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Abstract

Clean and sustainable energy is one of the greatest challenges of this century. Of the
several renewable energy sources that can address this challenge, nothing has greater potential
than solar energy. However, to harness the solar power and to ensure its world-wide uptake,
efficient, cheap, environmentally benign, and durable solar cells are essential. The
unprecedented enhancement in the power conversion efficiency of hybrid perovskite solar
cells from 3.9 % in 2009 to over 20 % today shows their great promise to meet the above
challenges, provided issues with their stability and environmental impact can be addressed.
Despite considerable research in the past five years, answers to some fundamental questions
as well as an atomic level understanding of these materials remain a challenge. Using multi-
scale approach and a comprehensive study of over 40 materials, we have identified the key
parameters and mechanisms that control the basic properties and the stability of hybrid
perovskites. We show that these materials can be viewed as super alkali halide crystals where
alkali and halogen ions are respectively replaced by super-alkali and super-halogen species.
This opens the path to a new series of hybrid perovskites based on super-ions as building

blocks with improved stability and functionality.
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1. Introduction

Hybrid perovskites with the formula AMX3 (A = organic cation; M = metal; X = halogen)
have emerged as a new generation of photovoltaic cells. Due to their high conversion
efficiency, excellent light-emission properties, easy solution-based synthesis, and tunable

optical band gaps from visible to infrared regions, these materials are considered to be “the

1-11 [

next big thing” in solar cells """l and other optoelectronic devices '*'*. However, several
important issues such as fundamental understanding of the relationship between the
photoexcitation properties and chemical structures of hybrid perovskites, their durability
under working conditions, as well as the synthesis of their environment-friendly (lead-free)
analogues remain a challenge 15101 Using a comprehensive multi-scale approach based on the
available experimental data, density functional theory and molecular dynamics simulations we
address these challenges and provide an atomic-level understanding of the structure-property
relationships of a large number of organic-inorganic hybrid perovskites. The study allows us
to answer the fundamental questions such as: what are the driving factors that control the band
gaps of hybrid perovskites and how are they related to their underlying chemical structure?
What is the degradation mechanism of these materials under moisture? Can such an
understanding allow us to design and synthesize new hybrid perovskites with improved
properties? Finding answers to the above questions is made possible by introducing a new
vision of these materials — we view them as super alkali halide crystals where the alkali
cations and halogen anions are replaced by super-ions that mimic their respective properties.
We show that this new understanding can be used to guide experiments in the design and
synthesis of a new generation of lead-free hybrid perovskites with possible improvement in
their stability and physico-chemical properties.

Simply by looking at the chemical formula of the hybrid perovskites (AMX3, A =

CH;3;NH3z, HC(NHy),; M = Ge, Sn, Pb; X = Cl, Br, 1), it is tempting to see them as ionic

crystals like the alkali halides, except that, instead of the alkalis (Li*~Cs") and the halogens
2
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(CI'~I"), these materials are composed of super ions that are atomic clusters with their own
structures. Ever since these materials and their inorganic analogues with A = alkali (Rb, Cs)
were synthesized 20-30 years ago, it was noted that the deformation of the MX¢ octahedron
results in isolated [MX3] pyramids 15, 16-17. 191 Analysis of the electronic band structures of
CH;NH;PbX; suggests that the main interaction between [CH3NH3]™ and [PbX3] ™ is ionic 201
The large value of the dielectric constant and the frequency-dependent behavior of its
imaginary part measured in CH3NH;Pbl; indicate the ionic character of the crystal 211,

The A" and [MX;]™ super-ions with positive and negative charge have been known in the

(231 Super-

literature for some time as “super-alkalis” 22} and “super-halogens”, respectively
alkalis (super-halogens) are composed of two or more elements and contain one extra electron
(one less electron) than that needed for electronic shell closure. Thus, the former behave like
alkali atoms while the latter behave like halogen atoms. Because the extra charge in these
super-ions is distributed over a larger phase space than that in alkali or halogen ions, the
energy to remove an electron from a super-alkali (i.e. the ionization potential, IP) and the
energy gained in adding an electron to a neutral super-halogen moiety (i.e. electron affinity,
EA) are different from those of their atomic counterparts. Indeed, the IP of super-alkalis are
less than those of alkali atoms while the EA of super-halogens are larger than those of
halogen atoms. Thus, hybrid perovskites can be classified as super-salts [24] composed of A*
and [MX3] ions just as normal salts are composed of alkali cations and halogen anions. By
replacing halogen X in MXj3 by a super-halogen moiety, another highly electronegative

species called hyper-halogens >

can be created that also mimic the chemistry of halogens. A
recent example of such a species is [Al(BH4)4], created by replacing halogen atom X in
[AlX4]" by BH. super-halogens. The BH; moiety mimics the chemistry of halogens. Its

vertical detachment energy, i.e. energy needed to remove the electron from the anion without

changing its geometry, namely 4.4 eV, is larger than that of any halogen, leading to the
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26271 This synthesis makes us wonder if a new class of

synthesis of a hyper-salt, KAI(BH), |
hybrid perovskite (AMX3) solar cells can also be created by replacing halogens, X with BH..
Considerable research over the past 30 years has revealed a large number of super-alkali,
super-halogen, and hyper-halogen moieties. Our premise is that this knowledge can be used in
the design of new hybrid perovskites.

