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Abstract

First-principles Discovery and Investigation of Novel Materials for Energy
Conversion

by

Yao Cai
Doctor of Philosophy in Engineering — Materials Science and Engineering
University of California, Berkeley

Professor Mark Asta, Co-chair
Dr. Matthew Sherburne, Co-chair

This dissertation aims to employ density functional theory calculations to investigate energy-
conversion materials. The main focus of this dissertation is on the emerging photovoltaic
materials halide perovskites: the third and fourth chapters discuss perovskite-derived halides
AyBXg and double perovskite halides AsMM'Xg, respectively. The fifth chapter discusses a
novel material for photocatalytic water splitting.

In Chapter 3, we focus on a perovksite-derived halide A;BXg for photovoltaic applica-
tions. The electronic structure and energetic stability of A;BXg halide compounds with
the cubic and tetragonal variants of the perovskite-derived KoPtClg prototype structure are
investigated computationally within the frameworks of density-functional-theory and hybrid
functionals(HSE06). The HSE06 calculations are undertaken for seven known A;BXg com-
pounds with A = K, Rb and Cs, and B = Sn, Pd, Pt, Te, and X = [. Trends in band
gaps and energetic stability are identified, which are explored further employing semi-local
density-functional-theory(DFT) calculations over a larger range of chemistries, characterized
by A = K, Rb, Cs, B = Si, Ge, Sn, Pb, Ni, Pd, Pt, Se and Te and X = Cl, Br, I. For the
systems investigated in this work, the band gap increases from iodide to bromide to chloride.
Further, variations in the A site cation influences the band gap as well as the preferred degree
of tetragonal distortion. Smaller A site cations such as K and Rb favor tetragonal structural
distortions, resulting in a slightly larger band gap. For variations in the B site in the (Ni,
Pd, Pt) group and the (Se, Te) group, the band gap increases with increasing cation size.
However, no observed chemical trend with respect to cation size for band gap was found for
the (Si, Sn, Ge, Pb) group. The findings in this work provide guidelines for the design of
halide A;BXg compounds for potential photovoltaic applications.

In Chapter 4, we focus on building a database for the double perovkite halides and em-
ploy the database to identify new materials for photovoltaic applications. Starting from a
consideration of the octahedral and tolerance factors of ~2000 candidate double-perovskite
compounds, we compute structural, electronic and transport properties of ~1000 using first-
principles calculations based on DFT methods. The computational results have been assem-
bled in a database that is accessible through the Materials Project online. As one potential



2

application, double perovskites are candidates in the search for lead-free halide photovoltaic
absorbers. We present the application of our database to aid the discovery of new double per-
ovskite halide photovoltaic materials, by combining the results with optical absorption and
phonon stability calculations. Eleven compounds from three distinct classes of chemistries
were identified as promising solar absorbers and the complex chemical trends for band gap
within each of these are analyzed, to provide guidelines for the use of substitutional alloying
as a means of further tuning the electronic structure.

In Chapter 5, we focus on the SrNbOj3. s structures with different oxygen compositions
and discuss their electronic properties based on DFT calculations of their electronic struc-
tures and charge density distributions. Under low oxygen pressure, films formed have the
SrNbOj perovskite structure. STNbOj3 has a heavily degenerate conduction band and a high
carrier density. When growing under higher oxygen pressure, the carrier density decreases
and the films become more insulating. The excess oxygen leads to the formation of extra
oxygen planes with a density that increases with d; at the nominal composition StNbOg 4,
these extra oxygen planes should appear every 5 unit cells. According to our calculation
for STNbO3 4, valence electrons are confined in the middle of two neighboring extra oxygen
planes. These characteristics of the electronic structure lead to strong conventional plasmonic
effects and strongly correlated plasmonic effects for STNbO3 and SrNbOg 4, respectively.
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Chapter 1:

Introduction

1.1 Motivation

Solar energy, as a source of clean and renewable energy, can replace fossil fuels, reduce
the emission of CO, and mitigate the problem of global warming. The price to install solar
has drop by more than 70% over the last decades, and it is one of the largest new electric
capacity additions over the last 6 years. Its share in total U.S. electrical generation has
increased from only 0.1% in 2010 to more than 2% today.[1] There is still a long way to
go for solar energy to reach its full potential. Even though it is a cleaner energy source
than fossil fuels, current solar technologies still involve manufacturing processes that are
not environmentally friendly. Developing next-generation solar technologies to replace the
current technologies are a focus of the scientific community over the past decades.

There are several forms of utilizing solar energy, for example: photovoltaic, solar thermal
and photochemical energy converters, etc. In solar thermal energy converters, solar energy
is used to increase the kinetic energy of atoms and electrons in the solar thermal materials.
Then these heated materials are used as heat engine just like a steam engine. In photovoltaic
converter, solar energy is used to increase the potential energy of the electrons in the ab-
sorbing materials. Then these free electrons travel to an external circuit and drive the load.
In photochemical energy converters, solar energy is used to increase the potential energy of
the electrons, just like in a photovoltaic converter. The difference is that in photochemical
energy converters these electrons are used to drive chemical reactions and the energy is then
stored in products which can be used in fuel cells. In each of these utilization forms, the
central problem is to find an appropriate material that can maximize the efficiency of en-
ergy conversion. Each of these conversion processes has strong requirements on the physical
properties of the absorbing materials. Thus, how to find a low-cost, easy to make absorbing
material with high conversion efficiency in a central challenge for the scientific community.

This thesis is focused on the absorbing materials in photovoltaic cells and photocata-
lyst water splitting(a form of photochemical energy conversion). Using density functional
theory(DFT), this thesis investigates the stability, electronic structures, light absorbing effi-
ciencies of these solar absorbing materials, and assesses their ability to be the next-generation
solar converters. The remainder of this chapter will introduce the technical background of
photovoltaic cells and photocatalyst water splitting.
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Figure 1.1: (a) The photovoltaic effects; (b) Schematic diagram of a Si p-n junction solar cell.

1.2 Photovoltaics

1.2.1 Physics of Photovoltaics

The review below follows the treatment of the subject given in Ref. [2], to which the
reader is referred for further details. Photons with enough energy can excite electrons to
higher energies. In semiconductors, the excited electrons can be used to do work if electrons
are pulled to an external circuit before they relax to the ground state. In this way, energy in
light is converted to electrical energy. A photovoltaic cell is such a device using semiconduc-
tors as light absorbing materials where electron-hole pairs are generated by incident photons
from the sun. Electron and hole are then separated and collected at each of the two contacts
of the device by the built-in spatial asymmetry[2]. The charges travel to the external circuit
and can generate voltage and current when a load is connected.

Once excited to a higher energy state across the band gap, electron thermal relaxations
happen on the time scale of femtoseconds, and radiative recombination happens on the
time scale of microseconds, long enough for excited electrons to be collected. The chemical
potential difference between the excited population and ground state population drives the
potential difference between two terminals of the device.

Detailed balance requires that in equilibrium, the probability of absorbing a photon of
energy E must be equal to the probability of emit a photon of energy E, such that there is
no net current. Under illumination, absorption increases due to the solar photon flux, but
since many electrons are in the excited state, the emission also increases. So there is always
radiative recombination loss in solar cell devices. The net current density in the device is
given by:

J(V) = Joe — Jdark(v) (1.1)

Jse is photocurrent density derived from net absorption flux. In the ideal case where 1) the
material is perfectly absorbing and non-reflecting; 2) perfect charge separation, then:

T = q/EOO bo(E)dE (1.2)



where E, is the band gap of the absorbing material and b,(E) is the sun spectrum.
Jaark (V') is the dark current derived from spontaneous emission(radiative recombination
loss). It depends on the bias applied to the device V:

Jdark(v> = J0<6qv/kBT - 1) (13)

When J(V) = 0, the bias applied is open cuicuit voltage V,. and photocurrent and dark
current exactly cancel each other. The power of the solar cell device and the power conversion
efficiency(PCE) is then a function of the bias applied. Since absorption depends on band gap
E,, PCE also depends on FE,. If E, is too small, absorbed energy is wasted through carrier
thermal relaxation. If Fj, is too large, photocurrent will be small since most low energy
photons are not absorbed. So there is an ideal value of E, for a specific incident spectrum.
Under standard AM 1.5 solar spectrum, the ideal E; is 1.4eV with a PCE of 33%]3].

In real solar cell devices, losses other than radiative recombination exist. Auger recombi-
nation is another type of unavoidable loss when carrier density is large. Auger recombination
happens when an excited electron decays to the ground state and the energy released is used
to increase the kinetic energy of another carrier, and will eventually be lost as heat when the
carrier relaxes to the band edge. Shockley Read Hall (SRH) recombination[4] involves trap
states or defects in semiconductors and can be avoided or mitigated by controlling the defect
density in semiconductors. SRH recombination happens when a trap state captures a carrier
and then captures another carrier of opposite polarity. If captured by shallow defects close
to band edge, carriers can be thermally activated before the capture of carrier of the other
polarity, and in such a case recombination will not happen. SRH recombination happens in
deep defect states that are close to the center of the band gap, and energy is lost as heat.
SRH recombination is the dominant mechanism of loss in real materials.

1.2.2 Perovskite Halide Solar Cell

In 1994, a family of tin halides with a layered organic-based perovskite structure were
synthesized and found to have tunable electrical properties[5]. It was in the year 2009 when
organic-inorganic lead halide perovskites were first used as the light absorber in solar cell
devices, to replace the organic dye in dye-sensitized solar cell(DSSCs)[6]. In the first device
CH3NH3Pbl; was deposited on a TiOy mesoporous electrode and the device achieved a solar
energy conversion efficiency of 3.8%[6]. In 2012, the full solid-state solar cell device with
lead hailde perovksite deposited on mesoporous Al,O3 was fabricated and displayed a power
conversion efficiency(PCE) of up to 10.9%[7]. The fact that Al,O3 is insulating indicated the
long diffusion length of carriers in the lead halide perovskite, and hinted at the possibility
of using a halide perovksite in planar n-i-p solar cell devices. Sequential deposition was
employed to provide better control over the perovskite morphology and greatly increased the
reproducibility of their performance, achieving a PCE of approximately 15%[8]. A planar
heterojunction perovskite solar cell processed by vapor deposition was demonstrated with
a high PCE of over 15%, showing that complex nanostructures are not necessary[9]. To
date, the highest PCE achieved by lead halide perovskite solar cell devices reaches beyond
23%[10]. The rapid progress in this area within the last 10 years shows the potential of
halide perovskites as a next-generation solar cell technology.
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It is now widely accepted that the device architecture of a typical halide perovskite solar
cell is of n-i-p type. The halide perovskite acts as the intrinsic solar absorber layer, and
TiO, works as the electron transport material (ETM) while spiro-OMeTAD acts as the
hole transport material (HTM). The ETM is usually deposited on a transparent conducting
substrate such as indium tin oxide (ITO), or fluorine doped tin oxide (FTO). The HTM is
usually connected to metal contact such as Au or Ag. The n-i-p device architecture and its
energy diagram are illustrated in Fig. 1.2. Electron and hole pairs are generated by photon
excitations, and then they are selectively collected by the ETM and HTM, respectively.
They finally combine in the external curcuit. The band alignment depends on the selection
of ETM and HTM, and a good band alignment is very important for a high PCE. The
conduction band of the perovskite should be higher than the conduction band of the oxide
ETM layer, so that the electrons can travel to the ETM layer barrier-free. It was shown that
a higher PCE can be achieved using SnO, as the ETM layer for MAPbI3, compared with
using TiOy as the ETM layer[11].

a b
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Figure 1.2: (a) The planar n-i-p architecture of a typical halide perovskite solar cell device; (b)
the corresponding energy diagram. Reproduced from Ref [12].

The thin film form of the lead halide perovskite solar cell and the abundance of the ele-
ments used indicate that it is possible for the perovskite PV technology to compete with the
current PV technology in terms of cost. A study shows that to reach TW level electricity
generation, only a few days of lead global production is needed[13]. Halide provskite solar
cell devices can be made by easy and cost-effective solution processing. In large area device
fabrication, roll-to-roll production is made possible by several different coating methods com-
patible with solution processing, such as screening printing, slot-die coating, spray coating,
ete [12].



Figure 1.3: The perovskite structure, with corner-sharing BXg octahedra and A cations in the
middle of eight neighboring octahedra. A cations can be inorganic or organic.

The perovskite structure is composed of corner-sharing octahedra BXg and A-site cations
in the middle of eight neighboring octahedra, as shown in Figure 1.3. In high perfor-
mance lead halide perovskites, the A site cation is usually an organic molecule, such as
CH3NH{ (MA) or HC(NH,);3 (FA). The versatile perovskite structure can incorporate a large
array of elements, making it possible to tune its physical properties through substitutional
alloying. The band gap of a halide perovskite can be tuned easily by varying the content
ratio of halide ions. The band gap usually increases when the halide ions transition from I
to Br to CL

Organic/inorganic halide perovskites, MAPbI; for example, have a sharp absorption onset
and excellent absorption coverage of the visible light regions. The excellent optical absorption
is attributed to the fact that the valence band maximum (VBM) derives from Pb-s and I-
p hybridization, enabling a large joint density of states(JDOS) when transitioning to the
conduction band minimum (CBM) of Pb-p character[14]. Such a transition has larger JDOS
than in GaAs, where the VB-CB transition is from p orbital to s orbital. The JDOS in GaAs
is smaller due to the dispersive s orbital[14]. MAPDbI; also has superior defect properties.
It was proposed that the defects in MAPDI; are all shallow defects and as a result trapped
carriers can easily escape from the these defects, leading to MAPDI3’s long carrier diffusion
length (175 pm in single crystal[15]). This defect-tolerant feature is due to the fact that all
deep defects in MAPDbI; have high formation energy and shallow defects have low formation
energy, so all dominant defects in MAPDI; are shallow|[14].

Photophysics of halide perovskite is still under investigation and debate. Several differ-
ent theories were proposed to explain the relationship between its structure and the superior
optoelectronic properties. One of the theories focuses on lattice softness and stochastic
structural fluctuations(the anharmonic motion of a halide atom or tumbling motion of the
organic cation) and their impact on optoelectronic properties[16]. Another theory focuses on
the ferroelectricy in lead halide perovskites and ferroelectric-like large polarons, where polar
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nanodomains are formed around the charge. The large screening of the Coulomb potential
provided by the ferroelectric-like large polarons reduces carrier scattering[17]. A third theory
proposed that Rashba-type effects might exist in lead halide perovskites, owing to the pres-
ence of heavy atoms and inversion symmetry breaking. The slow carrier recombination was
interpreted as evidence of Rashba effects[18]. Subsequent work challenged the interpretation,
however[19].

Even with the significant advantages of lead halide perovskites summarized above, com-
mercialization of solar cells based on these materials might still be hindered by several prob-
lems: 1) the toxicity of Pb; 2) the long-term stability, including both intrinsic/structural
stability and extrinsic/environmental stability. Intrinsic stability includes the structural
stability of the perovskite structure, which requires that the tolerance factor within 0.8 ~
1.0, with 0.9 being ideal. The structural stability can be improved by compositional engi-
neering of perovskite. Other intrinsic instabilities include ion migration under electric field
and strain-induced degradation[12]. Extrinsic instabilities include sensitivity of perovskite
to moisture, oxygen, heat, light, etc. Hybrid halide perovskite easily bind water molecules
by hydrogen bonding[20]. Many of the degragation processes are found to be enhanced by
light[12]. Perovskite films exposed to oxygen and light at the same time degrade faster
than in moisture[12]. Finding a good sealing and packaging technology may be helpful to
preventing leakage of Pb-containing compounds and protecting the devices from moisture
and oxygen, but the intrinsic instabilities and sensitivity to light must be solved by other
engineering techniques.

Finding alternative lead-free perovskite compounds is another approach to the above
problems. The simple structure of perovskite makes it easy to incorporate various
chemistries. Several perovksite-related structure motifs can incorporate cations of differ-
ent oxidization states. AMXjs of perovskite structure can incorporate divalent M?* cations,
such as Sn?* and Ge?*, etc. A;MXg of perovskite-derived KoPtClg prototype structure can
incorporate tetravalent M** such as Sn**, Te*t and Pt**, etc. A3sMyX, of layered perovskite
structure can incorporate trivalent M3* cations such as Sb3* and Bi**, etc. A;MM'Xg of
double perovskite structure can incorporate both monovalent M'* such as Cu'*, Ag!*, In'*
and trivalent M’3* cations, such as Sb3" and Bi**, etc. These alternative compounds may
share some of the advantages of lead halide perovskites, such as simple solution processing,
tunability through solid solution, and at the same time avoid some of the disadvantages of
lead halide perovskites, such as toxicity of lead, structural instability, etc.

A large compositional space can be formed using all possible combinations, and solid
solutions between different compounds can be further explored to finely tune the physical
properties. Chapter 3 and chapter 4 focus on exploring A;MXg and double perovskite
A;MM’Xg compounds, respectively. Chemical trends in the compositional space are carefully
investigated to provide insight into possible alloying strategies. The promising candidates
proposed in these two chapters point out new directions in furthering development of these
materials for next-generation PV technology.



1.3 Photocatalytic water splitting

Another form of utilizing solar energy is through photocatalytic water splitting, producing
H; as a clean and renewable energy source. Currently, most of Hy production is through
fossil fuels and COs is emitted as by-products during the process[21]. As more knowledge
is accumulated in the mechanism of photocatalytic water splitting and development of new
materials, the cost of photocatalytic water splitting will decrease and it might become the
primary source of Hy production.

Hydrogen
Potential evolution site
(V VS. NHE) 7’
pH7 R
A hv>E e > X

‘oo H2

Tl g W

H;
+0.82 + )_v V.B. W
(O,/H,0) S
0, . Y h* .
A Photocatalyst
Oxygen -~

evolution site

Figure 1.4: Schematic energy diagrams of photocatalytic water splitting. Reproduced from [22]

As shown in Fig. 1.4, similar to solar cell devices, in photocatalytic water spliting, the
photocatalyst is usually a semiconductor. Electron and hole pairs are generated by incident
photons of energy larger than the band gap of the semiconductor. Electrons and holes
then transport to the surface of the photocatalyst and cause redox reactions with H,O.
Electrons reduce H5O to form H, and holes oxidize HyO to form Os. It is important that the
conduction band of the photocatalyst is more negative than the redox potential of H* /H,
and the valence band is more positve than the redox level of Oy/H,0O. Thus the band gap of
the photocatalyst must be larger than 1.23 eV. To utilize as much solar energy as possible,
the band gap should be smaller than 3.0 eV to utilize visible light.

Similar to solar cell devices, recombination losses in the photocatalyst cause low efficiency
in photocatalytic water spliting. The dominant recombination loss is caused by recombina-
tion centers provided by defects. Two approaches can help reduce the recombination loss:
1) use of photocatalysts of small particle size, so that it is easier for carriers to travel to the
surface of the photocatalyst; 2) increase the quality of the photocatalyst crystal to reduce
defect density.
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Sometimes a co-catalyst such as Pt is needed for H* reduction since the conduction band
of oxide photocatalysts is usually not high enough to reduce H*[21]. The requirements for
electronic structure and band levels in one-step single photocatalyst system are very hard to
meet. In a two-step Z-scheme system, two different photocatalysts are used for Hy and O,
evolution, respectively. A redox couple such as 103 /T~ must be present as redox mediator.
On the surfaces of one photocatalyst, I” reacts with holes to form 105 and help H' reduced
to form Hy. On the surfaces of the other photocatalyst, 105 reacts with electrons to form
[~ and helps to oxidize HyO to form O,. [21]

From the above examples, we know that electronic structures are important to explain
the working mechanism of photocatalysts. Chapter 5 will present the investigation into a
novel metallic photocatalyst and its mechanism of photocatalytic water splitting.



