In 5s states and the

blue/cyan color corresponds to Ag 4d/5s states.
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VBM to CBM at the I" point should occur. However, the parity of the CB edge changes, while
that of the VB edge does not, at k points away from the I point. Therefore, the calculated dipole
transition matrix amplitude increases as the k point changes from I" to L point, as shown in
Figure 4(b). This type of double perovskite therefore has weak optical absorption coefficients for
photons with energies close to the bandgap—i.e., still not an ideal condition for thin-film solar
cell application (see calculated optical absorption coefficients in later discussions).

Figure 5(a) shows the PBE calculated band structure of Cs;KBiClg, a representative example

of the type of B* = group 1 plus B*" = group 15 system in scenario S3. In this case, both the
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Figure 5. PBE calculated band structures and transition matrix elements for (a,c) Cs2KBiClg and

(b, d) Cs2InYCls. The orange color corresponds to Cl 3p states, the green color corresponds to Bi

6s or In 5s states, the red color corresponds to the Bi 6p states and the blue color corresponds to

Y 4d states.
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CBM and VBM lie at the L point. The PDOS of this double perovskite appears in Figure S3(d).
The lowest conduction band primarily derives from Bi 6p and Cl 3p orbitals. The VBM also lies
at the L point and mainly comes from Bi 6s and CI 3p states. Although the bandgap is direct and
there are no parity-forbidden transitions between band edges, the calculated dipole matrix
amplitudes are very weak, as shown in as shown in Figure 5(c). The inclusion of SOC (Figure
S1(b)) does not change the conclusion on the nature of bandgap and parity. It is noted that the Bi
6s and Cl 3p derived top VB band is rather flat, indicating a high joint density of states (JDOS)
between the VB and CB band edges. According to Fermi’s Golden rule, the optical absorption of
a semiconductor at a specified photon energy directly relates to the dipole transition matrix
elements (weak in this case) and the JDOS (strong in this case).?* As a result, the PBE calculated
absorption coefficients are moderate in value for photons with energies close to bandgap (Figure
S4(c)). However, the flat CBM and VBM indicate heavy effective masses for electrons and
holes, which is not preferred for solar cell application. Figure 5(b) shows the PBE calculated
band structure of CszInY Cls, which represents the B* = group 13 (In, T1) plus B** = group 3 (Sc,
Y) type of double perovskite in scenario S3. From the PDOS of this double perovskite (Figure
S3(e)), the topmost VB state mainly derives from In 5s and CI 3p orbitals, while the VBM lies at
the L point. The lowest conduction band is mainly derived from Y d orbitals and the CBM also
lies at the L point. While the VBM has a L;" representation, the CBM has a L, representation,
showing no parity-forbidden transitions between VBM and CBM. Though the calculated
transition matrix amplitudes shown in Figure 5(d) are very weak between band edges at all k
points, the large JDOS make the PBE calculated absorption coefficients more moderate in scale
(Figure S4 (d)). However, the large bandgap renders Cs2InYCls not very suitable for thin-film

solar cell applications.
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Figure 6. PBE calculated (a) band structures and (b) transition matrix elements for Cs2InBiCls.
The orange, green, red, and cyan colors correspond to CI 3p, In 5s, Bi 6p and Bi 6s states,

respectively.

Figure 6(a) shows the calculated band structure of Cs2InBiCls, which represents the type of
B* = group 13 (In, TI) plus B*" = group 15 (Sh, Bi) double perovskite in scenario S4. The PDOS
of this double perovskite (Figure S3(f)) shows that the lowest conduction band is mainly derived
from the Bi 6p and CI 3p states, while the topmost valence band is mainly derived from In 5s and
Cl 3p states. Both the CBM and VBM lie at the I" point. The CBM has a I's~ representation,
while the VBM has a I'i* representation. Therefore, there is no parity-forbidden transition
between CBM and VBM. The calculated transition amplitude has a large value at the I" point
(Figure 6(b)), indicating excellent optical absorption properties for the hypothetical compound
Cs2InBiCls. Including SOC in the calculation (Figure S1(c)) does not change the conclusion, as

compared with PBE results. The In 5s- Bi 6p transitions are very similar to those in Pb halide
18



perovskites. The good optical absorption (Figure S4(e)) and dispersive conduction and valence
bands make this type of Pb-free double perovskite suitable for thin-film solar cell application.
However, our recent combined theoretical and experimental study has shown that the In(1+)-
containing halide double perovskites will be difficult to realize because of the oxidation-
reduction instability of the In 1+ state in the presence of Bi 3+.>