To establish that A™ and [MX;]™ moieties are indeed super-alkalis and super-halogens,
respectively, we optimized their structures using density functional theory and calculated their
corresponding IPs and EAs. These results, given in the Table S1 of the Supporting

Information **

, confirm that these moieties are super-alkalis and super-halogens and thus
hybrid perovskites can be regarded as super-salts.

It has been known for a long time that there exists a close relationship between the ionic
radius and bond ionicity of ionic crystals with their band gaps (29301 With the hybrid
perovskites seen as super alkali halides made of super ions, it is essential to find the
implications of their ionic character on their bulk properties, especially those relevant to the
photovoltaic applications. From alkali halides, it is well-known that the ionic crystals have

large band gaps. The narrowest band gap among the series is 6.0 eV of KI 1%/ -

- much higher
than the visible range (1.5~3.3 eV) needed for solar cells. So, the first question is how hybrid
perovskites as ionic crystals could have such narrow band gaps within the visible spectrum?
Owing to the ionic binding, alkali halides possess some distinctive features in their crystal

structures. Do the hybrid perovskites show similar features and if so how the structure of

super ions may modify them?

2. Result and Discussion

2.1. A Physical Model for Hybrid Perovskites

Page 4 of 31
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Bearing these questions in mind, we developed a model to identify the key parameters that
determine the band gaps of alkali halide crystals — these are the effective ionic radii of the
composite ions and the bonding ionicity. Detailed derivation and discussion of the model are
given in the Supporting Information Sec. II **. According to the model, higher bonding
ionicity, defined as the electronegativity difference between the anion and the cation
(Supporting Information Equation S1-S3), can result in larger band gap. For a certain cation,
the band gap will decrease with larger ionic radius R_ of the anion. The material with larger
lattice size L per molecular unit tends to show smaller band gap. These trends obtained from

31]

our model are consistent with the empirical Fajans’ rules °'! and the early finding of the

(291 The position of the band gap

hetero-polar (ionic) part of the energy gap of semiconductors
(in other words, the energy of the maximum of the valence band) will move upwards in
energy with the decrease of the bonding ionicity (as discussed in Supporting Information Sec.
III).

Proper band gaps as well as the arrangement of the energy bands between the hybrid
perovskites and the electron/hole harvesting materials are essential to make solar cells with
high efficiency ' ' **?* Our model allows us to explain the available experimental results
on the band gaps of hybrid perovskites by simply comparing the values of their bonding

ionicity ( Ay in Supporting Sec. II) from cluster calculations. Experiments show that
CH;NH3(Sn/Pb)I; has smaller band gap and higher top of the valence band ™ ' than
CH;NH3(Sn/Pb)Brs. Similarly, CH3NH3Snl; has smaller band gap and higher top of the
valence band than CH3NH;3Pbl; [32]. Indeed, if we compare the ionicity (Ay) of the A*--
[MX3] bonds as listed in Supporting Table S2 [28], the trend is that, with the same cation, the
ionicity increases down the group from M = Ge, Sn, Pb while it decreases down the group
from X = Cl, Br, 1. Specifically, we see that [CH;NH3]"--[(Sn/Pb)I3]” has smaller ionicity than

[CH3NH3]™--[(Sn/Pb)Br;]” and [CH3NH;3]"--[Snl;]” has smaller ionicity compared to
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[CH3NH;]"--[Pbl3] . The elementary alkali halides A'B™ show the same trend, i.e. with the

same cation A (= group 1), the ionicity decreases down the group of B (= Cl, Br, I).

2.2. Effective Ionic Radii of the Super-Ions

As seen from the Pauling’s rules °* in the study of alkali halides, the effective ionic radii
of the composite ions are akin to their basic chemical and physical properties. Similarly, as
indicated by our model, knowing the radii of the super-ions is helpful in the analysis of band
gaps and structural stability of the hybrid perovskites as super alkali halide crystals.

Unlike the elementary ions, the super-alkalis and super-halogens are themselves atomic
clusters, hence they have their own geometries with internal degrees of freedom. Therefore,
the first step in computing the ionic radii is to determine the individual geometries of the
cations and anions in hybrid perovskites. To achieve this goal, we collected the available
experimental data (17181935370 o the  structures  of (Cs/Rb)(Ge/Sn)(C1/Br/1),,
CH;NH3(Ge/Sn)Cls, CH3NH3Sn(Br/I); and HC(NH,),Snls. For the hybrid perovskites where
no experimental data are available, such as CH;NH;Ge(Br/I);, HC(NH;),Ge(Cl/B1/1)3,
HC(NH;),Sn(Cl/Br);, CH3NH3(Ge/Sn)(BH4); and HC(NH»)2(Ge/Sn)(BHy)3, we carried out ab
initio molecular dynamics simulations to find their structures under ambient conditions, as
shown in Supporting Information Sec. IV and V (28] These data as well as the geometries of
their cluster analogues are presented in Supporting Table S3 and S4 28] Note that we exclude
the data on hybrid perovskites containing Pb as the focus of this study is on the lead-free
materials. However, the conclusions should also apply to the lead-based series.