Chapter 2:

Theory and simulation methods

2.1 Density Functional Theory

In this chapter, I will introduce the main theoretical method used in this dissertation:
density functional theory(DFT)[23]. Density functional theory is one of the most widely
used first-principles theories to predict the ground-state physical properties of molecules
and solids. The ground state of materials are dictated by the solution to the interacting
quantum many-body Schrodinger equation with the Hamiltonian describing the interaction
of a collection of ion cores and valence electrons:

pz ZZ/@
Hyo = ZQM +Z +Z|R R| Z

i<j’ 1</

|7“l—rZ Z |R —n| (21)
where the first term is the kinetic energy of the ion cores, the second term is the kinetic
energy of the valence electrons, the third term is the Coulomb interaction between the ion
cores, and the fourth term is the Coulomb interaction between the valence electrons and the
last term is the Coulomb interaction between the ion cores and valence electrons. Exact
solution to many-body Schrodinger equation is impractical.

The first approximation made to the above many-body Hamiltonian is the Born-
Oppenheimer adiabatic approximation[24]. Since ion cores are much heavier and move much
slower than electrons, so as an approximation, we can fix ion cores and treat ion cores as

external fields for electronic Hamiltonian:

(2.2)

He= Y [543 Vil = By + 3

i<’ |TZ — Ty |

where V; is the external potential due to the jth ion core. Once the electronic Schrodinger
equation is solved, core Schrodinger equation can then be solved to determine the energy
spectrum of the cores and core motions.

2.1.1 The Hohenberg-Khon Theorems

But we still have a many-body problem, the operators for kinetic energy and interaction
energy with the external potential can be easily separated for a single-particle problem, but
we still have the electron-electron interaction term that cannot be readily separated. The
treatment of the electron-electron interaction is one of the major challenges in condensed
matter physics. In 1964, a famous paper by Hohenberg and Kohn proposed the formulation
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of density functional theory(DFT) to address this problem[23]. They proposed and proved
two theorems that are the foundation of density functional theory:

Theorem 1: The ground-state energy E is a unique functional of the electron density
p(r) except for a constant.

This theorem can be easily proved by contradiction for non-degenerate ground state. We
know that E is a unique functional of external potential v(r), if we can prove that v(r) is
a unique functional of p(r), then E is also a unique functional of p(r). Let’s assume the
that there is another potential v'(r) such that its ground state |¥’) corresponds to the same
density p(r). For the primed system:

E = (V'|H'|V") (2.3)
Also we know for non-degenerate ground state:
(U'|H'|[WY < (V|H'|¥) =(V|H -V +V'|¥) =FE+ /[v’(r) —o(r)]p(r)dr (2.4)
So:
B < B+ [W() = v(nlp(r)dr (2.5)
Similarly, for the unprimed system:
E<E+ / [w(r) — o' ()] p(r)dr (2.6)
Add the above two inequality together we have:
F+FE <FE+E (2.7)

which is not true, thus we proved v(r) is a unique functional of p(r) and so F is a unique
functional of p(r).
Theorem 2: The global minimum of this functional E(p) is the exact ground state energy
Ep, and the density that minimizes the functional is the exact ground state density po(r).
The proof of Theorem 2 is also straight-forward. Suppose the ground-state density is
p(r), the corresponding external potential is v(r), and the corresponding ground state wave-
function is |¥). Then the energy functional is:

E = (U|H|T) (2.8)

Now consider a different density p’(r), which corresponds to a different wavefunction |W’).
Then:

E = (U|H|T) < (V|H|V) = E' (2.9)

Thus we have proved that the ground state density indeed leads to the lowest energy of
the system, and it is the ground state energy of the system. Then by minimizing the energy
of the system, one can get the exact ground state density and ground state energy.
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2.1.2 The Kohn-Sham Equations

The remaining problem is that the functional form of E(p) is not known yet. The
functional form of the interaction energy with external field is straight-forward and can be
written as [v(r)p(r)dr. However, because of the electron-electron interaction, the form of
electron kinetic energy and electron-electron interaction energy in terms of electron density
can be complicated. For a non-interacting system with the same density, the kinetic energy
of the system can be written as:

h2 occ

Ty(p =—fz/w )V (r)dr (2.10)
If we ignore exchange and correlation, then the interaction energy is the Hartree term:
e* [ p(r)p(r')
Earree:—/idd’ 2.11
Hart 2 |r — /| rar (2.11)
The total energy of the interacting system can be written as:

E(p) = /v(r)p(r)d?" +Ts(p) + Erartree + Eaze(p) (2.12)

where E,.(p) is the exchange-correlation energy functional which includes everything we do
not include in the sum T,(p) + Enartree-

Kohn and Sham proposed an auxiliary non-interacting system with an effective potential
vers(r) to help find the ground state density and energy of the interacting system|[25]. The
goal is to find a density that minimized the total energy. We can derive the v.ss(r) such
that the density p(r) of the non-interacting system is also the ground state density of the
real system(i.e., that which minimizes E). The v,y f(r) found this way is:

Ve () ) +e /| _T,| '+ 5E5"(C()) (2.13)

This leads to the one-particle Kohn-Sham equations for the auxiliary non-interacting system:

2

(5 + Ve (M) = et (r) (2.14)

Solving Kohn-Sham equations self-consistently we can obtain the ground state density
of the non-interacting system p(r) = 39 |1;(r)|?, which is also the ground state density of
the real system, and then the ground state energy of the real system can also be calculated.

It should be note that DFT can only give us the ground state density and energy, but
not the excited states. Especially, the Kohn-Sham eigenvalues and eigenfunctions do not
correspond to the excitation energy and electron wave-functions in the real system. They
are just for the auxiliary non-interacting system, and they appear just as a mathematical
trick to use the variational principle to obtain the ground state density and energy of the real
system. Thus only the ground state density and energy are exact in the DFT formalism.
In band gap calculations for semiconductors and insulators, DFT usually underestimates
the band gap. The band gap problem of DFT calculation comes from this misuse of the
Kohn-Sham eigenvalues.
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2.1.3 Exchange-correlation Energy Functional

The above discussions assume that we know the functional form of E,.. Even though
we do not know the exact from of E,., there are several approximations that work well in
practice. The most simple one is local density approximation:

BEPA = [ p(r)ehem (p(r))dr (2.15)

which makes the approximation that F,. is local. The exchange-correlation energy density

ehom s a function of the local density p(r) and the dependence of 9™ on p(r) is the same

as in a homogeneous electron gas with the same p. The Kohn-Sham construct separates out
the independent-particle kinetic energy and the long-range Hartree terms, F,. thus can be
approximated as nearly local functional of density. In most solids with typical densities, the
range of the effects of exchange and correlation is rather short, so LDA works pretty well for
solids[26].

Another approximation beyond LDA is the generalized gradient approximation(GGA),
where exchange-correlation density is a function of both p(r) and Vp(r):

G — [ p(r)eh™ (p(r) Fuelp(r), V() (2.16)

hom

where F). is the dimensionless enhancement factor and €

mogeneous gas.

The exchange enhancement factor F,, > 1, so GGA leads to an exchange energy lower than
the LDA. While LDA over-binds, GGA reduces binding energy and improves agreement with
experiment[26]. Different forms of F,, has been proposed, with Perdew and Wang(PW91)[27]
and Perdew, Burke and Enzerhof(PBE)[28] being the most widely used forms. For most phys-
ical applications, the density gradient is relatively small. In such regime, the different forms
of F, have nearly identical shapes, so different GGAs give similar results. The functional
form of correlation is more complicated, but its contribution to the total energy is also much
smaller than exchange[26].

is the exchange energy of ho-

2.2 Corrections and Improvements upon Conventional DFT

2.2.1 Self-interaction Error

If we look at at the second term of the effective potential v.ss(7), the Hartree term (Equa-
tion 2.13) closely, we realize the physical meaning of this term is the Coulomb interaction
between an electron and the total electron density of the system, with the latter including the
former electron itself. This un-physical interaction between the electron and itself causes the
self-interaction error. If we know the exact form of the true exchange-correlation functional,
the self-interaction error would be cancelled out by the exchange-correlation functional. But
in any approximate form of the exchange-correlation functional (i.e. LDA, GGA, etc), the
self-interation error cannot be cancelled out exactly, and it can be large since these terms
involve large Coulomb interations. It should be noted that in Hartree-Fork method, the
self-interaction energy is cancelled exactly by the exact exchange energy.
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Even in one-electron systems where there is no electron-electron interaction, the Hartree-
term is non-zero and caused the self-interaction error. Self-interaction error causes more
problems in strongly correlated systems, where electrons are highly localized. With semi-local
DFT, the localized electrons are calculated to be un-physically delocalized. Delocalization
helps to minimize the self-interaction energy, which should not exist at all. Self-interaction
error also causes problem in defect calculations when localized defects are calculated to be
spatially delocalized with semi-local DFT[29].

Several approaches were proposed to deal with self-interaction error. Among them two
approaches are especially popular: hybrid functionals and DFT+U functionals. The hybrid
functionals are employed heavily in Chapter 3 and Chapter 4 and the DFT+U functionals
are used in Chapter 5. The two methods are discussed in more detail below.

2.2.2 Hybrid Functionals

Hartree-Fock method includes an exact treatment of exchange interaction and self-
interaction of an electron with itself is canceled out. However, the Hartree-Fock approx-
imation does not include electron correlation, and thus can lead to significant deviation
compared with experiments. DFT with semi-local functionals include both exchange and
correlation but within a local or semi-local (as described the dependence on density gra-
dient) approximation, and in this case the self-interaction error can be significant. Hybrid
functionals which incorporate some portion of exact exchange with semi-local density func-
tional were proposed and proved to lead to significant improvement in calculating structural,
thermodynamic and electronic properties of molecules and periodic systems.

Heyd et al[30] showed that in metallic systems, convergence with distance is very hard to
achieve with Hartree-Fock(HF') calculations, which greatly increases the time complexity of
hybrid calculations. However if only the short-range component of HF' exchange interaction
are considered, convergence with distance can be achieved exponentially. So they proposed
to separate the Coulomb operator into short-range(first-term) and long-range(second-term )
components, and only mix in a portion of short-range exchange into semi-local density func-
tional such that the computation efficiency is greatly improved.

The error function is used to separate the Coulomb operator:

1 erfe(wr) N erf(wr)

(2.17)

r r r

where the first-term is the short-range term, second term is the long-range term and w is the
range-separation parameter. When w = 0, the long-range term disappears and the short-

range term is just % When w — oo, the short-term disappears and the long-term is just
1

And the form of the hybrid functional(referred as HSE functional) is defined below:

1 3
EHSE — ZEfF’SR(w) + EE;DBE’SR(UJ) + EPBELR () 4 pPBE (2.18)
It can be shown that the long-range exchange from both HF and PBE are very small

and in opposite sign and tend to cancel each other. 2/w is the characteristic distance at
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which the short-range exchange converges with distance. When w = 0, 2/w — oo and the
long-terms disappear, and HSE functional essentially becomes PBEO functional where the
whole exchange interaction is mixed in with PBE functional. When w — oo, the short-range
terms disappear and HSE functional essentially becomes PBE functional where no exchange
interaction is mixed in. In HSE06 functional, w is set to be 0.2 A~! and preserves good
accuracy for band gaps and lattice constants in solids[31, 32]. In chapter 3 and 4, we will
use HSEO6 hybrid functional extensively to obtain reasonable predictions for band gaps in
perovskite halides.

2.2.3 DFT+U Functional

In systems with partly filled d or f shells where on-site Coulomb interaction is very
important, DF'T with semi-local functionals is inadequate because of oversimplified treatment
of exchange and correlation in an averaged way. Such systems are called strongly correlated
systems and usually contain transition metal or rare-earth metal elements. When the on-site
Coulomb repulsion(characterized by the Hubbard U in Hubbard Model) is large compare with
the valence bandwidth(characterized by the overlap integral in Hubbard Model), hopping of
electrons between metal ions will not happen, electrons will be localized and the system is
an insulator. DFT with semi-local functionals often cannot obtain the right ground state
for such systems, either finding a metallic state when the ground state is an insulator, or
obtaining an insulator state with much smaller band gap than the true ground state.

DFT+U is a correction to DFT that adds a Hubbard-like orbital-dependent penalty
term to the total energy expression and can account for the strong on-site repulsion for the
localized d or f electrons in the system. The total energy expression for DFT+U in Dudarev’s
formalism[33] has the following form:

U J

Eppriv = Eppr + ——— Z [(Z 0%) = (2 05| (2.19)

where U and J are the on-site Coulomb and exchange parameters, j and | denote the magnetic
quantum number and o the spin index, pf is the on-site density matrix of the localized shell in
consideration. As in the simple 1D Hubbard model, this Hubbard-like penalty term forces the
on-site density matrix to have either 1 or 0 eigenvalues, which physically means either fully
occupied or fully unoccupied states are favored. Here U and J do not enter the expression
separately, but together as a single effective Hubbard-U U,y = U — J. This parameter can
either be extracted from ab-initio calculations[34, 35] or calculated semi-empirically[36].

The orbital-dependent nature of DFT+U method introduces the orbital degree of freedom
which are absent in conventional DF'T, and lends to multiple self-consistent solutions induced
by different occupation of the orbitals. These states includes both metastable states and
ground state whose energies can differ by several hundred meV per atom[37]. The barrier
between the metastable and ground state might be high and prevent the relaxation into
the true ground state. We will discuss this problem that always accompanies DFT+U
calculations in Chapter 5.



15

Chapter 3:

Computational Study of Halide
Perovskite-Derived Aj;BX;  Inorganic
Compounds: Chemical Trends in Elec-
tronic Structure and Structural Stability

3.1 Abstract

The electronic structure and energetic stability of A;BXg halide compounds with the
cubic and tetragonal variants of the perovskite-derived KyPtClg prototype structure are
investigated computationally within the frameworks of density-functional-theory (DFT) and
hybrid (HSE06) functionals. The HSEO06 calculations are undertaken for seven known A,BXg
compounds with A = K, Rb and Cs, and B = Sn, Pd, Pt, Te, and X = I. Trends in band gaps
and energetic stability are identified, which are explored further employing DFT calculations
over a larger range of chemistries, characterized by A = K, Rb, Cs, B = Si, Ge, Sn, Pb, Ni,
Pd, Pt, Se and Te and X = CI, Br, I. For the systems investigated in this work, the band
gap increases from iodide to bromide to chloride. Further, variations in the A site cation
influences the band gap as well as the preferred degree of tetragonal distortion. Smaller A
site cations such as K and Rb favor tetragonal structural distortions, resulting in a slightly
larger band gap. For variations in the B site in the (Ni, Pd, Pt) group and the (Se, Te)
group, the band gap increases with increasing cation size. However, no observed chemical
trend with respect to cation size for band gap was found for the (Si, Sn, Ge, Pb) group.
The findings in this work provide guidelines for the design of halide A;BXg compounds for
potential photovoltaic applications.

3.2 Introduction

Since the initial discovery of lead halide perovskite compounds as solar absorbers for
photovoltaic devices[6, 7, 39], the power conversion efficiencies (PCEs) achieved with these

The results presented in this chapter and appendix A have been published as a regular article with
title “ Computational Study of Halide Perovskite-Derived Ay BXg Inorganic Compounds: Chemical Trends in
Electronic Structure and Structural Stability” in Chem. Mater. 2017, 29, 77407749 by Yao Cai, Wei Xie,
Hong Ding, Yan Chen, Krishnamoorthy Thirumal, Lydia H. Wong, Nripan Mathews, Subodh G. Mhaisalkar,
Matthew Sherburne and Mark Asta[38]. The material is presented here with the permission of co-authors
and publishers.



16

materials has increased steadily and currently reaches 22.1%[40]. These high PCEs have
motivated significant efforts aimed ultimately at the commercial application of lead-based
halide perovskites for solar power conversion. For such applications, two issues that continue
to receive considerable attention are the toxicity of lead, which can be leached out of APbX3
compounds due to their aqueous solubility [41], and the poor chemical stability in air [41].
The first of these two issues has motivated research into the use of alternative Sn/Ge-based
perovskite compounds, although limited PCEs of 6% or less have been demonstrated with
these materials to date [42-45]. Further, like their Pb-based counterparts, Sn/Ge-based
perovskite compounds also have been found to suffer from poor chemical stability [42, 43, 45].

The inorganic compound CssSnlg has received recent attention as an alternative to Sn-
based halide-perovskites for photovoltaic device applications. In comparison with Sn and Pb
based halide perovskites, CsySnlg has been shown to feature enhanced stability in ambient
environments[46-48], correlating with the presence of a more stable higher oxidation state
for Sn in this compound (formally 44 in CsySnlg compared with 2+ in CsSnls). The crystal
structure of CsySnlg can be described as a defect variant of perovskite, with half of the
Sn atoms removed, as illustrated in Fig. 3.1. In this figure, the SnXg octahedra in the
Cs9Snlg compound can be seen to be isolated, in contrast to the corner-sharing arrangement
characterizing the perovskite structure. Associated with this structural change, the Sn-
I bond lengths are shorter in the CsySnlg compound, which has been correlated with its
enhanced chemical stability [49].

o A
-’b BX, octahedra * BX, octahedra

Figure 3.1: Crystal structures of ABX3(left) and Ay BXg(right).

In addition to its desirable stability, the electronic and optical properties of CsySnlg also
have been demonstrated to be attractive for photovoltaic device applications. Specifically,
CsoSnlg is a direct-gap semiconductor that displays strong visible light absorption [47, 50].
The measured band gaps reported range from 1.6 eV[47] to 1.48 eV[50] to 1.3 eV[46]. The
valence band and conduction band are well dispersed, with dominant characters based on I-p
and hybridized I-p/Sn-s orbitals, respectively[46]. A high electron mobility of 310 cm?/Vxs
and a sizable hole mobility 42 cm?/Vs were reported in bulk compounds [46]. The CsySnlg
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compound has been reported to display intrinsic n-type conductivity[46, 47] (with carrier
concentrations of 101 cm™3 and 5%10' cm™3), and it has been shown that it can be doped p-
type with Snl,[46] (with carrier concentrations of 10'* cm™2), demonstrating the ambipolar
nature of this material [46]. As an initial attempt, PCEs of about 1% in air have been
recently demonstrated in photovoltaic devices employing this material as a photoabsorber
[50].

As a means for further optimizing the properties of CsySnlg for device applications,
substitutional alloying is expected to be a useful strategy, as the A;BXg structure can be
readily doped with different impurity ions, especially in the 6-fold coordinated tetravalent
cation site[51]. Studies investigating the effect of chemical substitutions have been limited
to date, but they have clearly demonstrated the possibility of tuning electronic properties.
For example, in a study comparing hole-transport properties in CsySnlg, CseSnBrg and
Cso5nClg systematic variations in the optical and transport properties were observed to be
correlated with the substitution of halogen anions having different size and electronegativity
[48]. In another study the alloying of CseSnlg with CsyTelg, to form Csy(Sny_,Te, )l solid
solutions, was found to lead to reduced mobility and reduced defect tolerance [52]. While
these studies have not yet resulted in improved materials for device applications, they have
clearly demonstrated the importance of the B-X chemistry in defining optical and transport
properties.

To guide further studies aimed at the use of chemical substitutions to optimize properties
for photovoltaic applications, in this work we employ density-functional-theory (DFT) based
computational methods to explore trends underlying the variation of electronic structure and
structural stability of AsBXg compounds with chemical composition. We begin by employ-
ing hybrid-functional (HSE06) methods to calculate and analyze the electronic structures of
seven known inorganic compounds with varying A(=K, Rb, Cs) and B(=Pt, Pd, Sn, and Te)
site cations, for the case of X=I. We use these results as benchmarks to demonstrate the abil-
ity of computationally more efficient semi-local DFT functionals(Perdew-Burke-Ernzerhof
parametrization of the generalized gradient approximation, or GGA-PBE) to capture chem-
ical trends. Using the GGA-PBE method we extend the study to consider a wider range of
chemistries on the A (A= K, Rb, Cs), B (B= Si, Ge, Sn, Pb, Ni, Pd, Pt, Se, Te) and X sites
(X = Cl, Br, I).

