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[CH3NH3]PbI3 (1.5 eV)
27,28 and [CH3NH3]PbBr3 (2.35 eV)

29

to the optimal value of 1.34 eV from the Shockley−Queisser
limit,30 further enhancing light capture efficiency by making the
organic molecule contribute in some way to absorption in the
solar range, turning material parameters to eliminate anomalous
hysteresis in the current−voltage curves,31 etc.

Can the Current Limitations Be Overcome by
Identifying Other Compounds from the Same General
Group? Identification of the alternative AMIVXVII

3 materials
offers a possible solution to overcome the above limitations.
Given that this group of compounds is much broader (see
Figure 1a) than the most common selection of A = CH3NH3

+,

CH(NH2)2
+, MIV = Pb and XVII = I, Br,10,11,13,22,24,32−36 one

also wonders if other members might have advantages and
solve the problems encountered by the currently used ones. A
few alternative materials have been experimentally synthesized
and implemented into solar cells but are showing so far limited
conversion efficiency.37−39 In this aspect, materials screening
via computational simulations is of valuable help to avoid the
expensive trial-and-error process of experimental laboratory
exploration. To perform the materials screening nonphenome-
nologically, one needs to establish current understanding of
what are the critical, materials-specific “design principles” (DPs)
that render such materials superior in solar-energy conversion.
To proceed beyond this one needs to formulate the “design
metrics” (DMs), the embodiment of corresponding DPs, which
consist of a series of computable or measurable quantities. In
the area of chalcogenide PV materials, successful screening was
recently accomplished by applying key properties oriented
DMs, computed via first-principles electronic structure
theory.40,41 In principle, the DMs are not limited to intrinsic
materials properties closely relevant to PV performance such as
light absorption, defect tolerance, carrier mobility, recombina-
tion lifetime, charge extraction, etc. but light capture engineer-

ing via larger films thickness or better design of optics (making
Si a successful PV platform). However, the application of such
methodologies to the hybrid organic−inorganic perovskite
family has been historically overlooked and is currently at its
early stages.42−45

Here we apply a functionality-directed material discovery
approach to screen via systemic first-principles calculations
potential high-performance PV hybrid AMIVXVII

3 perovskites.
Such a nonstatistical, science-based inverse-design approach has
been recently applied successfully by some of us in theoretical
identification and laboratory realization of previously unknown
18-electron Half-Heusler functional compounds.46,47 We design
the principles/filters that enable selection of the compounds
with target photovoltaic performance. The data set of
compounds considered for materials screening according to
these criteria includes both existing compounds (many not
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briefly discussed ex post facto. Our aim is actually also to
develop understanding-based insights on the physical factors
(i.e., the design metrics listed in Section 2) that control both
success and failure of compound members in the hybrid
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binary lead chalcogenides PbXVI.53 The explicit feature of the
XVII−p and MIV−s hybridization in VB for all candidate
materials is analyzed in Figure 5. The results for the computed
DMsme* and mh*are shown in Figure 7. It should be
pointed out that we consider here the effective masses as the
first filter of the charge-carrier mobility metric. One needs to
keep in mind, however, that a more refined mobility metric
would also involve the momentum scattering time, which, in
the case of polar semiconductors, is most likely governed by
Fröhlich interactions. These in turn depend on factors such as
the high-frequency value of the dielectric function, which
changes with the materials chemical composition.

(4) Sufficiently Low Binding Energy and Large
Localization Radius for Electron−Hole Pairs. One of the
key factors that determines the solar cell performance is
whether the photogenerated electron−hole pairs (i.e., excitons)
are effectively separated for collection before their recombina-
tion. This is to a large extent determined by the properties of
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4+.84,85 (iii) All the calculations here are performed using the
standard cubic perovskite structure, and we thus consider the
disproportionation stability of this phase. Note, however, that
other disproportionation channels involving noncubic phases
can be possible in specific cases such as Ge-based iodide
perovskites that have been experimentally synthesized
recently,79,80 exhibiting, however, substantial distortion from
the cubic phase, or the [FA]PbI3, where the black cubic
perovskite phase is prone to transform to a yellow phase of
different crystallography.86

We then map all the candidate materials onto a two-
dimensional plot with the tolerance factor t and the octahedral
factor μ as variables (Figure 3) for analyzing crystallographic

stability. For inorganic AMIVXVII
3 halides, a previous statistic

analysis indicated the formability of perovskites requires 0.81 <
t < 1.11 and 0.44 < μ < 0.90.87 We find that almost all the
materials fall in the stable range required by t, except for [EA,
GA, DEA]GeCl3 that are close to the upper boundary of 1.11.
The three compounds have actually been abandoned because of
their low ΔH. The inset of Figure 3 shows the ΔH of the
AMIVXVII

3 perovskites as a function of t. Generally the results
can be divided into two groups: the Pb/Sn based materials with
t < 0.97 (shaded in pink) and the Ge based ones with t > 0.97
(shaded in sky blue). For the former group, we observe a
general trend of the larger t, the stronger thermodynamic
stability (i.e., the higher ΔH). This resembles the behavior
observed in oxide perovskites88 and suggests that the larger t
below 1.0 is more favorable for stabilizing AMIVXVII

3 in the
perovskite structure. At the rather smaller t (<0.89), for
instance for [CH3NH3]PbI3, the distorted pseudocubic perov-
skites with tilted MIVXVII

6 octahedrons (called orthorhombic γ
or tetragonal β phases) become energetically more stable than
the standard cubic perovskite (called α phase) at room or low
temperatures.49 If the energy difference between the γ/β phases
and the α phase is substantial, this extra energy gain from
structural distortion may stabilize the material despite the low
ΔH of the α phase. This explains many known room-
temperature phases of AMIVXVII

3 existing as the less symmetric

structures.28,38,49 Turning to the μ value, while Pb-based and
Sn-based compounds are safely located within the stable range,
the too small μ of Ge-based compounds implies that they might
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the values of me* are larger than those of mh*, which is distinct
from the usual semiconductors with the lighter me* but the
heavier mh*. Both mh* and me* show increasing trends from
iodides to bromides to chlorides. For Sn and Ge based
compounds, we see a clear trend of mh* increasing with the sizes
of A+ cations. These follow the same trend of Eg

d (Figure 6),
which can be understood in terms of the nature of bonding/

http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03221/suppl_file/cm6b03221_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03221/suppl_file/cm6b03221_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03221/suppl_file/cm6b03221_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03221/suppl_file/cm6b03221_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03221/suppl_file/cm6b03221_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03221/suppl_file/cm6b03221_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b03221


http://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.6b03221/suppl_file/cm6b03221_si_001.pdf
http://dx.doi.org/10.1021/acs.chemmater.6b03221


MIV−XVII
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