It is found from both experiments !>

and our calculations that the structures of organic
super-alkalis remain almost constant in all materials and hardly change from their geometry in
the gas phase. Similarly, there is little change in the geometry of the same super-halogen

[MX;] ™ in different materials. A typical relative difference in both the bond distance and bond

6
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angle data is less than 5%, even when compared to the isolated clusters. However, the
agreement between structures of hyper-halogens [Ge(BH4)3] and [Sn(BHy)3]™ in crystals and
isolated clusters is somewhat worse, with X-X distances and M-X-X angles differing by 7%
and 18%, respectively. This may be due to the repulsion between the hydrogen atoms in the
neighboring [BH4] clusters 381 causing the hyper-halogens acquire a more compact geometry
(shorter X-X distance and bigger M-X-X angle) in a restrictive crystal environment.

Besides evaluating the structures of super-halogens in various materials under ambient
conditions, we should also consider the structural change of the super-ions in different phases
of a given material. It is noted that the studied hybrid perovskites tend to adopt the cubic
phase at high temperatures (as shown in the last row of Supporting Table S3). The super-ions
[MX3] in such high symmetric phase will appear to be regular octahedral. The halogen atom
X on the vertices of an octahedron is shared by two neighboring super-halogens, i.e. each X
provides ‘half’ electron to bond with the center metal ion to make [(M+1/2)2(X71/2)6]7=
[MX;]". We found that, although the geometry of the super-halogen in a crystal changes with
different phases of the material, its geometrical dimension is still bounded by a characteristic
triangle defined by the basic bonding properties of the isolated atomic cluster. These are
discussed in details in Supporting Sec.VI 1#*],

Based on the discussions above, we defined the effective ionic radii for super-alkalis and
super-halogens by using the experimental and calculated interionic distances and dielectric
constants. The first strategy we adopt is to find a set of radii that best fit to these data directly
and that are comparable with Shannon’s radii **! of the elementary ions. The second strategy
is to compute a set of radii by utilizing the interionic distance data in a lattice-energy model of

01 of the elementary

an ionic crystal. These radii are defined along the lines of Pauling’s radii
alkalis and halides. Details of the methods are given in Supporting Sec.VI **1. The calculated

radii of the super-ions are listed in Supporting Table S5-S7 for the Shannon-type and Table
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S8-S9 for the Pauling-type. Radii of the super-halogens for their asymmetric form (pyramidal)

are also defined and given in Supporting Table S11.

1.2
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are also included to the left. All these data can be found in Supporting Table S12
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Figure 1. Ionic radius ratio and the band gaps of alkali halides against the bond ionicity. (a) Cation vs.
anion radii ratio, R,/R_ calculated using the Pauling radii **' against the ionicity for the alkali halides.
We found similar results using the Shannon-type radii. (b) Band gaps of alkali halide crystals obtained
from experiments against the calculated ionicity. For LiX, NaX and KX, the data points on each curve
correspond to X = F, Cl, Br from right to left, while for RbX and CsX, additional data points of X =1

[28]

With the effective ionic radii of the super-ions properly defined, we can compute the

radius ratio of the cation vs. anion and compare them to the elementary alkali halides. The

material with large radius ratio is likely to show higher ionicity Ay, given that it becomes

easier to remove an electron as the cation gets larger while it is easier for a smaller anion to

hold the added electron. Such behavior is indeed found for the ordinary alkali halides, as

shown in Figure 1a. Given the almost linear relation between the radius ratio and the ionicity,
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there is a good correlation between the ionicity and the band gaps of alkali halide crystals as
shown in Figure 1b. For the super alkali halides, however, there are two ways to increase the
bond ionicity -- one is to increase the radius ratio by reducing the size of the super halogens
[MX3] using smaller halogen “X” and the other is to use a more metallic “M”, e.g. Sn
compared to Ge. In the latter way, the radius ratio actually decreases with increasing ionicity
as shown in Figure 2a (by comparing the data of A[SnX3] and A[GeXj3] for the same A and
X). We will further elaborate this point later when we introduce the use of hyper halogens
(Supporting Sec. I (281, Comparing Figure 1 and Figure 2, we can see that, with the super-ions,
one can achieve lower ionicity and lower radius ratio than the ordinary ions in the periodic
table, hence much smaller band gaps for the super alkali halide crystals. To find an alkali that
has larger radius and smaller electron negativity than Cs, one has to go further down the group
1 element. However, Fr (Francium) is highly radioactive and unstable. In fact, the element
shows higher electronegativity than Cs due to the relativistic effect *'!. Similarly, going
further down the group 7 elements beyond iodine, At (Astatine) suffers from the same
drawback as Fr. Here, we find that the stable non-radioactive super-alkali can have smaller
electronegativity and larger radius than Cs and the super-halogens [MX3]™ can have larger

radius and smaller electronegativity than iodine (see Supporting Table S2 (281,
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Figure 2. Ionic radius ratio and the band gaps of hybrid perovskites against the bond ionicity. (a)
Cation vs. anion radii ratio, R,/R. for the hybrid perovskites composed of super- and hyper-halogens
(Supporting Sec. I **"). MA and FA stand for CH;NH; and HC(NH,),, respectively. (b) The band gaps
of hybrid perovskites obtained either from experiments or our calculations using HSE (see Supporting
Sec. VIII for band structures and Sec. IX for electronic DoS **)) functional against ionicity. In each
case with super-halogens, the data points correspond to X = Cl, Br, I from right to left. “Bh” stands for
(BH,4). For CsSnCl;, we used the band gap of its cubic phase stabilized around 350 K. Its low-
temperature monoclinic phase shows a value of 4.5 eV. All the data can be found in the Supporting