The results yield the following chemical trends. For variations in the halide anion from
Cl to Br to I, the band gap and effective mass are found to decrease, while variations in
the A site cation from Cs to Rb to K, lead to an increase in tetragonal distortion and an
associated increase in band gap and effective mass. For variations in the B site in the group
of Si, Ge, Sn, Pb, there is no observed chemical trend with respect to cation size for band
gap, with larger values for Si and Sn and smaller values for Ge and Pb. For variations in
the B site in the (Ni, Pd, Pt) group the band gap increases with increasing cation size. For
variations in the B site in the group of Se and Te, the band gap increases with increasing
size.
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3.3 Approach

3.3.1 Structures and Chemistries Considered

In this section we provide a brief description of the chemical compositions of the A;BXg
inorganic compounds considered in the present computational studies. We focus initially on
compounds with the halide anion X=I and consider seven compounds with varying alkali
A-site cations and tetravalent B-site cations: KyPtlg, RbsPtlg, CsoPtlg, CsoPdlg, RboSnlg,
CsoSnlg and CsyTelg. Each of these compounds has been synthesized and characterized
experimentally, with crystal structure parameters tabulated in the International Crystal
Structure Database(ICSD)[53, 54]. All of these compounds have the cubic (space group
Fm3m) structure illustrated in Fig. 3.1 (b), with the exception of KyPtlg, which is tetrag-
onally distorted (space group P4/mnc). From the DFT-GGA results available through the
Materials Project [55] these chemistries are expected to yield a range of band gap values
that is relevant for photovoltaic applications. For each of these seven compounds we have
undertaken computational studies of the electronic structure for both cubic and tetragonal
polymorphs, employing the Heyd-Scuseria-Ernerhof HSE06 [30, 32] hybrid functional, as
detailed below.
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Figure 3.2: A structure map for known AsBXg compounds with A = K, Rb, Cs, B = Si, Ge, Sn,
Pb, Ni, Pd, Pt, Se, Te and X = CI, Br, I. Crystal structures reported in the ICSD are indicated
by the different symbols, with red circles and blue diamonds corresponding to cubic and non-cubic
materials, respectively. For each material, the octahedral factor is calculated as g—i and the radius

ratio is calculated as ngif—l}%x’ with Ra, Rp, Rx, Dxx representing the radius of A site cation,
radius of B site cation, radius of X site anion, and nearest neighbor X-X bond length, respectively.
The X-X bond length is calculated from GGA-PBE relaxed structures for the cubic phase for each
material. Shannon effective ionic radii for 12-coordinated AT cations, 6-coordinated B** cations,
and 6-coordinated X~ anions[56] are used for R4, Rp and Rx. The dashed line is a guide to the eye

that separates the majority of the cubic perovskite structures and distorted non-cubic structures.
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To motivate the choice of crystal structures considered in this work, we show in Fig. 3.2
a structure map similar to those used in studies of perovskite-based compounds[57]. The
axes in this figure correspond to the octahedral factor and the radius ratio. The octahedral
factor is defined as the ratio between B cation radius and X anion radius. The radius ratio
is the ratio between the radius of the A site cation and the size of the cavity formed by
the neighboring halogen anions[58]. For perovskite compounds the octahedral factor is used
empirically to predict the formation of the BXg octahedron; and the tolerance factor is used
empirically to predict the formation and distortion of the perovksite structure. Likewise, in
the A;BXg perovskite-derived structure, we can combine the octahedral factor and radius
ratio to predict the formation and distortion of the structure. Small octahedral factors
suggest that the formation of BXg octahedra are disfavored. A small radius ratio results
in distortion of the cavity and a lower symmetry of the structure, or even totally different
connectivity of the octahedra network. According to the survey of known A;BXg compounds
in the ICSD database[53, 54], shown in Fig.3.2, most known compounds are cubic (Fm3m)
and are indicated by red circles. Because of this, in this work, most of the trends are
derived from considerations of cubic (Fm3m) structures. On the other hand, as shown in
Fig.3.2, compounds with smaller radius ratio and smaller octahedral factor tend to form non-
cubic structures, as indicated by blue diamond symbols. Among these non-cubic structure
compounds, most adopt the tetragonal P4/mnc structure. The crystallographic details of
the experimentally observed structures are listed in Table S1 for A;BXs compounds with
A=K, Rb, Cs, B=Si, Ge, Sn, Pb, Ni, Pd, Pt, Se and Te, X=CIl, Br, I. In this work, the effect
of tetragonal distortions and octahedral rotations are investigated for select compositions by
comparing results for the cubic structure with those computed for the tetragonal P4/mnc
structure. As shown in Fig. 3.3, the two structures differ by the rotations of octahedra in
the a-b plane.

3.3.2 Computational Methods

Calculations were carried out employing spin-polarized HSE06 and PBE-GGA based
DFT methods using the Projector Augmented Wave (PAW) method [59], as implemented in
the Vienna Ab initio simulation package (VASP)[60-62]. The PAW potentials used in the
calculations are the same as those underlying the data provided in Materials Project[55],
in order to facilitate comparisons with the results available through this database. The
energy cutoff for the plane wave basis for all compounds was set to 520 eV. For cubic struc-
tures, self-consistent calculations were carried out with a gamma-centered k-point mesh of
6x6x6. Based on convergence tests for CsySnlg, RboTelg and KoPtlg, this choice of plane-
wave cutoff and k-point density is found to be sufficient to provide total energies converged
to within 1 meV /atom, lattice constants within 0.01 A, and band gaps within 1 meV. For
tetragonal structures, according to the convergence tests for 4 randomly picked compounds,
self-consistent calculations were carried out with a gamma-centered k-point mesh of 4x4x4,
to maintain the same level of energy convergence as that for the cubic structures. For relax-
ation and density of state calculations, the tetrahedron method with Blochl corrections was
used for k-space integration. To check the importance of relativistic effects on band gaps,
spin-orbit coupling is included using the standard approach in VASP for three representative
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Cubic(Fm':’,m) Tetragonal(P4/mnc)

Figure 3.3: Crystal structures for the AsBXg compound in cubic Fm3m (left) and tetragonal
P4/mnc (right) polymorphs viewed from different directions. Lattice vectors are shown for each
structure and orientation. The BXg octahedra are shaded, with the purple balls on the corners
representing halide cations. The green balls represent the A-site cations. In the tetragonal structure,
octahedral rotation angle with respect to cubic structure is labeled as «, equatorial halide as Xy,
and apical halide as Xo.
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compounds with heavier elements. The self-consistency iterations were performed until the
energy was converged to within 1 x 107° eV. The structural relaxations were undertaken until
the forces were converged within 0.01 eV /A for the GGA-PBE calculations, and within 0.05
eV/A for HSE06. For the compounds containing B-site transition-metal cations (B=Ni, Pd,
and Pt) with unfilled d shells in the 4+ charge state, we ran spin-polarized calculations con-
sidering both high-spin and low-spin configurations, finding the low-spin (zero local moment)
states to be lowest in energy. The HSE06 band structures were calculated self-consistently
using a regular Monkhorst-Pack k-grid, with k-points along high symmetry lines added as
zero-weight points.

The energy above hull(i.e., the difference in energy between this compound and the
compound or phase-separated combinations of compounds that have the lowest energy at the
associated composition) for the 81 A;BXg compounds with cubic structures were calculated
by retrieving the total energies of all available compounds in A-B-X system from Materials
Project, including common allotropes, binaries and some ternaries. The previously described
calculation parameters of the 81 A;BXg compounds were chosen to be consistent with those
used by Materials Project.

The average effective masses[63] were calculated using the BoltzTrap code[64] and the
pymatgen package[65, 63]. Gamma-centered 20x20x20 and 18 x 18 x 12 k-point meshes were
used for GGA-PBE band structure calculations of cubic and tetragonal structures, respec-
tively. The band str}}[ct}lres were then used as input to BoltzTrap code to calculate the

o(Top

conductivity tensor ==, with 7 the constant relaxation time, T set to room temperature

(300K), and p the Fermi level. Then averaged effective masses were calculated as m = ne’r.
As mentioned by Hautier et al[63], the effective mass defined in this way is an average of
m(i, k) around the Fermi level u, with i the index of band, k the wave vector. For electron
effective mass, p was set at the conduction band minimum; for hole effective mass, y was
set at the valence band maximum. Convergence of the effective mass values with respect to
the density of k-points over which the band structure was sampled was carefully tested and

the values were found to be converged to within 1% using a 20x20x20 mesh.

3.4 Results and discussion

3.4.1 Calculated Results for Experimentally Reported A,Bl; Compounds

Table 3.1 lists calculated results for the lattice constants of the seven experimentally-
reported A;Blg compounds, along with measured values at room temperature. The cal-
culated and measured results agree reasonably well with the GGA-PBE values larger than
measurements by as much as 3.3%, and those from HSE06 showing slightly better agreement
with deviations of up to 2.5%.

Table 3.2 shows that no appreciable difference of B-X bond length is found between cubic
and tetragonal structures. The 5th column of Table 3.2 lists the octahedral rotation angle
« as illustrated in Fig. 3.3. The last column lists the energy difference per atom between
cubic and tetragonal structures, with positive values indicating that the latter are stable. For
CsoSnlg, CsoPdlg, CsoPtly, CsoTelg, the energy difference between cubic and the hypothetical
tetragonal structures is less than 2 meV /atom, so we only present the results for the cubic
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Compound Structure GGA-PBE (A4) HSEO06 (A) Exp. (A)
CsaSnlg cubic a=8.53 a=8.46 a=8.235[52]
RboSnlg cubic a==8.40 a==8.32 a=8.217[66]
CsoPdlg cubic a=8.28 a=8.21 a=8.013[67]
CsoPtlg cubic a=8.32 a=8.26 a=8.038[68]
Rb,yPtlg cubic a=8.16 a=8.11 a=7.932[68]

Ky Ptlg tetragonal a=17.73 a=17.69 a=T7.717[68]
c=12.15 c=12.05 c=11.454[68]
CsqTelg cubic a=8.60 a=8.51 a=8.275[52]

Table 3.1: Calculated and experimentally measured lattice parameters of seven A3Blg compounds
reported in the ICSD. The second and third columns list calculated results obtained by semi-local
GGA-PBE and hybrid HSE06 functionals, respectively. The fourth column lists experimental values
at room temperature. The structures labeled in the second column correspond to the cubic (Fm3m)
and tetragonal (P4/mnc) polymorphs described in the text.

structures. Among the seven compounds, KyPtlg has the largest o and energy difference,
consistent with the fact that it is the only compound that is experimentally observed to form
in the tetragonal structure at room temperature.

Band gaps and effective masses of both cubic and tetragonal structures calculated by
HSEO06 are listed in Tables 3.3 and 3.4, respectively. In these tables, results for the struc-
tures that are reported to be stable at room temperature are indicated in bold font. The
HSEO06 calculated band gaps listed in Table 3.3 span the range of 0.8 to 2.2 eV. For CsySnlg,
CsyoPtlg and CsyTelg, the effects of spin-orbit coupling (SOC) on the calculated bandgaps
were computed and found to lead to at most a reduction of 0.2 eV. For the other compounds,
involving lighter ions, these effects are expected to be smaller. The calculated band gap of
Cs9Snlg including spin-orbit coupling is 1.011 eV, which is consistent with the value of 0.97
eV reported in the literature using the same computational approach[52]. As pointed out
by Maughan et al[52], the calculated band gap is the fundamental band gap, across which
the transition is dipole forbidden in CsySnlg. This explains why the measured band gap is
significant larger than calculated values. The calculated band gap value for CsyTels is 0.4
eV larger than measured values, which is comparable to the 0.3 eV mean absolute error of
band gaps reported for HSE06 for a semiconductor test set[31]. A HSE06+SOC calculation
reported[52] for CsyTelg gives an indirect band gap of 1.83 eV. The 0.15 eV discrepancy with
our calculated results listed in Table 3.3 may reflect the smaller cutoff energy and k-point
density used in the previous calculations.

The present calculated results display clear trends with the size of the A-site cation. Con-
sidering first the trends for the cubic structures, the band gap values decrease systematically
as the A site varies from Cs to Rb to K. By contrast, the trend is the opposite in the tegrag-
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cubic tetragonal
Compound B—-X/A B—-X;/A B—-Xy/A a/ deg AE(meV /atom)
Cs,Snlg 2.87
RbySnlg 2.86 2.86 2.89 94 8
CsyPdlg 2.69
CsyPtlg 2.69
RbyPtlg 2.68 2.69 2.68 8.7 2
Ky Ptlg 2.68 2.69 2.68 12.0 16
CsoTelg 2.93

Table 3.2: Calculated bond lengths and rotation angles of seven AsBlg compounds for both cubic
(Fm3m) and tetragonal (P4/mnc) polymorphs from HSE06. The second column lists the B-X bond
length for the cubic structures. The next three columns list equatorial B-X bond length, apical B-X
bond length and octahedral rotation angle « for tetragonal structures, respectively. The equatorial
atom X1, apical atom X and « are illustrated in Fig.3.3. The last column lists the energy difference
between cubic and tetragonal structures.

Compound Eg(asp—cubicy/ eV Ey(158-50C—cubic)/€V Ey(158—tetragonat)/€V Egeap)/eV
Cs;Snlg 1172 (D —T) 1.011(I - I) 1.3 - 1.6 [47, 50, 46]
RbySul;  1.021 (T —T) 1510(T = T)
Cs,Pdl;  0.858 (I — X)
Cs,Ptly  1.472 (T — X) 1.340(T" — X)
Rb,Ptl;  1.303 (I — X) 1574(T — M)
KoPtl, 1195 (I — X) 1.649(T — M)
CssTely  2.187 (X — L) 1.976(X — L) 1.5 - 1.59 [52, 69]

Table 3.3: Band gaps calculated by the HSE06 functional for seven AsBlg compounds reported
in the ICSD. The second and third columns give calculated results for cubic structures with and
without spin-orbit-coupling (SOC) contributions includes, respectively. The fourth column gives
results for the tetragonal structure.
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onal structure. For a given chemistry, the band gap increases in going from the cubic to the
tetragonal structure, and the magnitude of this increase is larger for the compounds with the
smaller A-site cation. These trends will be discussed further below based on considerations
of the nature of the bonding in these compounds.

In Figs. 3.4 - 3.7 we present calculated HSE06 band structures for each of the seven com-
pounds listed in Table 3.3. Each separate figure gives band structures for a set of compounds
with a fixed B-site cation. Beginning with Sn-based compounds, CssSnlg and RbsSnlg have
both been synthesized and their structures characterized experimentally[66]. Considering
first the HSEQ06 electronic structures of CsySnlg(Fig.3.4(a)) and RbySnlg(Fig.3.4(c)) without
spin-orbit coupling, both compounds are calculated to be direct gap semiconductors with va-
lence bands derived primarily from I p states, and conduction bands derived from hybridized
Sn s and I p states. The direct nature of band gap in CsySnlg is consistent both with previous
ab initio calculations[46, 49] as well as experiments[46, 47]. The highest valence band for
these two compounds are almost dispersionless along I' — X direction. This feature can be
understood based on the I p character of the highest occupied valence bands. The symmetry
of the associated I p orbitals is t;, at I' point. The lobes of three t;, orbitals extend in
three orthogonal 2D planes perpendicular to the Sn-I bonds(I" — X direction). The flat band
corresponds to the states derived from the t;, orbital that lies in the perpendicular plane to
the given I'-X direction and have minimal overlap along this direction. When considering
spin-orbit coupling, as displayed for Cs,Snlg in Fig.3.4(b), the ty, three-fold degeneracy at
the I' point is lifted and the highest valence bands split into two degenerate higher bands
and one lower band. Along I' — X, the highest valence band becomes more dispersive with

SOC.

We consider next the B=Pd and Pt systems Cs,Pdlg, CsoPtls, RboPtlg, and KyPtlg.
The latter compound forms in the tetragonal structure while all of the others are cubic[67,
68]. The calculated bandstructures in Fig. 3.5 and Fig. 3.6 show that these compounds
are indirect gap semiconductors with valence bands derived primarily from I p states, and
conduction bands derived from hybridized Pd/Pt d and I p states. When including SOC
for CsyPdlg, as displayed in 3.5(b), the highest valence band along I' — X becomes more
dispersive.

We consider finally the CsyTelg compound, which is experimentally observed to form in
the cubic structure[52]. The calculated bandstructure in Fig. 3.7 shows that this compound
is an indirect gap semiconductor with valence bands derived primarily from I p states, and
conduction bands derived from hybridized Te p and I p states. These results are consistent
with the results reported by Maughan[52]. Comparing the band structures without(3.7(a))
and with(3.7(b)) SOC, the effect of SOC is seen to be that the conduction bands are split
and the lowest conduction band becomes less dispersive.

We consider next the results for effective masses listed in Table 3.4. In all seven com-
pounds, holes are found to be heavier than electrons. This result can be understood based on
the fact that the valence bands are derived from unhybridized halogen p orbitals, which are
less dispersed compared with the conduction bands that are derived from anti-bonding states
between halogen anions and B site cations. The trend obtained here is contrary to the case
in halide perovskites, where holes are lighter than electrons[70]. The trends in the effective
mass values listed in Table 3.4 are correlated with those for the band gaps. Specifically, in
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cubic structures, for a given B-site cation, reducing the size of the A-site cation leads to a
decrease in both the effective mass and the band gap, consistent with the expectations of k-p
theory[71]. In tetragonal structures, for a given B-site cation, reducing the size of the A-site
cation leads to an increase in both electron effective mass and the band gap. The variations
of hole effective masses are more complex because of the presence of multiple valence bands
at the band edge.

Compound T (cubic) T (cubic) Mg (tetra)[100] Mg (tetra)[o01] M, (tetra)[100] M (tetra)o01]
CsySnlg 0.33 1.50
RbySnlg 0.29 1.34 0.65 0.64 2.61 2.17
CsoPdlg 0.47 1.37
CsoPtlg 0.51 1.45
RboPtlg 0.45 1.25 0.59 0.66 2.50 1.32
KoPtlg 0.40 1.15 0.84 0.83 1.79 2.55
CsyTelg 0.40 1.51

Table 3.4: Calculatd effective masses for seven AyBlg compounds reported in the ICSD. The results
for electrons and holes in the cubic structures are given in columns two and three, respectively.
The remaining columns list results for electrons and holes in the tetragonal structure along the two
independent crystallographic directions: [100] and [001].

3.4.2 Trends in band gaps and stability across broader compositional ranges

The HSEOG results in the previous section display clear trends in the electronic structure
as the compositions of A;BXg are varied with X=I. In this section we investigate these
trends over a broader range of 81 total compositions, considering A=(K, Rb, Cs), B=(Si,
Ge, Sn, Pb, Ni, Pd, Pt, Se, Te), and X=(Cl, Br, I), using the computationally efficient
GGA-PBE method. As shown in Fig. 3.8, which compares results for band gaps obtained
from GGA-PBE and HSEO6 for the compounds considered in the previous section, the
former reproduces the trends from the latter method quite well, even though the semi-local
GGA-PBE functional systematically underestimates the band-gap values as expected. The
emphasis in the presentation of results in this section is specifically on compositional trends
rather than absolute values for the bandgaps. In addition, we present results related to the
relative structural stability of the cubic and tetragonal phases of the compounds.