Finally, we consider how parity-forbidden transitions can explain the apparent bandgap
mystery observed with the new lead-free halide double perovskite, Cs2AgInCls (discussed above
as an example of scenario S2 among the double perovskites). Recent reports have shown that
Cs2AgInCle exhibits a direct bandgap.** Successful synthesis of Cs>AgInCls powders has been
reported.>* However, while the synthesized Cs»AgInCls materials exhibit white color and an
experimentally-measured optical bandgap of ~3.3 eV, the PL measured from the same powder
shows an emission peak at 608 nm, which corresponds to 2.0 eV.>* The PL emission energy falls
~1.2 eV lower in energy than the optical bandgap. As shown in Figure 4(a), there are parity-
forbidden transitions between CBM and VBM at the " point and the transition matrix amplitude
is zero at this point. Therefore, there will be no optical absorption between CBM and VBM, even
for large JDOS. At k points away from the I'" point, the symmetries of the conduction and
valence band states change and the transition probability may increase. As shown in Figure 4(b),

along the I'-L line, the calculated dipole matrix amplitude slowly increases. However, all

transitions along the I'-X direction remain forbidden.
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Figure 7. PBE calculated optical properties for Cs2AgInClg: (a) JDOS, (b) absorption coefficient
using a logarithmic scale, (c) absorption using a linear scale. Calculated optical properties for
Cs2PbPbCls: (d) JDOS, (e) absorption coefficient using a logarithmic scale and (f) absorption

using a linear scale. The insets show (ahv)? vs hv plots to determine direct bandgap.

For comparison, we examined the JDOS values of CsxAgInCls and model compound
Cs2PbPbCls at the PBE level, as shown in Figure 7(a) and 7(d), respectively. The JDOS profiles
start just slightly above their corresponding bandgap values. The JDOS values in the regions near
the bandgap, marked by the blue boxes (about 1 eV wide), have rather similar values for
Cs2AgInClg and CsoPbPbCls. However, their calculated optical absorption coefficient curves
show rather different features. We first display the calculated absorption coefficient curves for

Cs2AgInClg and Cs2PbPbCls using a logarithmic scale, as shown in Figures 7(b) and 7(e),
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respectively. The plots using the logarithmic scale enable easy identification of the absorption
onsets, because of the rapid rise of the absorption coefficients. In both cases, the absorption
onsets match well with their corresponding fundamental bandgaps extracted from their band
structures. However, careful examination reveals that the two absorption coefficient curves
exhibit rather different details. For Cs2AgInCl, it takes up to 1 eV for the absorption coefficient
to rise to 10* cm™, as indicated by the blue box in Figure 7(b). However, for Cs,PbPbCle, the
energy range for the absorption coefficient to rise to the same level takes less than 0.2 eV, as
shown by the blue box in Figure 7(¢). Such a disparity can only be caused by differences in the
transition matrix elements, since these two materials have almost the same JDOS profiles over

this energy range. Notably, absorption coefficients below 10* c¢cm’

are regarded as weak
absorption. Such weak absorption may lead to a tail in the absorption coefficient curve
determined from a UV-Vis spectrum.

Weak absorption cannot easily be discerned when the absorption coefficient curves are plotted
using the logarithmic scale. On the other hand, the curves plotted in a linear scale can much
better reveal the effects of the weak absorption. As shown in Figures 7(c) and 7(f), while the
absorption coefficient curve of Cs:PbPbCls shows a well-defined onset at about 2.3 eV,
consistent with the calculated fundamental bandgap, the absorption coefficient curve of
Cs2AgInClg shows an onset at about 2.1 eV and a long tail extending to about 1.0 eV, which
corresponds to the PBE-calculated fundamental bandgap. The differences are seen even more
clearly when the curves are plotted as (ahv)? vs hv, which is often used to extract the direct
bandgaps from experimental absorption data. As shown in the inset of Figure 7(c), the absorption

begins at about 2.1 eV for the CsxAgInCls double perovskite, which is about 1.0 eV above the

PBE-calculated fundamental bandgap of 1.03 eV. However, for Cs:PbPbCls (inset in Figure
21