Table S13 . The dotted lines show that the hyper-salts show almost identical ionicity and radius
ratio with their super-salt counterparts with X = I and Br, respectively.

We have introduced a new class of hybrid perovskites A[MX3] where the [MX3]™ super-
halogens are replaced by hyper-halogens **!, [M(BH4)3]", as mentioned in Supporting Sec. I.
Besides using the molecular dynamics simulations to study the stability of these crystalline
hybrid perovskites composed of hyper-halogens (Supporting Sec. IV 28]y we also carried out
lattice dynamics calculations for CH;NH3Ge(BHy4); and CH3NH;Sn(BHy4); based on pseudo-
cubic unit cells obtained from the molecular simulation under ambient conditions (Supporting
Sec. X ). The results are shown in Supporting Figure S14 28] The discontinuities appearing
in the phonon dispersions at the center of the Brillouin zone (I' point) are caused by the

splitting of the longitudinal and transverse optic modes approaching the I'-point. Such feature

10
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is commonly found in ionic crystals with non-cubic symmetry due to the polarized vibrations
of the longitudinal modes 431" At this point, we also want to draw readers’ attention to the
recent experimental work where more than 30 new perovskite materials have been
successfully prepared by replacing halogens with [BH4]™ [38],

Unlike the alkali halides whose ionicity increases with larger ionic radius ratio (Figure
l1a), the trend is opposite when the [M(BH4)3]™ hyper-halogens are bound to the same super-
alkali. As shown in Figure 2a, for HC(NH,),[Ge(BH4);] vs. HC(NH;),[Sn(BH4)3] and
[CH;3NH;3][Ge(BH4)3] vs. [CH3NH;3][Sn(BHy);], the ionicity decreases as the radius ratio
increases. This can be explained by referring to the natural bond orbital analysis (NBO) of the
corresponding super-ions, as shown in the Supporting Sec. VII (28] Although [Sn(BHy);] has
larger ionic radius than [Ge(BH4)3] , the more positive charge on the Sn metal ion compared
to Ge is likely to capture the electron more strongly, as suggested by the higher charge states
of B and H in [Sn(BH4)3] . Previously, we have seen such behavior for the super-halogens
[MX3]", where we find that one can replace Ge with Sn to increase the bond ionicity with
reduced radius ratio. The behavior already shows how the internal degrees of freedom (either
structural or chemical) of the super-ions can make a difference compared to the elementary

ions.

2.3. Band Gaps of Hybrid Perovskites

We now compare the band gaps of (super) alkali halide crystals calculated from our simple
model with those available from experiments or our calculations (Supporting Sec. VIII and
IX) using the HSE functional (see Computational Methods) in Figure 3. Note that our model
based on simple ionic bonding in a one-dimensional lattice produces qualitatively, if not
quantitatively, correct behavior of the band gaps of the studied materials. All these data are

given in Supporting Table S13 281 Tt shows that the band gap of the hybrid perovskites are
11
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indeed a function of the basic properties of ionicity and ionic radii as implemented in our
model. The small band gaps of the hybrid perovskites (as super alkali halides) shown in
Figure 3b compared to the alkali halides as shown in Figure 3a are due to the size effect of
their composite ions — these are super-ions having larger sizes compared to the ordinary alkali

and halogen ions.

a
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~_ 10} /,'
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6 Y T T y T ¥ T Y T T T K T T T
3 4 5 6 7 8 9 10
Modeled Egap (eV)
b ' . , . , . , ,
| —O0—Cs[SnX,] 7\‘?
—~ B[ —0—Cs[GeX,]  ° ]
% 3 -_—V—MA[SnX
g 0 / MA[GeX ]
- 21 —D—FA[SnX|]
1 R, u FA[ GeX]
1.3 1.4 1.5 | 6
Modeled Egap (eV)

Figure 3. Available experimental or HSE calculated band gaps (y-axis) of (a) alkali halide crystals and
(b) super alkali halide crystals against the band gaps computed in our model (x-axis) using the
Pauling-type ionic radii. Similar behavior is observed when using the Shannon-type ionic radii. MA
and FA stand for CH;NH; and HC(NH,),, respectively. In each curve, X = Cl, Br, I correspond to the
data points from right to left. The band gap decreases in the order of X = CI, Br, I, except for FASnCl;
and FASnBr;, where our PBE and HSE calculations find that the band gap of the former is slightly
smaller than that of the latter (Supporting Table S13). We reckon this may be due to the approximation
of the crystal lattice obtained from the molecular dynamics of FASnBr; as tetragonal (see the
Supporting Figure S5 and S6 (281 The band gaps of A[M(BH,);] (open stars) decrease in the order of
FA[Ge(BH,);], MA[Ge(BH,);], FA[Sn(BH,);] and MA[Sn(BH,);]. All these band gap values are
given in the Supporting Table S13 1**!