We consider first the geometrical factors of octahedral factor and radius ratio introduced
above. Figure 3.9 plots these values for each of the 81 compositions considered, and the
results provide insights into why only a small subset of these compositions have been observed
to form A,BXg compounds experimentally. For example, it can been seen from Fig. 3.9(a)
that B=(Si, Ge, Ni and Se) cations lead to small octahedral factors. For these B-site cations
only KySeBrg, RbaSeClg, CseSeClg and Cs;GeClg have been reported to form experimentally
according to the ICSD [72-74]; no compounds with X=I have been reported, consistent with
the smaller octahedral factors characterizing these compounds. The results in Fig. 3.9(b)
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Figure 3.8: Comparison between calculated band gaps obtained with the GGA-PBE and HSE06
methods. The HSEO06 calculated band gaps for cubic and tetragonal structures are indicated by
filled red circles and filled blue diamonds, respectively. The GGA-PBE calulated band gaps for cubic
and tetragonal structures are indicated by open red circles and open blue diamonds, respectively.
The solid and dashed lines are guides to the eye.
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Figure 3.9: A color map of (a)octahedron factor and (b)radius ratio for 81 A;BXg compounds
with A = K, Rb, Cs, B = Si, Ge, Sn, Pb, Ni, Pd, Pt, Se, Te and X = CI, Br, I.
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Figure 3.10: A color map of (a) energy above hull for cubic structures and (b) the energy difference
per atom of cubic minus tetragonal structures for 81 AsBXg compounds with A = K, Rb, Cs, B
= Si, Ge, Sn, Pb, Ni, Pd, Pt, Se, Te and X = Cl, Br, I. Values of zero imply that the tetragonal
phase is not stable. Experimentally observed compounds are indicated by symbols: white open
circle for cubic(Fm3m) structures, white open square for tetragonal(P4/mnc) structures, white "X’
for monoclinic(P2; /c) structures, white '+’ for all other structures(Pnma, I14/m, I14/mmm). Note
that some compounds exist in multiple phases.

show that the radius ratio decreases systematically for A cations changing from Cs to Rb to K,
and for X site cations varying from Cl to Br to I. These results suggest that compounds with
A=K and/or X=I are expected to display distorted (non-cubic) phases, which is consistent
with the reported non-cubic crystal structures for KyPtlg, RbyTelg, KoTelg and KyTeBrg
in the ICSD [68, 75, 76, 58]. This argument is also supported by calculating the energy
difference between cubic and tetragonal structures for the 81 compounds, as displayed in
Fig. 3.10(b). The energy of tetragonal KyBlg is significantly lower than the energy of cubic
K5BIg, indicating the greater tendency to form tetragonal structures for KoBlg compounds.

The energy above hull(Ep,;) of the 81 cubic AsBXg compounds are displayed as a color
map in Fig. 3.10(a), with superimposed white symbols indicating the experimentally ob-
served compounds. These E,; values are also listed in Table S2, together with their decom-
position products if Ep,; > 0. From Fig. 3.10(a), it is clear that none of the compounds
with large Ej.;; were experimentally observed, among them are iodides with B = Si, Ge, Pb,
Ni, bromides with B = Si, Ge, Pb and chlorides with X = Si. All experimentally reported
compounds have zero or small values of E;,;, and the results suggest additional A;BXg
compounds with small E,; that are candidate compounds for experimental synthesis. Note
that the calculated Ej,; values presented here are all for cubic structures, and as a result
the compounds which are observed with cubic structures(as indicated by white open cir-
cles) generally have a smaller Ej,; than the compounds which are observed with non-cubic
structures(as indicated by non-circle symbols).

Calculated band gaps obtained with the GGA-PBE functional for the 81 compounds
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Figure 3.11: A color map of PBE-GGA calculated band gaps for 81 AsBXg compounds in the
cubic (Fm3m) structure, with A = K, Rb, Cs, B = Si, Ge, Sn, Pb, Ni, Pd, Pt, Se, Te and X = ClI,
Br, I. The three large blocks respond to Cl, Br and I compounds, respectively.

with ideal cubic structures are plotted in Fig.3.11. The compounds on the 'blue’ side have
smaller band gaps. Based on a comparison of these GGA-PBE results with the more accurate
HSEO06 calculations presented in the previous section these materials may have band gaps
in the right range for sunlight absorber calculations. Similarly, the compounds such as the
chloride shown in red in Fig. 3.11 are expected to be large gap semiconductors/insulators.
General chemical trends are apparent in the calculated band gaps with increasing size of A
site cation and halogen anion, as demonstrated more explicitly in Fig. 3.12, which includes
results for both cubic and tetragonal structures. To reduce the complexity of this figure,
only Sn, Pt and Te compounds are shown, however the trends in Fig. 3.11 for compounds
with other B-site cations are similar.

The calculated band gaps are shown in Fig. 3.12 (b)-(d) to decrease with increasing size
of the halide anion, i.e., from Cl to Br to I. This trend occurs for both cubic and tetragonal
structures, and across all of the B and A site combinations presented. The same trend was
observed experimentally for C's,SnClg, CsoSnBrg, and C'sySnlg with band gaps of 3.9 eV,
2.7 eV and 1.26 eV, respectively[48]. This trend can be understood based on the electronic
states at the conduction and valence bands. Taking B=Sn compounds as an example, the
conduction band is composed of anti-bonding states between Sn s orbitals and halide p
orbitals. With increasing size of the halide anion the Sn-X bonds increase systematically,
correlating with a decrease in the splitting between bonding and anti-bonding splitting and
a concomitant lowering of the CBM. The VBM is composed of states that are primarily
derived from the halide anion p orbitals, and these states are expected to rise in energy with
the decreasing electronegativity going from Cl to Br to I. The trend in decreasing band gap
with increase size of the halide anion can thus be understood as resulting from a combination
of a lower CBM and higher VBM. The bonding picture presented above is consistent with
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Figure 3.12: Chemical trends for GGA-PBE calculated band gaps in A3 BXg(A=K, Rb, Cs, B=Sn,
Pt, Te, X=Cl, Br, I) compounds with cubic (Fm3m) and tetragonal (P4/mnc) structures. Band
gap values for cubic and tetragonal structures are indicated by red bars and blue bars, respectively.
(a)band gap trends with varying size of A site cations in AsBlg(A=K, Rb, Cs, B=Sn, Pt, Te);
(b)band gap trends with varying size of X site anions in Cse BXg(B=Sn, Pt, Te, X=Cl, Br, I);
(c)band gap trends with varying size of X site anions in Rbe BXg(B=Sn, Pt, Te, X=Cl, Br, I);
(d)band gap trends with varying size of X site anions in K9BXg(B=Sn, Pt, Te, X=Cl, Br, I).
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that discussed by Xiao et al[49].

The effects of variations of the A-site cation on the calculated band gaps are illustrated
in Fig. 3.12 (a) for the case of X=I. The effects are seen to be weaker than those resulting
from variations in the halide anion, and they are shown to be qualitatively different for
cubic and tetragonal phases. Specifically, the calculated band gaps are found to increase
and decrease for cubic and tetragonal structures, respectively, with increasing A-site cation
size. For the cubic phases the results can be understood as arising from the effect of the
A-site cation on the distance between neighboring I sites. As the size of the A-site cation
increases, the distance between neighboring I sites increases, while the B-X bond lengths in
the Blg octahedra remain largely unchanged. Increasing I neighbor distances correlate with
a narrowing of the I-p band and thus a lowering of the VBM, consistent with the increase
in band gap from K to Rb to Cs.

We consider next the trends with A-site cation for the tetragonal structures. For the
smaller A-site cations (K and Rb) the tetragonal structure is lower in energy and the band
gap larger than that for the corresponding cubic phase. With decreasing size of the A site
cation, the degree of octahedral rotation (c.f., Fig. 3.3) increases, which leads to a decrease
in the bonding strength between neighboring halide-ions as their p orbitals increasingly point
away from each other. The larger band gap for the smaller A-site cation in the tetragonal
phase thus correlates with a resulting narrowing of the valence band.

3.5 Summary

First-principles calculations employing the hybrid HSE06 method have been undertaken
to compute the electronic structures of seven perovskite-derived A;Blg compounds, consid-
ering B=Sn, Pd, Pt and Te cations. Calculated band gaps and effective masses of cubic
structures decrease as the A site cation size decreases. These trends were explored over a
broader range of A;BXg halide chemistries, considering in total 81 combinations of A(=K,
Rb, Cs), B=(Si, Ge, Sn, Pb, Ni, Pd, Pt, Se, Te) and X(=Cl, Br and I) ions, employing
semi-local GGA-PBE calculations. The results show that the trend of increasing band gaps
with decreasing size of the halide anion holds across the compounds, for both cubic and
tetragonal structures. The effect of A-site cations is more complex. Within the cubic struc-
ture, decreasing size of the A-site cation leads to a decrease in the calculated band gap, while
also favoring structural distortion associated with the rotation of the BXg octahedra in the
tetragonal phase, which has the effect of increasing the calculated band gap.

The trends identified in this computational study provide guidelines for the use of sub-
stitutional alloying as a means of tuning band gaps and structural stability for use of A;BXg
compounds in applications such as solar photo-absorbers. For example, alloying of Cs,BXg
with RbyBXg could be expected to give rise to increasing rotation of the BXg octahedra
and an increase in the band gap. Similarly, as already demonstrated by McMeekin et al[77],
alloying of both A and X sites can be expected to be effective in tuning both bandgap and
structural stability. We note that alloying of B site Sn and Te cations has also been explored
in this context [52]. The general trends in band gaps and structural stability identified in this
computational study are anticipated to be helpful in guiding further work in these directions.
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Chapter 4:

High-throughput Computational Study of
Halide Double Perovskite Inorganic Com-
pounds

4.1 Abstract

Double perovskite halides are a class of materials with diverse chemistries that are
amenable to solution-based synthesis routes, and display a range of properties for a variety of
potential applications. Starting from a consideration of the octahedral and tolerance factors
of ~2000 candidate double-perovskite compounds, we compute structural, electronic and
transport properties of ~1000 using first-principles calculations based on density-functional-
theory methods. The computational results have been assembled in a database that is
accessible through the Materials Project online. As one potential application, double per-
ovskites are candidates in the search for lead-free halide photovoltaic absorbers. We present
the application of our database to aid the discovery of new double perovskite halide pho-
tovoltaic materials, by combining the results with optical absorption and phonon stability
calculations. Eleven compounds from three distinct classes of chemistries were identified
as promising solar absorbers and the complex chemical trends for band gap within each of
these are analyzed, to provide guidelines for the use of substitutional alloying as a means of
further tuning the electronic structure. Other possible applications of the database are also
discussed.

4.2 Introduction

Double perovskite halides(AsMM'Xg) are a class of compounds that can span diverse
chemistries. The crystal structure(Figure 4.1(a)) is formed by corner-sharing octahedra
with M or M’ atoms at the centers and X atoms at corners. M and M’ centers are ordered
as second neighbors over the simple cubic cation sublattice and A atoms are in the center
of eight neighboring octahedra. Due to their diverse chemistries, the family of halide double
perovskites display a range of electronic properties, making them candidates for a variety

The results presented in this chapter and appendix B have been published as a regular article with title
“ High-throughput Computational Study of Halide Double Perovskite Inorganic Compounds” in Chem. Mater.
2019, 31, 15, 5392-5401 by Yao Cai, Wei Xie, Yin Ting Teng, P.C. Harikesh, Biplab Ghosh, Patrick Huck,
Kristin A. Persson, Nripan Mathews, Subodh G. Mhaisalkar, Matthew Sherburne, and Mark Asta[78]. The
material is presented here with the permission of co-authors and publishers.
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of applications, including photo-absorbers for solar cells, ultraviolet(UV) photodetectors,
X-ray detector, and scintillators, etc. For example, thin film Cs;AgBiBrg photovoltaic de-
vices have been demonstrated with Power Conversion Efficiency(PCE) close to 2.5% and
an open circuit voltage exceeding one volt[79]; additionally, sensitive and fast UV pho-
todetectors based on CsyAgInClg single crystals[80] and low detection limit X-ray detectors
based on CsyAgBiBrg single crystal have been demonstrated[81], respectively; further, use
of CsyLiYClg has been demonstrated for detection of Gamma rays, thermal and fast neu-
trons simultaneously[82]. The wide interest and variety of potential applications of these
compounds has motivated the current work, in which we have employed high-throughput
computing using density-functional-theory (DFT) based approaches to develop an open and
searchable double perovskite halide database, which has been incorporated into Materials
Project database[55].

One of the applications of double perovskite halides that has received significant attention
recently is as absorber materials for solar cells[44]. Many experimental and computational
investigations related to such applications have been published since 2016. Single crystals of
CsoAgBiBrg(indirect band gap 1.95 eV) were synthesized and shown to have a long room-
temperature fundamental photoluminescence(PL) lifetime of 660 ns, high defect tolerance
and better heat and moisture stability compared with (MA)Pbl3[83]. Another work demon-
strated long electron-hole diffusion length( > 100 nm) in CsyAgBiBrg solar cell devices with
over 1% PCE[84]. The hybrid double perovskite (MA),AgBiBrg with a band gap of 2.02
eV was also synthesized[85]. CsyAgBiClg was synthesized and measured to possess an in-
direct band gap of 2.2[86] ~ 2.77 ¢V [87], and CsyAgBilg with a smaller 1.75 eV band gap
was synthesized as nanocrystals via anion-exchange[88]. A similar compound CsyAgShClg
with an indirect band gap(2.54 ¢V) [89] was also synthesized. Another double perovskite
(MA),KBiClg was synthesized and found to have a large indirect band gap of 3.04 eV[90].
Indirect band gaps are not ideal for photovoltaic applications, and direct band gap materials
are desired[91]. Single crystal (MA),TIBiBrg was synthesized and found to have an direct
band gap of 2.0 eV[92]. CsyAgInClg, a direct band gap compound with parity-forbidden
band gap of 2.1 eV and absorption onset of 3.2 eV[80] was shown to be photosensitive to UV
light[93], and to possess good moisture, light and heat stability[94].

As a means for further optimizing the properties of double perovskites for device applica-
tions, substitutional alloying or doping is expected to be a useful strategy. Band engineering
with impurities in this system can dramatically alter band edge structure. Dilute alloying of
T1 into both Ag and Bi sites of Cs; AgBiBrg decreases its band gap by 0.5 eV, with long-lived
carriers with micro-second lifetimes[95]. 75%In and 37.5%Sb can be alloyed into the host
CsyAgBiBrg with In-Bi alloying increasing the band gap and Sb-Bi alloying decreasing the
band gap to 1.86 eV at most[96]. Solid solutions between CsyAgSbClg and CseAgInClg can
be tuned to have either direct(below 40%Sb) or indirect(above 40%Sb) band gaps[89]. A
DFT study indicates that Cs;BiAg;_,Cu,Clg mixtures should be amenable to synthesis with
the band gap between 1.6 ~ 1.9 eV[97]. Another DFT study indicates that mixed-cation
(Cs/MA /FA),InBiBrg halide double perovskites have optoelectronic properties comparable
to MAPDI;3[98].

Several previous investigations have focused on the use of computational methods to
screen double perovskites for photovoltaic applications. Two double perovskites CsyInSbClg
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and Cs,InBiClg isoelectronic to Pb halides(ns®*np®) were proposed as promising candidates
due to their good theoretical maximum solar cell efficiencies[99, 100]. Also proposed were
three other double perovskites CsyAgInBrg, RbyAgInBrg and RboCulnClg that have direct
band gaps with close to optimal values for solar absorbers [101, 102]. RbyAgInCls and
CsoAgInClg with larger direct band gaps were also identified computationally[103]. A mixed
valence CsyAuylg(ice., CspAu'tAu?tTs) compound was synthesized[104, 105] and was mea-
sured to have an optical gap of 1.31 eV[106]. In another high pressure study, it was shown
to have a band gap near 0.6 eV at 1.5GPa[107]. In a first-principles computational study,
this compound was shown to be a direct gap semiconductor with a 1.21 ¢V band gap[108].

The experimental and computational research reviewed above has focused on ~ 50 halide
double perovskite compositions, which is a relatively small subset of the large number of pos-
sible compositions. Consequently, an expanded computational screening effort that considers
a wider range of chemical combinations is worthwhile. In this work, we have performed DFT
based high-throughput calculations considering ~1000 halide double perovskites. Based on
our calculations we have developed a double perovskite database, including all calculated
structural information, energetics, and band gaps. The database covers chemistries iden-
tified starting with ~2000 candidate double perovskite compositions, considering empirical
structural factors. These structural stability considerations lead to a down select to ~1000
compositions for which we employed semi-local DFT functionals to perform electronic struc-
ture calculations to obtain thermodynamic stability and a rough estimate of band gaps.

As an example of the use of this database, we present an application in screening for possi-
ble new photovoltaic(PV) materials and explore trends underlying the variation of electronic
structure with chemical composition. 30 double perovskites from five categories are identified
as possible candidates as solar absorbers. For these compounds we employ hybrid-functional
methods with spin-orbit coupling to calculate and analyze the electronic structures in more
detail. The important parameters for PV applications, such as band gaps, effective masses,
absorption spectra, conversion efficiency and phonon stability, are calculated. Eleven com-
pounds from three classes of chemistries that are anticipated to be thermodynamically and
structurally stable and have theoretical conversion efficiencies larger than 10% are identified.
Several compounds from two of the three classes have been reported in previous experi-
mental or computational studies (A2AgInXg[80, 93, 94, 103], A,CulnXg[101], A, T1BiX[92],
AyInBiX4[99] and A,InSbX4[99], etc), and our screening results are consistent with these
reports. Furthermore, we propose one new category of compounds in this work: A;MM’'Xg
with M=In, T1, M'=Al, Ga, In, Tl. For each of the three classes, chemical trends of band
gaps are discussed, to provide guidance for design of solid solutions that may enable further
tuning of properties.

4.3 Database Details

In this section we describe the methods underlying the development of the dou-
ble perovskite computational database, the results of screening based on consid-
eration of tolerance and octahedral factors to identify the chemistries considered,
and an overview of the database information. The database of calculated values

can be accessed through the Materials Project website(DOI: 10.17188/1476059, link:
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https://materialsproject.org/materials/10.17188/1476059).

4.3.1 Computational Methods

Calculations were carried out employing HSE06 and PBE-GGA based DFT methods
using the Projector Augmented Wave (PAW) method [59], as implemented in the Vienna
Ab initio simulation package (VASP)[60-62]. The workflow used in this study was devel-
oped to consider the possibility of extending to broader ranges of chemistries, including those
where spin-polarized groundstates might be expected; as a consequence, all calculations were
performed spin-polarized even though all of the resulting ground states were non-magnetic.
The PAW potentials used in the calculations are the same as those employed in the calcu-
lations underlying the data in Materials Project[55], in order to facilitate comparisons with
the results available through this database. The self-consistency iterations were performed
until the energy was converged to within 1 x 1075 eV. Structural relaxations with respect
to cell volume and ionic coordinates(ISIF = 3 in VASP) were undertaken until the forces
were converged within 0.01 eV/A for the GGA-PBE calculations, and within 0.05 eV/A for
hybrid functional calculations. Symmetry for the space group Fm3m was kept throughout
the relaxations. For some compounds, the ground state may be structurally distorted with
lower symmetry[109, 105, 110]; in applications of the database promising structures can be
further examined for such structural distortions as demonstrated below. The energy cutoff
for the plane wave basis for all compounds was set to 520 eV. Relaxation calculations were
carried out with a gamma-centered k-point mesh of 5x5x5. Based on our convergence tests,
this choice of plane-wave cutoff and k-point density is found to be sufficient to provide total
energies converged to within 1 meV /atom, and lattice constants within 0.01 A.

To obtain more accurate electronic structures for select compounds, band structures
and density of states were calculated by PBE with spin-orbit coupling (SOC) corrections,
with conduction bands corrected to match the HSE064+SOC band gaps employing a simple
"scissor operator"'. Spin-orbit coupling was included using the approach available in VASP.
For density of states calculations, a gamma-centered k-point mesh of 10x10x10 and the
tetrahedron method with Blochl corrections|[111] was used for k-space integration. For band
structure calculations, k-points were sampling along high-symmetry lines in the Brillouin
zone.