7(f)), the absorption onset is at about 2.5 eV, close to the corresponding calculated fundamental
bandgap value. As discussed in the Experimental Methods section, the PBE calculation
underestimates the bandgap of CsxAgInCls by ~1.35 eV as compared to the HSE calculation
(Figure S5). With the correction of the bandgap underestimation, the optical absorption onset of
Cs2AgInClg should appear at ~3.45 eV, consistent with the experimental optical bandgap
reported in the literature.>* Therefore, the large difference between the absorption onset seen in
an experimental (a/tv)? vs hv plot and the bandgap calculated by HSE can be well explained by
the parity-forbidden transition effect in CsxAgInCls. The parity-forbidden transitions only affect
the absorption coefficient, but have no impact on the relaxation of the photo-excited electrons
and holes, which will rapidly relax to the CBM and VBM, respectively. Therefore, the PL peak
should have an energy close to the fundamental bandgap. It is expected that the PL emission may
not be very strong because of the low transition matrix elements between CBM and VBM near
the I' point. Our results explain why the white powders showed PL emission at ~608 nm (2.0
eV), which is expected to reflect an orange-colored powder, if it were not for parity-forbidden
transitions. The parity-forbidden transitions may also affect the carrier lifetime, making the PL
lifetime longer than for a parity-allowed transition. In fact, the weak PL decay for a powder
sample has shown a lifetime of up to 6us.>*

We have examined the bandgap nature (direct vs indirect) of Pb-free metal halide perovskites
and double perovskites and the effects of inversion symmetry-induced parity-forbidden
transitions for the double perovskites with direct bandgaps, using DFT calculations. We show
that Pb-free metal halide perovskites beyond Sn and Ge have indirect bandgaps and, therefore,

exhibit inferior optical absorptions. Among all nine possible types of Pb-free metal halide double
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perovskites, six have direct bandgaps. Of these six types, only one type of double perovskite, i.e.,
B* =In, Tl plus B3" = Sb, Bi, exhibits optical and electronic properties suitable for thin-film solar
cell application. Parity-forbidden transitions can explain the mystery observed with the new lead-
free halide double perovskite, CsxAgInCls—i.e., while the synthesized Cs>AgInCls powders
exhibit white coloration with an experimentally measured optical bandgap of 3.3 eV, the
photoluminescence emission energy is only 2.0 eV (consistent with the HSE-calculated
bandgap). Our results suggest that inversion symmetry-induced parity-forbidden transitions must
be taken into consideration when designing new double perovskites for optoelectronic

application.

EXPERIMENTAL METHODS

3336 with the standard frozen-core

The DFT calculations were performed using the VASP code
projector augmented-wave (PAW)>">® method. For Zn, Ga, Ag, In, T1, Pb, and Bi, the outermost
d electrons were considered as valence electrons. The cutoff energy for basis functions was 400
eV. The generalized gradient approximation (GGA) of the Perdew-Burke-Ernzerh (PBE)*
functional was used for exchange-correlation. All atoms were relaxed until the
Hellmann—Feynman forces on them were below 0.01 eV/A. For DFT calculations, the k-point
meshes were chosen such that the product of the number of k points and corresponding lattice
parameter are at least 40 A and 80 A for electronic and optical properties, respectively. SOC was
considered for Tl, Pb and Bi containing systems to reveal the effects of SOC on the band
structures.®® The band symmetry and parity analysis were carried out with the QUANTUM

ESPRESSO package®! based on GBRV PBE scalar relativistic potentials® and PSEUDODOJO

fully relativistic potentials.®®
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For the evaluation of the band structure characteristics and analysis of orbitals and parity, only
PBE was used. To validate the use of PBE and to better evaluate the bandgap of the Cs>AgInCle
double perovskite, the hybrid functional (HSE06)**% was also examined for electronic structure
calculation of this compound with the PBE-relaxed structure (a = 10.65 A, exp. a = 10.47 A
(Figure S5). The band structures for the PBE and HSE06 functionals have almost the same
features, each exhibiting direct bandgaps. The calculated PBE and HSE06 fundamental bandgaps
are 1.03 eV and 2.38 eV, respectively. The choice of PBE or HSE06 functional has minimal
impact on the band dispersion and bandwidth for either the valence or conduction bands.
Therefore, we used PBE calculations to analyze orbital characters, e.g. band symmetry, and

optical transitions and absorptions, to save computing time.
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