12
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As shown in Supporting Table S13, the ionic radii of (super/hyper) halogens in their
pyramidal forms are significantly smaller than their radii in the symmetric form. By assuming
that the cation radii change little, this leads to larger radius ratio in the low-symmetry phase of
the material. According to our model, this corresponds to larger band gaps compared to the
high-symmetry phase. Different hybrid perovskites may show different phases under the same
ambient conditions. For example, both CH3;NH3;SnBr; and CH3;NH;Snl; show the high-
symmetry tetragonal and cubic phases at room temperature, while CH3NH;SnCl; shows the
low-symmetry triclinic or monoclinic phase. Therefore, it is fitting to represent the band gap
of a material within a range with the value of the cubic phase as the lower bound and the
value of the low-symmetry phase as the upper bound. Indeed, as observed in the available
experiments and calculations, the cubic phase of a hybrid perovskite shows a smaller band
gap compared to its low-symmetry phases.

Our simple ionic model has some apparent limitations in describing the real crystals. For
example, in the three dimensions, the shape of the potential is not a simple square well and the
lattice parameter is not simply the addition of the two ionic radii. However, such deficiency is
partially compensated by the use of hybrid-DFT computed ionicity and the defined ionic radii
based on the crystalline data. Besides indicating the difference between high-symmetry and
low-symmetry crystal phases with regular octahedral and pyramidal forms, respectively (as
discussed above), the ionic radii contain another important piece of information of the
crystalline structure, i.e. the coordination number of ions inside the crystal. In the definition of
Shannon-like ionic radii, the defined ionic radii for the cations are larger in the case of 8-fold
coordination than those in the case of 6-fold coordination, while the ionic radii of the anions
in the former case are smaller than the ones in the latter, as shown in Supporting Table S5 (28]
Such trend is due to the fact that, in a hard-sphere model, a large cation is able to attact more
small anions to lower the energy with less repulsion between the neighboring anions.

Although such trend does not apply for the Pauling's model in Eq. (S58)-(S62) in Supporting
13
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Information [28], where ions are not touching each other, different coordination numbers do
result in different sets of ionic radii as shown in the Supporting Table S8 and S9.

Also, the model does not include the relativistic effects such as spin-orbit coupling which
has been found to be present in real materials ** ****) Our DFT studies which agree with

. - 33, 44-45
previous calculations 33 !

show that the effect of the spin-orbit coupling on the band-gap
values for the lead-free hybrid perovskites is not large. For materials involving Sn, the typical
change is of the order of 0.3 eV while that with Ge it is of the order of 0.06 eV. Considering
these factors, the agreement between the band gaps in our model and the experimental (or
hybrid-DFT calculated) values is indeed remarkable, underscoring the ionic character of the
studied materials. The relativistic effects will become important to determine the band gaps of
hybrid perovskites with lead (Pb), which results in a relatively large downshift of the valence

[44]

band and increases the band gap of MAPbI; compared to that of MASnl; ™. Indeed, if only

the ionic radii (Pauling type = 2.75 A for [Pbls]") and the bonding ionicity (in Supporting
Table S2 ¥ for MAPDI3) are considered as in our model, the calculated band gap of MAPbI;

is 1.25 eV -- slightly smaller than 1.26 eV of MASnIs.

2.4. Stability of Hybrid Perovskites Exposed to Moisture
It is well known that all the alkali halides are hygroscopic. Therefore, it is natural that

hybrid perovskites viewed as “super” alkali halide crystals are also found to be hygroscopic 6.

11, 32, 47-49 [6, 32]
b

1. The most widely studied hybrid-perovskite solar cell so far, CH;NH;Pbl; is

unstable when exposed to moisture and concentrated sunlight and readily degrades to Pbl, and

[47-49

loses its photovoltaic function I Grotthuss mechanism " has been proposed to be

148491 ' According to this mechanism one of the protons H* of

responsible for this degradation
the organic cation [CH3;NH;3]" hops on to the water molecule causing the proton of the water

molecule on the other side to transfer to iodine. Consequently a strong acid HI is formed
14
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leaving a yellow powder of Pbl,. Effort has been made to improve the durability of the

material by partially replacing iodine with bromine [6.471, Although such replacement slightly

increases the band gap, it is shown to result in much better stability of the solar cell (6,471,

(n-1)([CH;NH;|* [PbL;] )

Hzo\fnam]+-[H:O|—[P-Phlﬁ\vl’blz

| n(ICH,NH,]"[PbL])

~»CH,NH, |

_~»HI+H,0

(n-1)([CH;NH, | [PbL,])