The energy above hull(i.e., the difference in energy between a given compound and the
compound or phase-separated combinations of compounds that have the lowest energy at
the associated composition) was calculated by retrieving the total energies of all available
compounds in A-M-M’'-X system from Materials Project, including common allotropes, bi-
nary and ternary compounds. The average effective masses[63] were calculated using the
BoltzTrap code[64] and the pymatgen package[65, 63]. Gamma-centered 20x20x 20 k-point
meshes were used for GGA-PBE band structure calculations. The band structures were then
used as input to the BoltzTrap code to calculate the conductivity tensor @, with 7 the
constant relaxation time, T' the absolute temperature (set to 300 K), and p the Fermi level.
Then averaged effective masses were calculated as m = %Z)T As mentioned by Hautier et
al[63], the effective mass defined in this way is an average of m(7, k) around the Fermi level
1, with i the index of the band and k the wave vector. For electron effective mass, u was
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set at the conduction band minimum; for hole effective mass, p was set at the valence band
maximum. Convergence of the effective mass values with respect to the density of k-points
over which the band structure was sampled was carefully tested and the values were found
to be converged to within 1% using a 20x20x 20 mesh.

Absorption spectra were calculated from the frequency dependent dielectric function
within the independent-particle picture with PBE functionals, and corrected by the scissor
operator to match the HSE band gap values. The number of bands(NBANDS) used in the
calculations are 4 times of the number of occupied bands. Gamma-centered 10x10x10
k-point meshes were used in the calculation. The spectroscopic limited maximum effi-
ciency(SLME) was calculated based on the absorption spectra, following an approach due
to Yu and Zunger[112].

To investigate structural stability, phonon spectra were calculated using the finite-
displacement method employing VASP with the Phonopy package[113]. The primitive struc-
tures were first relaxed with a higher force-tolerance criterion of 107* eV/A. A 2x2x2
supercell and a 4x4x4 k-point mesh were used for the finite displacement calculations.

4.3.2 Chemistries Considered
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Figure 4.1: (a) Crystal structure of the cubic double-perovskite compound with composition

AsMM'Xg. (b) A structure map for known halide A;MM’Xg compounds. Crystal structures

reported in the ICSD are indicated by the different symbols, with blue diamonds and red circles

corresponding to cubicRaaniRnon-cubic materials, respectively. For each material, the octahedral
M M/

: : Ra+Rx :
factor is calculated as =551 Fix and the tolerance factor is calculated as (Rt Royr) 2T RR)” with

Ra, Ry, Ry, Rx representing the radii of the A, M and M’ site cations and the X site halide
anion, respectively. Shannon effective ionic radii for 12-coordinated A'T cations, 6-coordinated
M!'* and M3 cations, and 6-coordinated X'~ anions[56] are used for R4, Ry, Ry and Ry.
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In this section we provide a brief description of the chemical compositions of the Ay MM’ Xg
inorganic compounds considered in the present computational study. We start by considering
1980 double perovksite compounds of the elpasolite type(Fig. 4.1(a)) with alkali atoms
A=Li, Na, K, Rb, Cs, monovalent cations M=Li, Na, K, Rb, Cs, Cu, Ag, Au, Hg, In, TI,
trivalent cations M'=Sc, Y, Al, Ga, In, T1, As, Sb, Bi and the halide anions X=F, Cl, Br,
I. To further motivate the choice of structure and chemistries considered in the calculations,
we show in Figure 4.1(b) a structure map similar to those used in studies of perovskite-
based compounds[57]. The axes in this figure correspond to the octahedral factor and the
Goldschmidt’s tolerance factor.

The octahedral factor is defined as the ratio between average (M,M’) cation Shannon
radii for 6-fold coordination and X anion Shannon radius for 6-fold coordination[56]. The
tolerance factor is calculated by replacing the M radius in the standard expression for the
perovskite tolerance factor[114] with the average radius of (M,M’). For perovskite compounds
the octahedral factor is used empirically to predict the formation of the MXg octahedron;
and the tolerance factor is used empirically to predict the formation and distortion of the
perovksite structure. Likewise, in the AoMM'Xg double perovskite structure, we can combine
the octahedral factor and tolerance factor to predict the formation and distortion of the
structure.

Small octahedral factors suggest that the formation of MXg octahedra are disfavored.
According to the survey of known A;MM’Xg compounds in the ICSD database[53, 54], shown
in Fig.4.1(b), most known compounds are face-centered cubic (Fm3m) and are indicated by
blue diamonds. Thus, this work focuses on the consideration of such cubic structures with
a Fm3m space group. On the other hand, as shown in Fig.4.1(b), compounds with larger
tolerance factor and smaller octahedral factor tend to form non-cubic structures, as indicated
by red circle symbols. The crystallographic details of the experimentally observed double
perovskite structures are listed in Table B.1. The limits of the octahedral factor and tolerance
factor for cubic structures indicated by the above survey are used empirically as the first
screening criteria to reduce the 1980 compounds by approximately half, to a number of
1,149 compounds selected for further consideration by DFT-based methods. The limits set
for tolerance factor is (0.82, 1.08) and for octahedral factor (0.4, 1.0). More discussions on
tolerance factor and octahedral factor can be found in the Supporting Information, where
we also consider the implications of the use of a modified set of ionic radii due to Travis et
al.[115]

4.3.3 Overview of Database

In Figure 4.2(a) we present the distribution of the calculated energy above hull and PBE
band gap of all double perovskite halides that are within the determined limits for tolerance
factor and octahedral factor identified in the previous section. In a survey by Sun et al[116],
for experimentally observed fluorides, chlorides, bromides and iodides, the energies above
hull are under 100, 50, 30, 25 meV /atom, respectively. In the current study, we used these
thresholds to screen for stable or metastable compounds. It should be pointed out that the
Materials Project database does not contain all possible decomposition products for some of
the compounds, so that the calculated energy above hull serves only as a lower bound such
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Figure 4.2: (a) Distribution of calculated energy above hull and PBE band gap. The scatter plot
illustrates the distribution of calculated energies above hull and band gap values for 1,149 cubic
double perovskite halide compounds. The histograms quantify the distribution of the calculated
values for the compounds considered. (b) Distribution of calculated effective mass and PBE band
gap values. The scatter plot illustrates the distribution of electron mass and hole mass for 189
double perovskite halides with Ej,; < 50 meV/atom and 0.1 < E; < 2.5 eV. The histograms
quantify the distribution of the calculated values for the compounds considered. Inset: zoom-in
view showing only materials with small effective masses.
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that the actual thermodynamic (meta)stability could be lower than predicted. It should
also be pointed out that these are zero-temperature calculations and the stability could be
altered by finite-temperature contributions to the free energy. In other words, some of the
compounds that are predicted to be unstable at 0K might turn out to be stable at room
temperature due to the entropy terms in free energy. Consideration of finite-temperature
stabilities can be undertaken as further efforts in applications of the database studied here,
which are limited to zero-temperature properties. Related to finite temperature effects,
practical applications of halide perovskites are often limited by their stability in air and
moisture and the examination of such effects computationally would again require additional
efforts to compute reaction energetics that outside the scope of the database presented here.

Employing the bounds on energy above hull (i.e., considering only flourides, chlorides,
bromides and iodides with energy above hull lower than 100, 50, 30, 25 meV /atom, respec-
tively) narrows down the search space for synthesizable double perovksite halides to 238
flourides, 161 chlorides, 107 bromides and 37 iodides(543 in total). The calculated PBE
band gaps of these 543 compounds span from 0 to 8 eV, which indicates a rich variety of
electronic properties, covering metals, semiconductors and large-gap insulators. Out of the
543 compounds, 62, 171, and 310 have PBE-calculated band gaps(E,) of 0, 0 < E, < 2.5,
E, > 2.5, respectively. From the scatter plot in Fig. 4.2(a) we can observe that compounds
with the highest values of the energy above hull (i.e., more unstable) are more likely to be
those predicted as metals.

To evaluate the transport properties of these compounds, we have calculated effective
masses. In Figure 4.2(b) we presented the distribution of effective masses and PBE band
gaps of 189 double perovskite halides with the energy above hull(Fj,;) having values <
50 meV/atom and 0.1 < E,; < 2.5 eV. Interestingly, most of the compounds have very
small electron effective masses(167 compounds with m,. < 1), but overall a relatively broad
distribution of hole effective masses. The groups of outliers are indicated in the scatter plot,
and most of them have Sc as the M’ cation. It is interesting that Sc compounds have such a
broad range of effective mass values. For example, RboCuScFg has very small electron mass
and very large hole mass, while RboCuScClg has very large electron mass and an intermediate
value of hole mass. The hybridization in Sc-Cl and Cu-Cl states is relatively stronger than for
Sc-F and Cu-F, so Cu-d band(valence band) and Sc-d band(conduction band) are narrower
in RboCuScFg than in RbyCuScClg, thus the effective mass should be larger in RbyCuScFg,
which is true for hole mass. However, it happens that in RboCuScF¢ at the conduction band
edge there is also some hybridization from Cu-s and F-s, which contributes to a very small
electron mass. In RbyCuScClg, the Cu-s and Cl-s also hybridize, but the energy level is
higher than the conduction edge, and thus has no contribution to electron effective mass.
Other Sc compound outliers in Figure 4.2(b) generally have large eletron mass due to the
narrow Sc-d band that dominates the character of the conduction band edge. Notably,
M /M’ = In/Sc compounds have small hole masses due to strong In-s/X-p hybridization at
the valence band, and might be good for hole transport materials. In the current study, we
are particularly interested in materials with low electron and hole masses, so in the inset of
Figure 4.2(b) we show only the compounds with small effective masses. There is a rough
trend that compounds with larger band gap(represented by purple/blue dots) have larger
effective masses than compounds with smaller band gap(represented by red/yellow/green
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dots).

4.4 Analysis for Solar Absorber Applications

4.4.1 Promising Candidates from the Database

Among double perovskite halide compounds that satisfy the energy above hull criteria
defined in the previous section, only 30 compounds satisfy the following conditions: PBE
band gaps with £, > 0 (non-metal), Eygireety < 1.5 €V, and effective masses with 0 <
me, mp < 1.5. Such compounds are considered as potentially interesting candidates for
photovoltaic applications, and are the focus of further analysis. Specifically, for these 30
compounds, we further relax the structure using the HSE functional and calculate band
gaps using the HSE functional with SOC included.

We consider first a comparison of the calculated and measured lattice constant of
CsyAgBiBrg, CsyAgBiClg and CsyAgInClg. Note that CsoAgBiBrg and Cs;AgBiClg are ex-
perimentally observable but do not belong to the predicted 30 promising candidates. The cal-
culated and measured lattice constants agree reasonably well with the GGA-PBE value(11.49
A, 10.96 A and 10.68 A), which are larger than measurements(11.25 A[83], 10.78 A[86] and
10.47 A[93]) by up to 2.1%. The calculated results from HSE06(10.60 A for Cs;AgInClg)
show slightly better agreement with measurements, with a deviation of 1.3%. Supplemental
Table B.2 lists calculated results for the lattice constants of the 30 A;MM’ X compounds that
passed the screening criteria described above, and also compares and shows that the present
GGA-PBE calculated lattice constants are consistent with previous calculations using the
same method.

Band gaps, energies above hull and effective masses of the 30 compounds are listed
in supplemental Table B.3 and Table B.4, respectively. For these 30 compounds, except
for CsyAgInClg, all other compounds have not been experimentally realized as reported
in the Inorganic Crystal Structure Database[53, 54]. Among the 30 compounds, 12 com-
pounds are predicted to be thermodynamically stable (Ej,; = 0), including CsyAgInClg.
The HSE06+4-SOC calculated band gaps span the range of 0.2 to 2.6 eV. We also list in Table
B.3 some of the measured band gap and calculated HSE06+SOC band gaps from other work.
The present calculated HSE06+SOC band gap for CsyAgInClg(2.57 eV) is very close to a
previous HSE06 calculation(2.6 €V)[93] without SOC, indicating that SOC effects are not
significant for In/Ag double perovskites. Both calculations give band gap values somewhat
smaller than measurements(3.3 eV)[93]. We further compare our HSE4+SOC calculations
with previous calculations for additional compounds in Table B.3; results are largely con-
sistent with the small differences likely due to the fact that the calculated band gaps are
sensitive to the lattice constant and our calculations are based on HSEO06 relaxed structures
while previous calculations are based on PBE relaxed structures[99].

The 30 compounds are divided into five categories according to their M and M’ site ele-
ments. The five categories are listed in Table 4.1. For Category 1 and Category 2 compounds,
M and M’ cations have the same electron configurations(both d'%s? or both d'%s?), which
leads to a direct band gap. For all other categories, M and M’ cations have mismatched
electron configurations, which leads to an indirect band gap. Category 3 and Category 5
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Category M M’ electron configuration band gap
1 Cu, Ag, Au Al, Ga, In ,T1 d19s0/q10g0 direct
2 In, Tl As, Sb, Bi d1%s? /4102 direct
3 Cu, Ag, Au As, Sb, Bi d19s0 /102 indirect
4 Cu, Ag, Au Se, Y d19s%/p® indirect
5 In, T1 Al, Ga, In, Tl d1%s? /410" indirect

Table 4.1: Five categories of promising candidates. Electron configurations and band gap types
are listed.

actually have the same mismatched electron configurations(d!s?/d!%s"), and it is expected
that they have similar electronic structures.

Similar to halide perovskite AMXj3[45] and derivative A;MXg[38] compounds, in the
chemical series K, Rb and Cs, the band gap slightly increases(for example, KyAgInClg(2.49
eV) to RbyAgInClg(2.52 €V) to CsyAgInClg(2.57 €V)); from Cl to Br to I, the band gap
decreases more strongly(for example, RbyAgInClg(2.52 eV) to RbyAgInBrg(1.44 V) and
RbyTISbBrg(1.03 €V) to RbyTISbl(0.57 €V)). The chemical trends for M and M’ site ele-
ments are more complex and will be discussed further below.

We consider next the results for effective masses listed in Supplemental Table B.4. Our
calculated average effective masses are consistent with previous calculations, even though
previous calculations are based on PBE+4+SOC band structures and our calculations are
based on PBE band structures. The chemical trends in effective mass values listed in Table
B.4 are correlated with those for the band gaps. Specifically, increasing the size of the A-site
cation leads to an increase in both the effective mass and the band gap; increasing the size
of the X-site anion leads to a decrease in both the effective mass and the band gap. This
correlation between band gap and effective mass is consistent with k- p theory[71]. If we only
consider effective mass, among the five categories, the In/T1-As/Bi/Sb compounds are the
best candidates for high mobilities, desirable for photovoltaic applications, since they have
small effective mass for both electrons and holes.

4.4.2 Band Structure

In Figure 4.3 we present calculated band structures and densities of states for one rep-
resentative compound from each of categories listed in Table 4.1. Since Category 3 and 5
have the same electron configurations, only the representative compound from Category 5 is
shown.

We consider first the electronic structure of CsyAglnBrg(Figure 4.3(a)), representative of
the set of compounds with M = Cu, Ag, Auand M’ = Al, Ga, In ,T1 (from Category 1). It is
calculated to be a direct band gap semiconductor with valence band derived from antibonding
states of Ag-d and Br-p orbitals and conduction band derived from antibonding states of
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Figure 4.3: Band structures, total and projected densities of states(DOS), calculated by
PBE+SOC with conduction bands shifted to match calculated HSE06+SOC band gaps by scissor
operator for (a) CseAgInBrg (Category 1), (b) CsaInBiClg(Category 2), (¢) CsaAuSclg(Category
4) and (d) RbaInInBrg (Category 5).
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In-s and Br-p orbitals. The direct nature of the band gap of Cs;AgInBrg is consistent with
previous ab initio calculations[101]. The conduction band is very dispersive(s character),
leading to its small electron effective mass(0.18m,.). The valence band edge consists of a
heavy hole band and a light hole band, and the average hole effective mass(0.71m,) is thus
larger than the electron effective mass.

We consider next the representative compound Cs;InBiClg for the set of compounds with
M = In, Tl and M’ = As, Sb, Bi (from Category 2). The calculated band structure in Figure
4.3(b) shows that this compound is a direct band gap semiconductor with valence band
derived primarily from antibonding states between In-s and Cl-p orbitals and conduction
band primarily from antibonding states between Bi-p and Cl-p orbitals. The direct nature
of the band gap of Cs2InBiClg is consistent with previous ab initio calculations[99]. The
dispersive nature of both the conduction band and valence band leads to the small electron
and hole effective mass(0.39m, and 0.18m,). The dispersive valence band derives from the
s orbitals of the cations.

Next we consider the compound CsyAuSclg representative of the set of compounds with
M = Cu, Ag, Auand M’ = Sc, Y (from Category 4). The calculated band structure in Figure
4.3(c) shows that it is an indirect gap semiconductor with valence band derived primarily
from antibonding states between Au-d and I-p orbitals and conduction band derived from
both antibonding states between Au-s and I-p orbitals and antibonding states between Sc-d
and I-p orbitals. To the best of our knowledge, no experimental results have been reported
for any of the compounds in this category. The conduction band is more dispersive than
the valence band, resulting in a smaller electron effective mass(0.23m.) than hole effective
mass(0.64m,).

We consider finally RbsInInBrg, representative of the set of compounds with M and M’
from the same group (Al, Ga, In, T1) in the periodic table (from Category 5). The calculated
band structure in Figure 4.3(d) shows that it is an indirect band gap semiconductor with
different cation configurations(In-d10s0, In-d10s2). If the two In ions in the primitive unit
cell are in the same charge state, with one unpaired s electron, we would expect RbInBrs
to be a metallic conductor. Indeed, forcing a single charge state for In by using a 5-atom
unit cell results in a metallic state. Charge ordering between different valence states on
the In site leads to the semiconductor state in Figure 4.3(d), with lower energy than the
metallic state. Two similar compounds CsTICl3 and CsTIF3 have been synthesized and
found to be insulators[110]. Labeling the In ion with more charge on it(which we identify as
corresponding to the formal 1+ oxidation state) to be Inl and the In ion with less charge
on it(which we identify as corresponding to the formal 3+ oxidation state) to be In2, then
the valence band of RbyInInBrg is derived from antibonding states between Inl-s and Br-
p orbitals and conduction band derived from antibonding states between In2-s and Cl-p
orbitals. This interpretation is better supported by the crystal orbital Hamilton population
analysis in Supplemental Figure B.6. Both the valence band and conduction band are very
dispersive due to their s character, resulting in very small electron and hole effective masses.
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Figure 4.4: SLME at L = 1 pm vs the fundamental gap E, for compounds from the 5 categories.
For categories 3, 4 and 5, the arrow indicates the direct dipole allowed band gap Eg“.
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4.4.3 Optical Absorption and Spectroscopic Limited Maximum Efficiency

Absorption properties relevant to photovoltaic applications depend not only on band gap,
but also on the nature of the gap, i.e. direct or indirect, dipole allowed or forbidden. The
absorption spectra for compounds from the 5 categories are presented in Fig. B.7-B.12. The
onsets of all compounds is close to their dipole allowed band gaps Eg“(matrix element squared
|M|? > 107%V?/A?). For Category 1 and Category 2 compounds, E{* is the fundamental
band gap. For the other three categories with indirect band gaps, Eg“ is significantly larger
than the fundamental band gap E,, as shown in Fig. 4.4, where the dots indicate E, and
arrows indicate Ega. So it is reasonable that we use direct band gap instead of fundamental
band gap in the first screening steps.