Figure 4. Degradation mechanism of CH;NH;Pbl; exposed to moisture. The ball-and-stick plots (Pb:
lead black; I: purple; N: cyan; C: black; O: red; H: pink) in the circles demonstrate the process in
sequence as indicated by the arrows. It starts with the reactant as one water molecule is trapped
between the super alkali [CH;NH;]" and super halogen [Pbl;]” and ends up with products of Pbl,,
CH3NH2, HI and Hzo

To explore the degradation process, we have carried out ab initio molecular dynamics
simulations (see Method) for a cluster model of CH3;NH;Pbl;-H,O. Armed with its small size
and polarized configuration, a water molecule is found to be easily trapped between A™ and

[MX3] ions with the negative oxygen attracted to the positive super-alkali and the positive
15
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hydrogen attracted to the negative super-halogen. This weakens the ionic bonding between the
two super-ions (see Figure 4 and Supporting Figure S13 28]y However, in our calculations,
we did not find a transition state associated with the Grotthuss mechanism. The molecular
dynamics simulations (see the animation in Supporting Information **) show that at high
temperature the water molecule enters between two iodine atoms of the [Pbls] anion, turning
its oxygen towards one of the them. Given the large negative charge on both the oxygen and
the iodine atom, the water molecule pushes the iodine away. The isolated and highly negative
iodine then seizes a proton from the NHj group in the organic cation to form HI which then
starts to adhere to the water molecule. The leftovers are Pbl, and CH3;NH,. This is
demonstrated schematically in Figure 4. Such mechanism is consistent with the findings from
molecular dynamics simulations on a crystalline system of CH3;NH;Pbls 51 suggesting that
the hygroscopicity of the hybrid perovskite is indeed largely determined by the properties of
the super-ions and their bonding.

Based on these findings, several strategies are formed to counter the degradation. The
first one is to lower the binding energy between the water molecule and the super-alkali halide,
so that the water molecule does not get trapped between the ions easily. For the elementary
halogen X in [MX3]~, we can do little to change the amount of charge on X to further reduce
its Coulombic attraction to the water molecule. However, with X replaced by super-halogens

521 This in turn

such as BHi, the negative charge is now shared by many H atoms
significantly reduces the charge on each atom, hence reducing its attraction to the water
molecule. This can also reduce the force exerted by oxygen in the water molecule on these
ions upon thermal excitations. Indeed, the hybrid perovskites consisting of hyper-halogens
[Ge/Sn(BH4)s] proposed in the paper show significantly reduced (about 20 % off) binding

energy with the water molecule compared to the materials with super halogens [Ge/SnX3] ~, as

shown in Supporting Table S14. The NBO analysis in Supporting Sec. XI confirms that
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the —1 charge in [Ge/Sn(BHy)3] is shared by 12 hydrogen atoms, which makes each hydrogen
only show a fraction of charge, while the negative boron ions are shielded by the surrounding
hydrogens atoms.

The second strategy is to enhance the bonding between M and X within the
[MX3] super-halogen so that the water molecule cannot easily remove one of the X atoms
from the group. We find that replacing iodine with bromine in CH;NH;Pbl; as was done in
the experiments 471 does exactly that. Although such replacement will increase the binding
energy of the water molecule to the super-alkali halide (see Supporting Table S14 281), the
bonding between Pb and Br would be significantly stronger than that between Pb and I, given
the large charge states of Pb and Br and the shorter bond lengths between them (Supporting
Table S14 ). The stronger bond strength of Pb-Br than Pb-I is also confirmed by the
significantly higher frequencies of the vibrational modes that involve the bond stretching
motion, as shown by the infrared spectra in Supporting Sec. XII. The hyper-halogen
[M(BH4)3]™ also shows good sign in this regard, having the averaged bond length of M-B
even smaller than that of M-Br, as shown in Supporting Table S14 2%,

The third strategy is to replace the organic cation of the hybrid perovskites with inorganic
cation so as to avoid the NH3 group entirely. An ideal candidate should have comparably
large size and proper electronegativity in order to yield small band gaps, as indicated in this
study. In addition, the candidate should possess intrinsic dipole moment which is considered
to be vital for the exceptionally long diffusion distance (up to order of a micrometer) of the
photo-excited carriers in the materials 3] We examined one possible candidate of an
inorganic super alkali [Li3O]* ** that has a planar configuration as shown in Supporting Sec.
XIII. However, our molecular dynamics simulation shows that Li3O[Ge/Snls] and their hyper-
halogen analogues LizO[Ge/Sn(BH4)3] quickly undergo phase transition to some non-

perovskite phase after reaching the initial equilibrium as shown in Supporting Sec. I'V. It will

17
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be useful to explore if other inorganic super-alkalis may produce a more desirable result. We

will continue to investigate this possibility.

2.5. Colorful Hybrid Perovskites

According to Figure 2a, the hyper-halogens [Ge(BHi);] and [Sn(BH4);] have very
similar ionic radii as those of [GeBrs;]™ and [SnBrs3]", respectively. Experimentally, [MBr3]™
has been used to replace [MIs] in hybrid perovskites and shows great miscibility ' ',
Therefore, the crystal lattice should also be able to accommodate the size of the hyper-
halogens [M(BH4)3]” when [MIs] is partially replaced. Moreover, as indicated by the dotted
lines in Figure 2a, the hyper-halogens show almost identical ionicity with the [MIz]™ ion. Such
property can reassure chemical stability and will not change the band gap position too much
upon the partial replacement (as discussed in Sec. 2.1).

[CH3NH3/HC(NH,),][M(BH,4);] have band gaps in the range of 3.0-4.5 eV, as shown
in Figure 3. The relatively large band gaps of [CH3;NH3/HC(NH,),][M(BH4)3;] compared to
those of [CH3NH3/HC(NH,),][MX3] are due to the different electron states of the top (bottom)
valence (conduction) band. For the latter materials, the major contributions come from the 4p
electrons of the halogen X atom and the 4s/4p or 5s/5p electrons of the metal atom. For the
former materials, however, the contributions are from the less-energetic and less-diffusive sp
electrons of hydrogen and boron. These are shown in the partial densities of states in
Supporting Sec. IX 28] Such effects are excluded from our simple model which only
considers the ionicity and the ionic radii. Indeed, as shown in Figure 3, the absolute values of
the band gaps of [CH3NH3/HC(NH,),][M(BH4);] computed from our model are similar to

those of [CH3NH3/HC(NH,»),][MI;] and [CH3NH3/HC(NH,),][MBr13].
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Figure 5. HSE calculated electronic band structures of (a) HC(NH,),[Gel,(BH,)] and (b)
CH;NH;[Gel,(BH,)] using the lattice parameters of HC(NH,),[Gel;] and CH;NH;[Gels], respectively,
but with relaxed ionic positions. The direct band gaps are present at the M point. The "G" point
denotes the I" point.

Based on the above discussions, sequential replacement of I in [MI3] or Br in [MBr3;] by
the super-halogen, BH4, can lead to colorful hybrid perovskites, even extending absorption
into the ultra violet region. The band gap of 1.3 and 1.41 eV of CH3;NH;3Snl; and
HC(NH,),Snl;, respectively, can reach 4.16 eV in CH3;NH3;Ge(BH4); and 4.49 eV in
HC(NH,),Ge(BHy)s. Since the DFT (both PBE and HSE) as well as our model calculated
band gaps of HC(NH,);[Ge(BH4);] and CH3;NH;3[Ge(BHy);] are larger than those of
HC(NH,),[Sn(BH,)3] and CH3NH;5[Sn(BH4)3] (Supporting Table S13 #*1), we expect that the
alloys, HC(NH,),[Gel,(BH4)] and CH3NH;[Gel,(BHy)], should have larger band gaps than
their Sn counterparts, as shown by the PBE results in Supporting Sec. XIV. Figure 5 shows
that the HSE calculated direct band gaps of HC(NH,),[Gel,(BH4)] and CH3;NH;3[Gel,(BHy)]
are 2.17 and 2.22 eV, respectively, which are slightly smaller than those of HC(NH,),Gels

and CH3NH;3Gel; (see Supporting Table S13). Note that we used the lattice parameters of
19
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HC(NH,),[Gels] and CH3;NH;3[Gels] for the corresponding admixtures whose lattices are
expected to be smaller given the smaller ionic radius of [Ge(BH4)3:] compared to [Gels] .
Since the hybrid perovskites are supposed to have positive band-gap deformation potentials
(i.e. the band gap will increase with expanded lattice) ', our calculated band gaps of the
admixtures are expected to be larger than the real values. These results suggest that alloys
HC(NH,),[Snl,(BH4)] and CH3;NH;[Snl,(BH,)] having band gaps lower than 2 eV is highly

possible.

To further see the miscibility of the alloy from the band gap, we extract the bowing factor 6.

53 from the DFT calculated band gaps of AM[I,_,(BH4),]s (A = MA and FA; M = Ge and Sn)
with x = 0, 1/3, 2/3, 1, as shown in the Supporting Sec. XV 28] The bowing factors from
DFT-PBE calculated band gaps are 2.45 eV and 2.97 eV for MAGe[l,_«(BH4),]s and
FAGell,_.(BHy),]3, respectively. The corresponding bowing factors from HSE calculated
band gaps are slightly larger -- 2.88 eV and 3.39 eV. For MASn[I,_(BH.),]s and
FASn[I,_(BH4),]3, the bowing factors from DFT-PBE calculated band gaps are 1.44 eV and
2.27, respectively. Although these values are larger than the tiny bowing factor (0.33 eV) of
MAPDI[I,_,Br,]5 [6], they are comparable to the bowing factors of the well-known ternary
semiconductors Al(P,Sb) (2.7~3.6 eV), Ga(P,Sb) (2.6~2.7 eV), In(P,Sb) (1.9 eV) and
Ga(As,Sb) (1.2~1.4 eV) 531, Thus, these studied alloys with iodine and BH4 should have good

miscibility.