Based on absorption spectra, we then calculate the spectroscopic limited maximum effi-
ciency(SLME) as defined by Yu and Zunger[112]. SLME takes consideration of band gap,
the shape of absorption spectra and nonradiative recombination losses. The fraction of ra-
diative recombination current is an exponential decay function with decay rate determined
by Eg“—Eg. Larger Eg“—Eg indicates more severe nonradiative recombination losses. SLMEs
for all 30 compounds are plotted versus their band gaps in Fig. 4.4. Category 2 compounds
forms a curve very similar to that of the Shockley—Queisser limit. This is not surprising
since the assumptions made when calculating the Shockley—Queisser limit are good approx-
imations for Category 2 compounds, where the radiative recombination dominates and the
absorption onsets are sharp. For Category 1 compounds, even though they are direct gap
semiconductors, their absorption onset is not as sharp as Category 2 compounds, as it takes
over 0.5V for their absorption coefficients to rise up to 10* cm~!(Figure. B.7). As discussed
by Meng et al, Category 1 compounds exhibit parity-forbidden transitions only between
CBM and VBM, but with allowed transitions between band edges at other k points[100].
As a result, the SLMEs for Category 1 compounds are lower than Category 2 compounds at
similar band gaps. Category 3 compounds have lowest efficiencies among the 5 categories,
due to their large direct band gaps as well as large nonradiative recombination losses caused
by large Ega—Eg. Category 4 compounds have higher efficiencies than Category 3 compounds
with similar direct band gaps, probably due to the smaller difference between Ega and B,
in Category 4 compounds. Category 5 compounds have best efficiency among the indirect
gap compounds, because some of Category 5 compounds have band gaps closer to the ideal
value. Overall, the direct gap compounds (Category 1 and 2) achieve better SLMEs than
the indirect gap compounds, with the best featuring theoretically predicted efficiency higher
than 30%.

4.4.4 Dynamical Stability Analysis

As mentioned above, it is possible that at low temperature some of the double perovskite
compounds in the high-symmetry Fm3m structure may be dynamically unstable with respect
to symmetry-lowering phonon modes associated with ferroelectric, octahedral-rotation and
related structural distortions. To investigate this issue, for all 30 compounds identified
above, dynamical stability is evaluated by calculating phonon spectra at OK. The least stable
phonon frequencies (i.e., the lowest real frequency for dynamically stable compounds, and
the imaginary frequency with the largest magnitude for dynamically unstable compounds)
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and related g-points are listed in Table B.6. Also listed in Table B.6 is the space group of the
distorted structure that results from introduction of the least stable phonon mode; for the
correspondence between this space group and the distortion mode the interested is referred
to Ref. 109. Two of the compounds(Csy AgInClg and CseInAsBrg) have no imaginary modes
and are dynamically stable at OK. All other compounds have imaginary modes at 0K, mostly
at I'. For 5 of the compounds, the frequencies of the imagniary modes are larger than 10 THz,
and we consider them to be dynamically unstable. For all other 23 compounds with smaller
imaginary frequencies, it is still possible that the phonon entropy at finite temperatures can
stabilize these modes at room temperature. For these compounds, we imposed structural
distortions corresponding to the most unstable phonon mode at I' and performed structural
relaxations; the energy differences between the resulting relaxed distorted structures and the
ideal cubic structure are listed in Table B.6. If this structural energy difference is smaller
than 10 meV /atom, we consider the compounds as candidates for stability in the cubic phase
at room temperature. Out of the 25 compounds with small or no imaginary frequencies, 14
meet this criterion: 3 from Category 1, 7 from Category 2, 1 from Category 3 and 3 from
Category 5.

Table 4.2: 11 Ao, MM’ X compounds that are both thermodynamically and dynamically stable and
have SLMEs larger than 10%. Chemical formula, Category, calculated SLME at L = 1um, effective
masses, energies above hull (meV /atom) and Eypic-Edistorted (meV /atom) are listed below.

SLME
Formds g L ™ ™ Bw gl

(%)
CsyAgInBrg 1 22.5 0.18 0.71 0.0 0.0
CsoInAsBrg 2 20.2 0.30 0.05 26.2 0.0
CsoInBiClg 2 24.9 0.39 0.18 14.2 8.2
CsoInBiBrg 2 31.9 0.32 0.11 0.0 6.8
CsoInSbBrg 2 23.9 0.31 0.07 7.0 2.6
CsyT1AsBrg 2 27.7 0.31 0.15 0.0 1.6
CsyTlAsIg 2 32.1 0.23 0.13 0.0 3.1
CsyTISbBrg 2 27.7 0.31 0.16 12.4 9.0
CsyInGalg 5 11.1 0.22 0.51 18.1 1.1
CsoInInBrg 5 11.2 0.27 0.58 0.0 2.3
Cs,TITIBrg 5 15.2 0.26 0.58 0.7 6.8

Combining with SLMEs calculated above, in Table 4.2 we summarize the 11 compounds
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that have SLMEs larger than 10%, are thermodynamically stable and either dynamically
stable or possibly dynamically stable at room temperature (based on the energetic criterion
above). The d10s2 configuration of the band edges for Category 2 compounds resembles that
of hybrid lead halides, so it is not surprising that most of the promising compounds come
from Category 2. Of these compounds, those containing In may be more attractive than
those containing T1, due to the toxicity of the latter element.

4.4.5 Chemical Trend Analysis

The efficiencies or stability of a compound can be improved further by substitutional
alloying, especially with elements from the same group. A detailed analysis of chemical trends
with respect to band structures within the three promising chemical categories defined above
may be useful in guiding such band-structure engineering. To analyze the chemical trends
of band gaps for the promising categories 1, 2, 5, band gaps are calculated for compounds
within each category with the GGA-PBE functional including SOC effect. Specially, band
gaps for CsoMM/Clg compounds with M = Cu, Ag, Au, In, Tl and M’ = Al, Ga, In, T, As,
Sb, Bi are plotted in Figure 4.5.
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Figure 4.5: Chemical trends of band gaps calculated by PBE+SOC for CssMM'Clg with (a) M =
Cu, Ag, Au and M’ = Al, Ga, In ,T1 (Category 1) (b) M = In, Tl and M’ = As, Sh, Bi (Category
2) and (¢) M = In, Tl and M’ = Al, Ga, In, Tl (Category 5).

For CssMM/Clg compounds with M = Cu, Ag, Au and M’ = Al, Ga, In, Tl(Figure
4.5(a), Category 1), Ag-containing compounds have larger band gaps than those with Cu
and Au. This can be understood considering that among Cu, Ag and Au, Ag has the lowest
energy d states and the valence band maximum(VBM) derives from hybridization between
Cu/Ag/Au-d and Cl-p orbitals, such that the lowest VBM for Ag compounds results in the
largest band gap. For the M = Ag series, for M’ = Ga, In, TI, the CBM is derived from
antibonding M’-s and Cl-p states. The band gap of Cs;AgTIClg is the smallest, due to the
relativistic stabilization of Tl-s states and small bonding-antibonding splitting caused by
relatively small energetic overlap and spatial overlap of the TI-Cl bond. For Csy;AgAlClg,
the Al-s state is shallow and the hybridization of Al-CI is strong, leading to a high lying
Al-Cl antibonding level. In this case, the CBM is no longer Al-Cl states, but Ag-Cl states.
The band gap of CsyAgAlClg is the largest among the M = Ag series.

For CsoMM'Clg compounds with M = In, Tl and M’ = As, Sb, Bi(Figure 4.5(b), Category
2), Tl compounds have larger band gaps than In compounds. Due to relativistic effects, TI-
s is lower in energy than In-s, resulting in a lower VBM. For M = In series, the band
gap difference among As, Sb, Bi is very small, probably because the band edges all have
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contributions from In-s and In-p states and the band gaps are affected less by the difference
among As, Sb and Bi. For M = T1 series, the band gap difference among As, Sb, Bi is also
very small, likely due to the same underlying reason.

For CsoMM'Clg compounds with M = In, Tl and M’ = Al, Ga, In ,Tl(Figure 4.5(c),
Category 5), for the M = TI series, the CBM is derived from antibonding M’-s and Cl-p
character(T1:14+, M’:34). The band gap of CsyTIAIClg is the largest, due to the shallow
Al-s orbital and large bonding-antibonding splitting caused by the relatively large spatial
overlap and energetic overlap of the Al-Cl bond. The band gap of Cs,;T1T1Cl is the smallest
in the series, since the CBM and VBM are derived from the same Tl-s character. For the
M = In series, for M" = TI, In, Ga, the VBM is derived from antibonding M’-s and Cl-
p character(M’:14+, In:34). The band gap of CsyTlInClg is the largest, due to relativistic
stabilization of Tl-s orbitals and the small bonding-antibonding splitting caused by relatively
small energetic overlap and spatial overlap of the TI-Cl bond. The band gap of Cs,InInClg is
the smallest in the series, since the CBM and VBM are derived from the same In-s character.

4.5 Summary and Discussion

Starting from a consideration of the octahedral and tolerance factors of 1980 candidate
double-perovskite compounds, we compute structural, thermodynamic and electronic prop-
erties of 1149 compounds using first-principles calculations. The computational results have
been assembled in a database that is accessible through the Materials Project online.

We present the application of the database in screening for new double perovskite halide
compounds showing promising electronic properties for photovoltaic solar absorber applica-
tions. Combining further calculations of optical absorption, conversion efficiency and phonon
stability, 11 promising candidates(summarized in Table 4.2) from 3 categories were identified
from the database. Seven of these compounds are from a chemical class corresponding to
M/M’ electronic configurations of d'%s?/d'%s?, iso-electronic to the hybrid lead halides. All
eleven compounds have not been reported experimentally, and they are listed below with the
SLME at 1um in the parentheses: CsoAgInBrg (22.5%), CsoInAsBrg (20.2%), CseInBiClg
(24.9%), Cs2InBiBrg (31.9%), CsoInSbBrg (23.9%), CsyT1AsBrg (27.7%), Cso T1AsIg (32.1%),
CsoTISbBrg (27.7%), CsaInGalg (11.1%), CsaInInBrg (11.2%), CsoTITIBrg (15.2%).

The chemical trends for band gap within each of three different chemical categories are
identified as follows: 1) Category 1: for CssMM’'Clg compounds with M = Cu, Ag, Au and
M’ = Al, Ga, In, TI, silver compounds always have larger band gaps than those with Cu
and Au with the same M’ elements; the band gap trend for M’ site is Al > In, Ga > TL
2) Category 2: For CsoMM'Clg compounds with M = In, T1 and M’ = As, Sb, Bi, thallium
compounds are found to have larger band gaps than In compounds, confirming results of a
previous study[99]. 3) Cateogry 5: For CssMM’'Clg compounds with M = T1 and M’ = Al
Ga, In, T1, the band gap trend for M’ site is Al > In, Ga > T1. For CsyMM’Clg compounds
with M = In and M’ = Ga, In, T1, the band gap trend for M’ site is Tl > Ga, In. These
trends can provide guidelines for the use of substitutional alloying as a means of tuning band
structures in halide perovskite solid solutions.

In addition to the potential solar-cell applications discussed specifically above, the halide
double-perovskite database developed in this work can be used for other applications such
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as scintillators. For scintillator applications, it is usually required that the host materials
have large enough band gap to accommodate dopant-ion energy levels involved in relevant
electronic transitions. An overview of our database shows that the compounds with alkali
metals as M site cations usually have significantly larger band gaps than compounds with
other M site elements. Such compounds can be engineered towards scintillator applica-
tions, and indeed the compounds CsyLiYClg and Cs;NaYBrsls have already been identified
as relevant examples[82, 117]. The calculations for this database yielded a mixed-valence
charge-ordered state for ATIXj, consistent with experimental results[110], and also predict
a mixed valence state for AInX3 compounds. It is possible that some of these structures or
their alloys could be precursors for superconducting compounds, as discussed in Ref. 110.
Overall, it is anticipated that the database of halide double-perovskite compounds developed
in this work and made available online could find application in materials discovery efforts
for a wider variety of applications than those considered here.
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Chapter 5:
Computational study of SrNbO5 s

5.1 Introduction

SrNbOs s is a series of related materials with intriguing structures and properties. The
compositions can be generalized as the series Sr,Nb,Os, 2. Structurally, the perovskite-
derived series Sr, Nb,Os, 1o (n=4, 5, ..., 00) has extra oxygen planes inserted every n planes
along the perovskite [110] direction. SrNbOs4 and SrNbOss5 can be considered members
in the perovskite-derived family Sr, Nb,O3, 12 with n = 5 and n = 4, while SrNbO3 can be
considered as the end member n = co. SrNbO, with 3.4 < x < 3.5 are usually formed as
an intergrowth between SrNbOs 4 and SrNbOs 5[120].

The tunability of the structure also gives SrNbOs, s interesting physical properties. Two
of our co-authored papers discussed two relevant but different aspects of the film series
SrNbOs. 5. The first paper focuses on photocatalytic properties[118]. SrNbOs3, a red metal-
lic oxide, has been shown to act as photocatalyst under visible light to oxidize and reduce
water with appropriate sacrificial elements[121]. The room-temperature resistivity of the
stoichiometric film was 2.82 x 107°Qcm[122]. Questions that naturally arise are 1) Why is
SrNbO3 red? 2) as a metal, how can it effectively separate photocarriers? Contrary to previ-
ous assumption that the photocatalytic activity comes from interband transition, Wan et al
points out that it should come from plasmon resonance, arising from the large carrier density
in metallic STNbO3, and the hot electron and hole carriers excited via Landau damping are
responsible for the photocatalytic property of SrNbO; under visible light irradiation[118].
Apart from the conventional plasmon induced by free charge in ST NbO3, the second paper by
Asmara et al points out that when the density of extra oxygen plane increases(d increases),
correlated plasmons appear, which arise from collective excitations of correlated electrons
induced by the strong Coulomb repulsion caused by nanometre-spaced confinement of extra

Part of the results presented in this chapter have been published in two regular articles with title
“Electron Transport and Visible Light Absorption in a Plasmonic Photocatalyst based on Strontium Niobate”
in Nature Communications 8, 15070 (2017) by D. Y. Wan, Y. L. Zhao, Y. Cai, T. C. Asmara, Z. Huang,
J. Q. Chen, J. Hong, S. M. Yin, C. T. Nelson, M. R. Motapothula, B. X. Yan, D. Xiang, X. Chi, H.
Zheng, W. Chen, R. Xu, Ariando, A. Rusydi, A. M. Minor, M. B. H. Breese, M. Sherburne, M. Asta,
Q-H Xu T Venkatesan[118] and title “Tunable and Low-loss Correlated Plasmons in Mott-like Insulating
Otzides” in Nature Communications 8, 15271 (2017) by Teguh Citra Asmara, Dongyang Wan, Yongliang Zhao,
Muhammad Aziz Majidi, Christopher T. Nelson, Mary C. Scott, Yao Cai, Bixing Yan, Daniel Schmidt, Ming
Yang, Tao Zhu, Paolo E. Trevisanutto, Mallikarjuna R. Motapothula, Yuan Ping Feng, Mark B. H. Breese,
Matthew Sherburne, Mark Asta, Andrew Minor, T. Venkatesan Andrivo Rusydi[119]. Only portions of
the above publications that are relevant to the author’s contribution are reproduced here. The material is
presented here with the permission of co-authors and publishers.
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oxygen planes[119].

In what follows we discuss in detail our relevant computational work and contributions
to the above two papers and general understanding of the SrNbOs5, s compound series. Our
computational work presents the electronic structure of the film series, and reveals the close
relationship between the atomic structures and electronic structures of the films. Before
jumping directly into the discussion of the computational work, we first summarize briefly
the basic transport properties and micro-structure characterization of the film series.

When growing under low oxygen partial pressure (5 x 107% Torr), the film has a carrier
density as high as 10?2cm ™2 and a moderate electron mobility 2.47cm?V ~ts~! at room tem-
perature. The structure formed at such low oxygen partial pressure is tetragonal perovskite
SrNbOs in a metallic state. As the oxygen partial pressure increases, the film becomes
more and more insulating: both carrier density and carrier mobility decrease. The structure
formed at high oxygen pressure(1 x 10~* Torr) is orthorhombic StNbOj 5 which is insulating.
The structure formed at intermediate oxygen pressure is short-range perovskite structure
interspersed with extra oxygen defect layers parallel to {101} and {-101} planes. [118, 119]
Atomic-resolution high-angle annular dark-field (HAADF) scanning TEM (STEM) images

show that the density of the extra oxygen layers increases as the oxygen partial pressure
increases. [119]
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Figure 5.1: Electronic transport properties of STNbO3ys films. Temperature-dependent transport
properties of the films prepared at various oxygen pressures: (a) resistivity, (b) carrier density and
(c) electron mobility of the films. [118]

5.2 Methods

The atomic and electronic structure of SrNbOjz,.s compounds were performed em-
ploying spin-polarized DFT calculations, using the Perdew—Burke-Ernzerhof[28] exchange-
correlation potential, and the projector augment wave method[59], as implemented in the
Vienna ab-initio simulation program[60-62]. In these calculations, Sr 4s4p5s, Nb 4p5sdd
and O 2s2p orbitals were treated as valence states, employing the projector-augment
wave potentials labelled Sr_sv, Nb_pv and O in the Vienna ab-initio simulation program
Perdew—Burke—Ernzerhof library. The cutoff energy for the plane-wave basis set was set to
450 eV and the DFT+U approach due to Dudarev et al[33] was employed to treat the Nb
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4d orbitals occupied by the Nb** ions present for SrNbOs and SrNbOs 4 compositions with
the value of U-J set to 4 eV. SrNbO3, SrNbO3 4 and SrNbOs3 5 were modeled by supercells
containing, respectively, 20 atoms with space group Pnam, 54 atoms with space group Pnnm
and 44 atoms with space group Cmc2. For the cells with oxygen excess (that is, SrNbO3 4
and SrNbOs;), the extra oxygen ions were placed in planar defects as illustrated in Fig.
5.4. In the structural relaxations, we employed 8*8*4, 1*4*6 and 1*4*6 k-point meshes, for
SrNbO3, STNbO3 4 and SrNbOs 5, respectively. The density of states was calculated with
16*16*8, 2*8*12 and 2*8*12 k-point meshes for the same three structures, respectively. In
systems with occupied Nb 4d orbitals (that is, SrNbO3 and SrNbOs34), we employed ferro-
magnetic ordering of the local moments on the Nb** ions. The Nb valence charge density
was calculated using the electron states with energies ranging from the bottom of the Nb
conduction band up to the Fermi level.

5.3 Results

5.3.1 Electronic Ground States and Charge Density

In our calculations, the perovskite structure is assumed for the stoichiometric SrNbO3
compound and the extra oxygen atoms for the hyper stoichiometric compositions are assumed
to order into planar defects, as illustrated by the structural figures in Fig. 5.2, 5.3 and 5.4.
The structural models are consistent with the electron microscopy of the films[119]. For
SrNbOs, where Nb is nominally in the 4+ oxidation state, with 4d! electronic configuration,
several converged states were obtained in the DFT+U calculations, and the total energies
were compared to assess the nature of the electronic ground state. We initially performed
calculations for the ferromagnetic spin-polarized and nonmagnetic states, and found that the
ferromagnetic state is lower in energy by approximately 0.20 eV per Nb atom. Additionally,
we converged the calculations to two different spin-polarized states, and one featuring orbital
ordering (Fig. 5.2(a)) was found to have a lower energy than a corresponding non-orbital-
ordered state, by approximately 0.17 ¢V per Nb atom. This result was also confirmed with
independent calculations performed using the U-ramping method[37], where the value of U-J
was slowly increased from 0 to 4eV, by an increment of 0.1eV. The final state of the system
corresponded to a ferromagnetic orbital-ordered state, with the nature of the orbital ordering
illustrated in Fig. 5.2(a). In this state the 4d electron on one of the Nb atoms occupies a
d,. orbital, and on the other Nb atom the electron occupies a linear combination of d,, and
d,, orbitals.