3. Conclusion

In this study, we introduce a new vision of hybrid perovskites as super crystals
mimicking the alkali halides where the alkali and halogen atoms are replaced by super-alkalis

and super-halogens, respectively. Based on this, we show that changing the building blocks
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from atomic ions to super-ions empower hybrid perovskites with unusual properties. We find
that the basic properties of the materials are decided by the defined ionic radii and the
bonding ionicity of the super-ions. The degradation mechanism of the materials when exposed
to moisture has been identified and counter strategies are given. These new findings open the
door to design new colorful lead-free hybrid perovskites that are both stable and versatile.
Moreover, we expect the current study to trigger recognition of complex materials as super
crystals where super-ions form the building blocks. The recently synthesized superionic
conductivity materials [Li3O]X (X = halogen) B4 and M[B;H2] M = alkali) 31 are some
examples of such, where [Li;O]" and [B12H12]2_ are all super-ions. Based on such recognition,
general rules to understand and modify the functionality of complex materials can be
generated by drawing analogy with their simpler cousins built from elementary ions, as

demonstrated in this paper.

4. Computational Methods

Density Functional Theory (DFT) Calculations of Clusters. Equilibrium structures, total
energies, and electronic properties of the cations and anions forming hybrid perovskites are
computed using density functional theory and hybrid exchange-correlation functional based
on the Becke three parameter Lee-Yang-Parr (B3LYP) method. All cluster calculations are
carried out using the Gaussian 03 package 1561 The electron affinity and ionization energies of
the super-alkali and super-halogen ions are calculated using their optimized geometry in
corresponding charge states. The ionicities of various molecular building blocks are
determined from Equation (S1)-(S3) (Supplementary Information (281 using vertical
ionization energy and vertical electron affinity associated with the optimized geometry of the
neutral states 7). The basis set used for halogen ions as well as H and B is 6-311+G*. For Ge,

Sn and Pb, aug-cc-pVDZ basis sets are used. Frequency calculations are conducted for all
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clusters to ensure that there are no imaginary frequencies and that the structures belong to
minima in the potential energy landscape. The natural bond orbital (NBO) analysis is carried
out for the fully optimized structures. The binding energies between the water molecule and
the super-alkali halide molecules are calculated using the counterpoise correction to the basis

set superposition error (BSSE).

Ab initio Molecular Dynamics Simulations. Molecular dynamics (MD) simulations of
hybrid perovskite crystals are performed using the projector augmented wave (PAW) method

1581 and the Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA) 597 for

[60-611 " The Parrinello-

exchange-correlation functional embedded in the VASP package
Rahman dynamics of constant pressure and constant temperature (Np7) with Langevin
thermostat ' is used, allowing both the size and the shape of the cells to change during
simulation. External pressure and temperature are set to the ambient condition (0.001 GPa and
300 K). A 3x3x3 super cell with a pseudo-cubic unit containing one AMX3 molecule is used
in each simulation. The simulations are conducted with normal precision (in VASP) and a
tolerance of 1x10” eV for the SCF cycle without any symmetry constraints. A time step of
0.001 ps is chosen. The atomic trajectory data are collected every 10 steps for 4 ps after the
free energy and temperature reach equilibrium. An averaged configuration of each material is
then computed using these data, subject to X-ray diffraction pattern analysis. To simulate the
interaction between the water molecule and a super alkali halide molecule, long-distance van
der Waals interactions are included by using Grimme’s DFT+D2 scheme *!. The simulations
are conducted using NVT ensemble with Nose-Hoover thermostat. A large 30x30x30 A cell is
used to contain the energy-relaxed cluster with one water molecule binding to an AMX;
molecule. The simulations are conducted with ‘normal’ precision (in VASP) and a tolerance

of 1x10” eV for the SCF cycle without any symmetry constraints. The time step is set to

0.001 ps and atomic trajectories are collected every 20 steps. Simulations at both low
22
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temperature (300 K) and high temperature (1000 K) phase are carried out and are then put

into animation.

DFT-Based Electronic and Dynamic Lattice Calculations on Crystals. Ab initio
calculations for the crystalline phase are performed with the projector augmented wave

(PAW) ¥ and the Perdew-Burke-Ernzerhof generalized gradient approximation (PBE-GGA)

[59 60-61

I using the VASP package “*°!l. The electronic structure calculations are performed with

and without the spin-orbit coupling (SOC). Range-separated hybrid functional, HSE06 641 is
also used in the calculations to generate reliable band gaps 5] The plane-wave cutoff energy
is set to 600 eV. Monkhorst-Pack 6x6x6 k-meshes °® are adopted. For each material, a
pseudo-cubic unit cell is used with the crystal structures and lattice parameters obtained from
the averaged configuration obtained from the MD simulation under ambient conditions. The
atomic positions are relaxed until the residual force on each atom is less than 0.005 eV/A and
the total energy change is less than 1x10™ eV. For the lattice dynamics calculations, these

tolerances change to 0.0001 eV/A and 1x107% eV, respectively. Phonons are computed on a

6x6x6 grid and then interpolated for arbitrary q point in the Brillouin zone.
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ToC: Hybrid perovskites viewed as super alkali halides with alkali and halogen ions replaced
by super alkalis and super halogens, respectively. The basic properties of these materials are
determined by the bonding ionicity and effective ionic radii of the super-ions. New colorful
hybrid perovskites can be invented with super-ions as the building block.
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