For SrNbOs 4, we also investigated the relative energies of different spin, charge and
orbital ordered electronic states. The lowest energy configuration found was that for the
ferromagnetic state illustrated in Fig. 5.2(b); this state was found to be 0.12 eV per Nb atom
lower than a related state with an anti-parallel (ferrimagnetic) spin configuration alternating
along the direction normal to the planar oxygen defects. In this low energy state, the 4d
electrons spread themselves on the three planes of Nb atoms that are in the middle between
two neighboring oxygen defect layers. The Nb planes close to extra oxygen walls are depleted
of d valence electrons.

In addition to SrNbO3 and ST NbOs 4, we also perform density functional theory (DFT)
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Figure 5.2: (a) Theoretical Nb-4d electron density iso-surface of SrNbO3 superimposed on ST NbO3
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density iso-surface of Sr/NbOs3.4 superimposed on SrNbOs 4 crystal structure. Black dashed lines
denote the oxygen walls. The Nb-4d electrons occupy only the middle three Nb planes, while those
close to the oxygen walls are depleted of electrons.
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calculations on STNbOj3 33 and STNbO3 5 (Fig. 5.3(a, b)). From these calculations, the effect
of different oxygen concentration in SrNbOs,s is to change the spacing (and thus density)
of the extra oxygen planes. If the oxygen concentration is decreased to SrNbO3 33 (Fig.
5.3(a)), the extra oxygen spacing would increase to 6 unit cells (for SrNbOs3 4 the spacing is
5 unit cells).

On the other hand, if the oxygen concentration is increased to STNbO3 5 (Fig. 5.3(b)),
the extra oxygen spacing would decrease to 4 unit cells. However, this increase of extra
oxygens is enough to deplete the free electrons, and as a result SrNbOs 5 is found to be an
insulator.

5.3.2 Electronic Structures

The energy band structures of STNbO3, SrNbOs34 and SrNbOs 5 are calculated using
density functional theory (DFT+U) and shown in Fig. 5.4. As noted above, for SrNbO3
all Nb atoms are nominally in a 4+ (4d') oxidation state. By contrast for SrNbOs 5, all Nb
atoms are nominally in the 5+ (4d°) charge state, while for ST NbOs 4 the Nb atoms a mixture
of oxidation states is expected. Consistent with this picture, the DFT+U (with U-J=4 eV)
calculations predicts that the Fermi level of Sr/NbOj3 is in the Nb 4d conduction band, and
there is finite density of states at the Fermi level, which implies that this material is metallic
even though there is a bandgap as large as 3.0 eV between the CB and the highest fully
occupied band (B1 band). The Fermi level of SrNbOs3 4 is located near the bottom of the
conduction band; thus, the conductivity is poorer than that of SrNbOj3, as there are fewer
states for the free carriers leading to a lower carrier density. These results are consistent
with the experimental measurements. SrNbOs5 has a conduction band that has primarily
Nb-4d character, and a valence band that is dominantly O-2p in character. Unlike ST NbO;
and STNbOs4, the Fermi level of SrNbOs 5 is located at the top of the valence band; thus,
SrNbOs 5 is insulating and the film should be transparent, consistent with experiments.

5.3.3 Effect of Sr vacancies

The experimentally synthesized samples are characterized to have 6% Sr vacancies. The
main effect of Sr vacancies was assumed to be to shift the Fermi level downward in energy,
without changing significantly the shape of the valence and conduction bands. Consequently,
we undertook calculations of the Nb valence charge density by integrating the charge density
of bands from the bottom of the conduction band to a lower value of the Fermi energy
calculated to give the correct number of valence electrons, including the measured level of
Sr vacancies. The results are shown in Fig. 5.5. To highlight the charge density difference
between the systems with and without Sr vacancies, planar integrated charge densities along
the long axis in the SrNDOs3 4 structure are plotted in Fig. 5.5. The magnitude of the charge
density is lowered due to the holes introduced by the Sr vacancies, but the qualitative shape
of the spatial variation in the charge density is maintained.



29

° b
s AT | A A Up ~ Down
2 / f“\f%Ef N i s
~ - _
i ~./ U N g
-3

r X SR T ZT T Y20 10 0 10 20
DOS (states/eV)

E-E¢(eV)

1]
-

< Up Down
i s
b _
"'J ~q
— Total

Y40 20 0 20 40
DOS (states/eV)

SN b03,5

Figure 5.4: Crystal structures and energy band structures with its density of state (DOS) of
SrNbO3, ). (a) Distorted perovskite structure of SrNbO3. O*~: small red sphere, Sr?T: large
green sphere, Nb**: small blue sphere. The unit cell is shown with the black solid line. (b)
Band structure and DOS of SrNbOs, showing its metallic behaviour. (c¢) The layered structure of
SrNbOs 4 with extra oxygen layers inserted every five octahedral layers. The dash lines indicate
where the extra oxygen layers are. Nb*t (small blue sphere) and Nb>* (small green sphere) are
given different colors to show charge ordering in this composition. (d) Band structure and DOS
of SrNbOs3 4, with significantly reduced carriers at the Fermi level. (e) The layered structure of
SrNbO3 5, with an extra oxygen layer inserted every four octahedral layers. (f) Band structure
and DOS of STNbOs 5, showing its insulating behaviour. The calculation method is using DFT+U
(U —J =4eV).
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Figure 5.5: Nb valence charge densities of STrNbOs34 and Srg.94/NbO3.4. The density curves in the
lower panel are the density projections along the long unit cell axis in the upper panel.

5.4 Summary and Discussion

Under low oxygen pressure, films formed have the long-range SrNbOj3 perovskite struc-
ture. StNbOj3 has a heavily degenerate conduction band and a high carrier density. These
characteristics of the electronic structure lead to a strong plasmonic effects. A plasmon peak
at 1.8 eV was observed for this film and explaines its red color[118]. These findings contradict
earlier report that the visible light absorption is caused by interband transitions[121]. The
decaying of these plasmons create hot electrons and holes that are involved in photocatalytic
reactions.[118]

When growing under higher oxygen pressure, the carrier density decreases and the films
become more insulating. The density of extra oxygen planes increases and in the structure
of nominal composition StTNbQOs 4, they should appear every 5 unit cells. According to our
calculation for SrNbOs4, valence electrons are confined in the middle of two neighboring
extra oxygen planes. This confinement provided by the extra oxygen planes enhances the
Coulomb interactions and induces the correlation between the confined electrons. A new
form of correlated plasmons arises from collective excitations of these strongly correlated
electrons. [119]
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Chapter 6:

Summary and Future Work

6.1 Summary of Results

In this dissertation, we investigate the electronic properties of several energy-conversion
materials and reveal the relationship between their structure and physical properties through
density functional calculations. Below we will summarize the main results of this dissertation.

In Chapter 3, we focus on a perovksite-derived halide A;BXg for photovoltaic applica-
tions. The electronic structure and energetic stability of A;BXg halide compounds with
the cubic and tetragonal variants of the perovskite-derived KoPtClg prototype structure are
investigated computationally within the frameworks of density-functional-theory and hybrid
functionals. The HSEO06 calculations are undertaken for seven known AsBXg compounds
with A = K, Rb and Cs, and B = Sn, Pd, Pt, Te, and X = I. Trends in band gaps and
energetic stability are identified, which are explored further employing DFT calculations
over a larger range of chemistries, characterized by A = K, Rb, Cs, B = Si, Ge, Sn, Pb, Ni,
Pd, Pt, Se and Te and X = CI, Br, I. For the systems investigated in this work, the band
gap increases from iodide to bromide to chloride. Further, variations in the A site cation
influences the band gap as well as the preferred degree of tetragonal distortion. Smaller A
site cations such as K and Rb favor tetragonal structural distortions, resulting in a slightly
larger band gap. For variations in the B site in the (Ni, Pd, Pt) group and the (Se, Te)
group, the band gap increases with increasing cation size. However, no observed chemical
trend with respect to cation size for band gap was found for the (Si, Sn, Ge, Pb) group.
The findings in this work provide guidelines for the design of halide A;BXg compounds for
potential photovoltaic applications.

In Chapter 4, we focus on building a database for the double perovkite halides and em-
ploy the database to identify new materials for photovoltaic applications. Starting from a
consideration of the octahedral and tolerance factors of ~2000 candidate double-perovskite
compounds, we compute structural, electronic and transport properties of ~1000 using first-
principles calculations based on density-functional-theory methods. The computational re-
sults have been assembled in a database that is accessible through the Materials Project
online. As one potential application, double perovskites are candidates in the search for
lead-free halide photovoltaic absorbers. We present the application of our database to aid the
discovery of new double perovskite halide photovoltaic materials, by combining the results
with optical absorption and phonon stability calculations. Eleven compounds from three
distinct classes of chemistries were identified as promising solar absorbers and the complex
chemical trends for band gap within each of these are analyzed, to provide guidelines for the
use of substitutional alloying as a means of further tuning the electronic structure.

In Chapter 5, we focus on the SrNbOj3. s structures with different oxygen compositions
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and discuss their electronic properties based on density functional theory calculations of
their electronic structures and charge density distributions. Under low oxygen pressure, films
formed have the long-range SrNbO3 perovskite structure. STNbO3 has a heavily degenerate
conduction band and a high carrier density. When growing under higher oxygen pressure,
the carrier density decreases and the films become more insulating. The density of extra
oxygen planes increases and in the structure of nominal composition SrNbO3 4, they should
appear every 5 unit cells. According to our calculation for SrNbQOs 4, valence electrons are
confined in the middle of two neighboring extra oxygen planes. These characteristics of the
electronic structures lead to a strong conventional plasmonic effects and a strongly correlated
plasmonic effects for STNbO3 and SrNbOg 4, respectively.

6.2 Unpublished and Future Work

This section discusses some of the unpublished and future work that can be developed
based on the work summarized in this dissertation.

6.2.1 Discover Novel Materials with Double Perovskite Halide Database

The double perovskite halide database can be used not only for screening photovoltaic
materials, but for discovering materials with interesting physical properties or screening ma-
terials for other applications. Materials that are not suitable for solar cell absorber materials
might be good candidates for other applications. For example, the double perovskite halides
can also be screened for scintillator applications. Thermodynamic stability, band gaps and
effective masses developed in this database are important for a lot of applicatios. For exam-
ple, for activated scintillators, their band gaps should be small enough for high light yield,
but large enough to accommodate the activator ion levels; their effective mass should be
small enough for efficient transport and fast scintillation response.

6.2.2 Perovskite Halide Solid Solution

To further optimize perovskite halides for solar cell applications, substitutional alloying
is a useful strategy. In current work, we only investigated pure perovskite-derived A;BXg
and double perovksite A;BB’Xs. We provide a detailed analysis about the chemical trends in
the chemical series, which can be a start point for designing solid solutions with even better
properties. For example, substitutional alloying at the X site can be used to tune the band
gap; substitutional alloying at the A site can be used to tune the stability of the structure;
substitutional alloying at B site is more subtle and can be used to change the characteristic
of the band edges. This requires more computations for solid solutions and can be based
upon the methodologies developed for this dissertation.

6.2.3 Double Perovskite Defect Calculations

An important aspect that is not discussed in the current dissertation is the defect prop-
erties of double perovskite halide. As discussed in Chapter 1, the Shockley Read Hall re-
combination depends on the density and characteristics of defects. Defects can be modelled
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using density functional theory. Defect levels and their positions relative to band edges can
be calculated. Point defect formation energies under different growth conditions can also be
calculated to get the most dominant point defect species under different growth conditions.
Based on the findings in current dissertation, defect properties for outstanding candidates
can be further investigated.
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Appendix A:

Supplemental Materials for Computa-
tional Study of Halide Perovskite-Derived
A>BXs Inorganic Compounds: Chemical
Trends in Electronic Structure and Struc-
tural Stability

The results presented in this appendix and Chapter 3 have been published as a regular article with
title “ Computational Study of Halide Perovskite-Derived Ay BXg Inorganic Compounds: Chemical Trends in
Electronic Structure and Structural Stability” in Chem. Mater. 2017, 29, 77407749 by Yao Cai, Wei Xie,
Hong Ding, Yan Chen, Krishnamoorthy Thirumal, Lydia H. Wong, Nripan Mathews, Subodh G. Mhaisalkar,
Matthew Sherburne and Mark Asta[38]. The material is presented here with the permission of co-authors
and publishers.
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Table A.1: 41 AsBXg compounds experimentally reported in the ICSD with A = K, Rb, Cs, B =
Si, Ge, Sn, Pb, Ni, Pd, Pt, Se, Te, X = Cl. Br, I. Chemical formula, ICSD collection codes, space
groups, crystal systems, and number of atoms per unit cell are listed.

Formula ICSD ID Space group Crystal system Nsites
K5SnClg 6058 Fm3m Cubic 9
K,SnBrg 30212 P4 /mnc Tetragonal 18
K,SnBrg 35557 P2, /c Monoclinic 18
K5SnBrg 158955 Fm3m Cubic 9
K,PdClg 33709 Fm3m Cubic 9
KyPtClg 31114 Fm3m Cubic 9
K,PtBrg 23771 Fm3m Cubic 9
KyPtlg 37190 P4/mnc Tetragonal 18
K,SeBrg 36228 Fm3m Cubic 9
K, TeBrg 37270 P4/mnc Tetragonal 18
Ky TeBrg 65115 P2;/c Monoclinic 18
KsyTeBrg 38346 Fm3m Cubic 9
K, Telg 23649 P2, /c Monoclinic 18
RbySnClg 29026 Fm3m Cubic 9
RbySnBrg 158956 Fm3m Cubic 9
Rb,Snlg 22104 Fm3m Cubic 9
RbyPbClg 29029 Fm3m Cubic 9
RbyPdClg 33710 Fm3m Cubic 9
RbyPdBrg 36305 Fm3m Cubic 9
RbyPdlg 92478 Fm3m Cubic 9
RbyPdlg 92477 Pnma Orthorhombic 36
RbyPtClg 29028 Fm3m Cubic 9
RbyPtlg 37191 Fm3m Cubic 9
Rb,SeClg 26692 Fm3m Cubic 9
RbyTeClg 29027 Fm3m Cubic 9
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Formula ICSD ID Space group Crystal system Nsites
RbyTeBrg 49521 Fm3m Cubic 9
RbyTeBrg 49520 I4/m Tetragonal 9
RboTelg 36009 P4/mnc Tetragonal 18
CsyGeClg 28892 Fm3m Cubic 9
Cs95SnClg 9023 Fm3m Cubic 9
CsoSnBrg 158957 Fm3m Cubic 9
CsoPbClg 26713 Fm3m Cubic 9
CsoPdIg 280189 [4/mmm Tetragonal 9
CsyPdlg 280190 Fm3m Cubic 9
CsoPtClg 29032 Fm3m Cubic 9
CsyPtBrg 77381 Fm3m Cubic 9
Csy Pt 37193 Fm3m Cubic 9
Csy5eClg 26693 Fm3m Cubic 9
CsyTeClg 26704 Fm3m Cubic 9
CsyTeBrg 27695 Fm3m Cubic 9
CsyTelg 38105 Fm3m Cubic 9

Table A.2: The energy above convex hull(Ep,;) and decomposition products(if Ep,; > 0) for 81
cubic AsBXg compounds with A = K, Rb, Cs, B = Si, Ge, Sn, Pb, Ni, Pd, Pt, Se, Te, X = CI. Br,

L.

Compound Energy above hull(meV) Decomposition path
K,SiClg 69 SiCly + KCl1

K,SiBrg 100 SiBry + KBr

K, Silg 150 Sily + KI

K,GeClg 33 KCl + GeCly

KoGeBrg 72 KBr + GeBry

KyGelg 117 KI + Gely

K5SnClg 7 KySnClg (P24 /c)




84

Table A.2 — continued from previous page

Compound Energy above hull(meV) Decomposition path
K,SnBrg 13 KsSnBrg (P24 /¢)
KySnlg 48 KI + Snly
KyPbClg 0

K5;PbBrg 53 Br + KBr + KPbyBrj
KyPblg 152 Pbly + KI + 1
Ky NiClg 0

K5NiBrg 0

K, Nilg 40 Nil, + KI + 1
KyPdClg 0

KyPdBrg 0

KyPdlg 27 Pdl; + 1+ KI
KyPtClg 0

KyPtBrg 0

KyPtlg 12 KyPtlg (P4/mnc)
K5SeClg 0

K5SeBrg 0

KsySelg 26 I+ Se + KI

Ky TeClg 0

K, TeBrg 23 Ky TeBrg (P2 /c)
KyTelg 31 KyTelg (P2, /c)
Rb,SiClg 42 SiCly + RbCl
RbsSiBrg 72 RbBr + SiBry
Rb,Silg 109 Sil, + Rbl
RbyGeClg 3 GeCly + RbCl
RbsGeBrg 40 GeBry + RbBr
RbyGelg 86 Gely + RbI
RbySnClg 0




Table A.2 — continued from previous page

Compound Energy above hull(meV) Decomposition path
RbsSnBrg 0

RboSnlg 12 RbI + Snly
RbyPbClg 0

RbyPbBrg 30 RbPbBr; + Br + Rb,PbBrg
RboPblg 134 RbPbl; + Rbl;
RbyNiClg 0

RbyNiBrg 0

RbyNilg 74 RbI 4+ Nil, + Rblj
RboPdClg 0

RboPdBrg 0

RboPdlg 16 Pdl; + Rbls + Rbl
RboPtClg 0

RbyPtBrg 0

RboPtlg 0

RbsSeClg 0

RbySeBrg 0

RbsSelg 27 Se + Rbl;
Rb,TeClg 0

RbyTeBrg 1 RbyTeBrg (14/m)
RboTelg 6 RbyTelg (P4/mnc)
Cs2SiClg 22 CsCl + SiCly
Cs,SiBrg 50 CsBr + SiBry
CsySilg 83 Sil, + Csl
Cs2GeClg 0

CsyGeBrg 16 CsBr + GeBry
CsyGelg 59 Csl + Gely

CsySnClg 0
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Table A.2 — continued from previous page

Compound Energy above hull(meV) Decomposition path
CsySnBrg 0

CsySnlg 0

Cso PbClg 0

CsyPbBrg 44 CsPbBrs 4+ CsBrs
CsoPblg 137 Csl; + CsPbl;
CsoNiClg 0

CsyNiBrg 18 CsBr + NiBry + CsBrs
Cs,Nilg 29 Nil, + Cslz + Csl
CsyPdClg 0

CsoPdBrg 0

CsyPdlIg 5 Csls + PdI, + Csl
CsyPtClg 0

CsoPtBrg 0

Cso Pt 0

Csy5eClg 0

CsySeBrg 0

CsySelg 20 Se + Csls
CsyTeClg 0

CssTeBrg 0

CsyTelg 0
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Appendix B:

Supplemental Materials for High-
throughput Computational Study of
Halide Double Perovskites Inorganic
Compounds

B.0.1 Discussion on Tolerance Factor and Octahedral Factor

The approach used by Travis, et al.[115] is more accurate in terms of screening perovskites
using geometric criteria. It argues that Shannon radii were calculated from more ionic
compounds like fluorides and oxides, so are less suitable in more covalent compounds like
bromides and iodides. Travis, et al then calculated 4 sets of ionic radii of several divalent
metals for each of fluorides, chlorides, bromides and iodides, by surveying related compounds
containing MXg octahedra in the ICSD. Using an approach similar to the above would require
us to undertake a complete survey of related compounds containing MXg octahedra in ICSD,
where M is a univalent or trivalent metal. Even though this is feasible, it requires additional
work that lies beyond the scope of the current study.

As we use multiple screening steps (geometric criteria, energy above hull, band gap,
effective mass), our goal is to reduce false negatives in each step. Here we argue that our
current geometric screening uses a very relaxed criteria of tolerance factor and octahedral
factor, in order to reduce false negatives. We allow some false positives in each of the
screening steps.

Using the revised ionic radii for M-site cations, Travis et al set a criteria of octahedral
factor u > 0.41 and tolerance factor t > 0.875[115]. In general, the revised ionic radii for
M-site cations would be smaller than the respective Shannon radii. Translating the above
criteria to the situation using Shannon radii, we would end up with

u > (a number larger than 0.41) (B.1)

t > (a number smaller than 0.875) (B.2)

The results presented in this appendix and Chapter 4 have been published as a regular article with title
“ High-throughput Computational Study of Halide Double Perovskite Inorganic Compounds” in Chem. Mater.
2019, 31, 15, 5392-5401 by Yao Cai, Wei Xie, Yin Ting Teng, P.C. Harikesh, Biplab Ghosh, Patrick Huck,
Kristin A. Persson, Nripan Mathews, Subodh G. Mhaisalkar, Matthew Sherburne, and Mark Asta[78]. The
material is presented here with the permission of co-authors and publishers.
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The current criteria we use for octahedral factor is 0.4 < u < 1.0, so on the lower side, and
it is thus more relaxed than criteria based on (1) and is better at reducing false negatives.

The current criteria we use for tolerance factor is 0.82 < t < 1.08 where the lower bound
is significant smaller than 0.875 and would probably satisfy the tolerance criteria even if we
used a more realistic set of ionic radii.
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Figure B.1: PBE band gaps for all halide AsMM’ X4 compounds with energy above hull less than
50 meV /atom with A = Li, Na, K, Rb, Cs, M = Li, Na, K, Rb, Cs, Cu, Ag, Au, Hg, In, T, M’ =
Sc, Y, Al, Ga, In, T1, As, Sb, Bi, and X = F, CI, Br, 1.
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Figure B.4: Negative crystal orbital Hamilton population(-COHP)[123-126], calculated by PBE
for CsoMM'Clg with M = Cu, Ag, Au and M’ = As, Sb, Bi.
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Figure B.7: Calculated absorption spectra for halide AsMM’ Xg compounds from Category 1.
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Figure B.8: Calculated absorption spectra for halide AsMM’Xg compounds from Category 2.
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Figure B.9: Calculated absorption spectra for halide AsMM’ Xg compounds from Category 2.
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Figure B.10: Calculated absorption spectra for halide AoMM’ X4 compounds from Category 3.
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Figure B.11: Calculated absorption spectra for halide AoMM’ Xg compounds from Category 4.
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Figure B.12: Calculated absorption spectra for halide AoMM’ Xg compounds from Category 5.
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Table B.1: 79 A,MM'Xg compounds experimentally reported in the ICSD with A'*, M+ M3+
and X'~ ions. Chemical formula, ICSD collection codes, space groups, crystal systems, and number
of atoms per unit cell are listed.

Formula ICSD ID Space Group Crystal System Nsites
CseAgAuClg [26162] I4/mmm Tetragonal 10
CsyAgAuClg [24516] Fm3m Cubic 10
252164,

CsyAgBiBrg 291597, Fm3m Cubic 10
239875]
291598,

CspAgBiClg 239874, Fm3m Cubic 10
252451

CsyKBiFg 9383] Fm3m Cubic 10

CsyKCoFg [6037] Fm3m Cubic 10

CsoKCrFg [9705] Fm3m Cubic 10
Csy KEuClg [84845] Fm3m Cubic 10

s, KFeF [42144] Fm3m Cubic 10
CsyKMoFg [4053] Fm3m Cubic 10

CsoKRhFg [4056] Fm3m Cubic 10
CsyKScClg [59196] Fm3m Cubic 10
CsoKSmClg [166519] Fm3m Cubic 10
CsoKTbClg [84844] Fm3m Cubic 10

25367, § .

CseKYFg 155977] Fm3m Cubic 10
Cs,LiGaFg (9004] P3ml Trigonal 10
CsoLiInClg [65735] R3m Trigonal 20
CsoLiLuClg [59194] Fm3m Cubic 10
CsyLiScClg [65734] R3m Trigonal 20

CsyLiYClg [65731] Fm3m Cubic 10

(03459,
200305, 5 .
CsyNaAlFg 41801, R3m Trigonal 20

93458]




Table B.1 — continued from previous page

Formula ICSD ID Space Group  Crystal System = Nsites
CsyNaBiClg [5;%%]5’ Fm3m Cubic 10
CsyNaBiFg [9382] Fm3m Cubic 10
CsoNaCeClg [85021] Fm3m Cubic 10
CsyNaCoFg [42157] R3m Trigonal 20
CsyoNaCrFg é%%%’] R3m Trigonal 20
CsoNaErClg [50361] Fm3m Cubic 10
CsoNaErFg [23143] Fm3m Cubic 10

16255, )
CsoNaFeFq 9003, R3m Trigonal 20
201]

CsoNaFeFg [65503] Fm3m Cubic 10
CsyNaGaFg [5555(?3;’ R3m Trigonal 20
CsoNaHoClg [22;;; 66 67]7 Fm3m Cubic 10
CsoNalnFg [24921] Fm3m Cubic 10
CsyNaLaBrg [426112] Fm3m Cubic 10
CsyNaLaClg [425945] Fm3m Cubic 10
CsoNaScEFg [5?5?6191437 Fm3m Cubic 10
CseNaSmClg [50363] Fm3m Cubic 10
CsyNaTbhClg [96062] Fm3m Cubic 10
Cs,NaTIF; 22118 Fm3m Cubic 10
CsoNaYBrg [65733] Fm3m Cubic 10

(245353, B
CsoNaYClg 65732, Fm3m Cubic 10
245354]

CsoNaYFg [25368] Fm3m Cubic 10
CsoNaYbClg [50362] Fm3m Cubic 10
CsyRbBiFg 9384] Fm3m Cubic 10
CssRbYFg [25366] Fm3m Cubic 10
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Table B.1 — continued from previous page

Formula ICSD ID Space Group Crystal System Nsites
Cs, T1BiFg [9385] Fm3m Cubic 10
CsyT1FeFg [6036] Fm3m Cubic 10
Csy TIMoF [15772] Fm3m Cubic 10
K,CsBiClg [201983] C2/c Monoclinic 40

. 408552, § .
KyLiAlFg 48149 R3m Trigonal 20
. [37250, 5 :

K,LiAlFg 108553 Fm3m Cubic 10

K,LiAlFg [27672] P3ml Trigonal 30
34201,
164216,

K;NaAlFg 40886, Fm3m Cubic 10
22109,
6027]
40965, : .

KsNaCrFg 22199] Fm3m Cubic 10
(61277, 5 :

Ks;NaFeFgq 22200] Fm3m Cubic 10
23430, : .

KsNalnFg 22113] Fm3m Cubic 10
KyNaMoFg (15777 Fm3m Cubic 10
KsNaRhFg [27342] Fm3m Cubic 10

22112, : .

KsNaScFg 65730] Fm3m Cubic 10
K;NaTlFg [22114] Fm3m Cubic 10
K,NaYF; [22115] Fm3m Cubic 10

. 280906, .

NayLiAlFg 06477 P2, /c Monoclinic 20

Rb,KBiFg [9387] Fm3m Cubic 10
Rb,LiDyBrg [402536] Fm3m Cubic 10
RbsLiFeFg [16400] R3m Trigonal 20
RbsLiGaFg [50468] R3m Trigonal 20
RbaNaAlFg [290318] Fm3m Cubic 10
Rb,NaBiF [9386] Fm3m Cubic 10

99



100

Table B.1 — continued from previous page

Formula ICSD ID Space Group Crystal System Nsites
RbyNaCoFg [42148] Fm3m Cubic 10
RbyNaCrFg [9706] Fm3m Cubic 10
RbyNaErFg [23142] Fm3m Cubic 10

142146, )
RboNaFeFg 4030, Fm3m Cubic 10
40966]
RbsNaHoFg [86274] I4/m Tetragonal 10
RbyNaHoFg [86273] Fm3m Cubic 10
RbeoNaMoFg [15774] Fm3m Cubic 10
RbyNaRhFg [27341] Fm3m Cubic 10
RbsaNaTmClg [22(())85?;(?]7 Fm3m Cubic 10
RboNaYFg [25369] Fm3m Cubic 10

Tl,NaRhFg [27340] Fm3m Cubic 10
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Table B.2: Calculated lattice parameters of the 30 AsMM’Xg compounds identified in the initial
screening for candidate solar absorber materials. The second and third columns list calculated
results obtained by semi-local GGA-PBE and hybrid HSE06 functionals, respectively, and the last
column lists calculated results from the literature. All compounds are cubic with space group
Fm3m.

a (A)
Compound GGA-PBE HSE06 GGA-PBE from literature
KyAgInClg 10.50 10.43
RbyAgInClg 10.57 10.49
RbyAgInBrg 11.14 11.05
CsoAgInClg 10.68 10.60
CsyAgInBrg 11.22 11.16
RbyInAsClg 10.92 10.83
CsoInAsBrg 11.51 11.43
RboInBiClg 11.41 11.35
Cs2InBiClg 11.48 11.42 11.44[99]
CsInBiBrg 11.95 11.89 11.93[99]
RboInSbClg 11.26 11.20
RbsInSbBrg 11.77 11.69
CssInSbBrg 11.83 11.76 11.80[99]
RbyT1AsBrg 11.58 11.50
CsyT1AsBrg 11.66 11.58
CsoT1As]g 12.42 12.34
Cs, T1Bilg 12.85 12.79 12.84[99]
Cso T1SbBrg 11.97 11.90 11.94[99]
Csy T1Sblg 12.72 12.66 12.72[99]
CsoAuAsClg 10.54 10.48
Rbs AuSbClg 10.75 10.68
KyAuSclg 11.81 11.77

RbsAuSclg 11.86 11.81
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Table B.2 — continued from previous page

a (A)
Compound GGA-PBE HSEO06 GGA-PBE from literature
CsgAuSclg 11.92 11.87
CsoInGalg 12.23 12.14
RbsInInBrg 11.61 11.56
CsoInInBrg 11.67 11.63
Rb,TITIClg 11.26 11.16
RbyTIT1Brg 11.80 11.68

Cso T1T1Brg 11.87 11.74
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Table B.3: 30 AsMM’ Xg compounds identified in the screening for candidate solar absorber ma-
terials. Chemical formula, HSE+SOC calculated band gaps (E4) and direct band gaps (direct
Ey), band gap type(direct or indirect), measured band gaps and HSE+SOC calculations from the
literature are listed. Asterisk(*) indicates HSE calculation without SOC.

This work Experiment C;;x;::il;is
Compound | E,(eV) gj?g{:,t) tgyag; E,(eV) E,(eV)
KyAgInClg 2.49 2.49 direct
RbyAgInClg 2.52 2.52 direct
RbyAgInBrg 1.44 1.44 direct
CsAgInClg 2.57 2.57 direct 3.30[93] 2.6*[93]
CsyAgInBrg 1.49 1.49 direct
RbyInAsClg 0.74 0.74 direct
CsyInAsBrg 0.36 0.36 direct
RbyInBiClg 0.79 0.79 direct
Cs,InBiClg 0.92 0.92 direct 0.91[99], 0.88[127]
Cs2InBiBrg 0.29 0.29 direct 0.0[99], 0.33[127]
RbsInSbClg 0.77 0.77 direct
RbyInSbBrg 0.20 0.20 direct
Cs,InSbBrg 0.33 0.33 direct 0.41[99], 0.41[127]
Rb,;T1AsBrg 1.11 1.11 direct
CsyT1AsBrg 1.23 1.23 direct
CsyT1AsIg 0.79 0.79 direct
Cs, TIBilg 0.66 0.66 direct 0.78[99]
CsoT1SbBrg 1.11 1.11 direct 1.25[99]
Cs,T1Sblg 0.64 0.64 direct 0.81[99]
CsyAuAsClg 0.90 2.36 indirect

RbaAuShClg 0.95 2.36 indirect




Table B.3 — continued from previous page

104

This work Experiment PreViO.us
calculations
direct

Compound | E,;(eV) E;Eg{:’) tg;g; E,(eV) E,(eV)
KsAuSclg 1.82 2.13 indirect
RbsAuSclg 1.81 2.11 indirect
CsyAuSclg 1.78 2.09 indirect
CsyInGalg 0.76 1.60 indirect
RbsInInBrg 1.43 2.17 indirect
CsoInInBrg 1.57 2.30 indirect
Rb,TITIClg 1.83 2.51 indirect
Rb,TITIBrg 0.99 1.73 indirect
Csy T1T1Brg 1.07 1.79 indirect
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Table B.4: 30 A;MM’' X4 compounds identified from screening for candidate solar absorber ma-
terials. Chemical formula, energy above hull(Ep,;), calculated effective masses for electrons (me)
and holes (my,) from this work and from the literature are listed.

This work Previous calculations
Compound Ejn.i(eV/atom) m, m;y, m, my,
KyAgInClg 0.006 029  0.83
RbyAgInClg 0.000 0.28  0.85
RbyAgInBrg 0.005 0.18  0.68
CsyAgInClg 0.000 0.29  0.90
CsoAgInBrg 0.000 0.18  0.71
RbyInAsClg 0.031 0.39  0.09
CsoInAsBrg 0.026 0.30  0.05
RbyInBiClg 0.000 0.39  0.17
CsoInBiClg 0.014 0.39  0.18  0.39]99] 0.17]99]
CsoInBiBrg 0.000 032  0.11 0.3]99] 0.11]99]
RbyInSbClg 0.000 0.39  0.11
RbyInSbBrg 0.028 0.31  0.05
CsyInSbBrg 0.007 031  0.07 0.3]99] 0.11]99]
RbyT1AsBrg 0.008 029 0.14
CsyT1AsBrg 0.000 031 0.15
CsyT1AsIg 0.000 023  0.13
Csy T1Bilg 0.023 0.24 017  0.23[99] 0.18]99]
Csy TISbBrg 0.012 0.31  0.16 0.3[99] 0.2[99]
Csy T1Sblg 0.022 0.23  0.13  0.23[99] 0.18[99]
CsyAuAsClg 0.046 027 0.35

RbyAuShClg 0.048 028  0.34




Table B.4 — continued from previous page

This work Previous calculations

Compound Ejn.i(eV/atom) m, my, m, my,

KyAuSclg 0.000 0.25 0.62

RbyAuSclg 0.000 024  0.63

CsyAuSclg 0.000 0.23 0.64

CsoInGalg 0.018 0.22 0.51

RbsoInInBrg 0.003 0.26 0.56

CsoInlnBrg 0.000 0.27  0.58

RbyTITIClg 0.031 0.34  0.65

RbyTIT1Brg 0.026 0.25 0.55

Cso TIT1Brg 0.001 0.26 0.58
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Table B.5: 30 AsMM’' X4 compounds identified from screening for candidate solar absorber mate-
rials. Chemical formula, category, calculated SLME at L = 1um, PBE band gap(E,), PBE direct
dipole allowed band gap(EZ“) for each compound are listed below.

Formula Category SlIl:l?:%/I]*(}%a)t E, (eV) E! (eV)
CsyAgInClg 1 5.44 2.58 2.58
RbyAgInClg 1 6.34 2.53 2.53
KyAgInClg 1 6.83 2.49 2.49
CsoAgInBrg 1 22.46 1.51 1.51
RbyAgInBrg 1 23.36 1.45 1.45
RbyInSbBrg 2 16.58 0.47 0.47
CsyInAsBrg 2 20.20 0.56 0.56
CsoInSbBrg 2 23.90 0.67 0.67
CsoInBiClg 2 24.92 1.81 1.81

Cso T1Bilg 2 26.62 1.71 1.71
RboInBiClg 2 27.23 1.69 1.69
CsyT1AsBrg 2 27.70 1.65 1.65
Csy TISbBrg 2 27.73 1.65 1.65
Rb,T1AsBrg 2 29.28 1.54 1.54
RbyInAsClg 2 30.42 0.95 0.95
Cs2InBiBrg 2 31.87 1.14 1.14
RboInSbClg 2 31.90 1.13 1.13

CsyT1AsIg 2 32.08 1.30 1.30

Csy T1Sblg 2 32.16 1.23 1.23
Cs AuAsClg 3 5.57 0.97 2.22
Rbs AuSbClg 3 5.73 1.03 2.27

KoAuSclg 4 8.80 2.01 2.51
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Formula Category 1m (%) E, (eV) Ei (eV)
RbyAuScl; 4 0.87 2.00 9.34
CsyAuSclg 4 10.40 1.98 2.31
Rby TITIClg ) 9.86 1.85 2.50
CsyInGalg 5 11.12 0.78 1.51
CsoInInBrg 5) 11.15 1.58 2.29
RbyInInBrg ) 12.48 1.43 2.12
RbyT1T1Brg ) 12.60 1.01 1.73
Cso TIT1Brg 5) 15.25 1.09 1.71
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Table B.6: 30 A;MM’' X4 compounds identified from screening for candidate solar absorber ma-
terials. Chemical formula, category (see main text for definition), least stable phonon frequencies
(fmin, THz), g-point of least stable phonon, least stable phonon frequencies at I' (1, THz),
energy difference between the cubic structure and the distorted structure induced by the imagi-
nary phonon mode at I' (AE = Eypic-Edistorted, meV /atom) and the space group of the distorted
structure for each compound are listed. Note that negative frequencies represent the magnitude
of imaginary frequencies for unstable phonons. For those compounds with missing entries in the
sixth column, the magnitude of f,,;, and f,,;, r are large and they are considered unstable, so the
energies of the distorted structures are not calculated.

Formula Category fin g-point frinr AE :f:lfg
Csy AgInClg 1 -0.00 r -0.00 -0.02
RbyAgInClg 1 -1.30 r -1.30 5.25 Pi
KoAgInClg 1 -1.84 r 1.84  23.07 P1
CsoAgInBrg 1 -0.20 r -0.20 -0.00 P1
RbyAgInBrg 1 -198.11 W -170.47 NaN P1
RbyInSbBrg 2 -43.91 L -31.74 NaN P1
CsoInAsBrg 2 -0.00 r 0.00 -0.00
Cs2InSbBrg 2 -0.52 r -0.52 2.60 P1
Cs,InBiClg 2 1.14 r 1.14 8.23 P1

Cs, T1Bilg 2 -0.64 r -0.64 15.70 P1
RbyInBiClg 2 -1.55 r -1.55 31.75 P1
CsyT1AsBrg 2 -0.52 r -0.52 1.61 P1
Cs, TISbBrg 2 -0.76 r -0.76 8.98 P1
RbsT1AsBrg 2 -0.92 r -0.92 17.06 P1
RbyInAsClg 2 -137.94 r -137.94 NaN Fm3m
Cs2InBiBrg 2 -0.70 r -0.70 6.76 P1
Rb,InSbhClg 2 -1.44 r -1.44 23.01 P1
CsyT1Aslg 2 -0.44 r -0.44 3.08 P1

Cs,T1Sblg 2 -0.60 r -0.60 10.52 P1




Table B.6 — continued from previous page
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Formula Category fin g-point frinr AE :f;fs
CsAuAsClg 3 -4.99 L -0.00 0.02
Rby AuSbClg 3 -3.51 L -1.16 24.80 P1
KyAuSclg 4 -243.35 L -109.07 NaN P1
RbsAuSclg 4 -15.76 r -15.76 NaN P1
CsyAuSclg 4 -0.54 L -0.41 46.19 P1
RbyTITIClg 5 -1.61 r -1.61 29.06 P1
CsoInGalg 5 -0.38 r -0.38 1.11 P1
CseInInBrg 5) -0.56 T -0.56 2.32 P1
RbsoInInBrg 5 -0.94 r -0.94 18.81 P1
RbyTIT1Brg 5 -0.97 r -0.97 28.50 P1
Cs, T1T1Brg 5 -0.70 r -0.70 6.81 P1
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