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Abstract

One of the possible solutions to the world’s rapidly increasing energy demand is the
development of new Photovoltaic device and photoelectrochemical cells with improved
light absorption. This requires development of new semiconductor materials which have
appropriate bandgap to absorb a large part of the solar spectrum at the same time as being
stable in both the ambient and aqueous environments. Here, to the best of our knowledge,
we showed computational identification of relevant fully inorganic ternary perovskites
materials based on electronic structure calculations for the first time. Our first principles
calculations were based on DFT as implemented in the VASP program. The identification
is based on an efficient and reliable way of calculating semiconductor band gaps. We
found that these materials are suitable for solar cell purpose since their optical bandgap
ranged from 1.54 — 2.33 eV-computational calculation and 1.42 -1.93 eV-experimentally
determined, which is similar to the CH3NH3Pbls hybrid perovskites. The outcome of the
identification includes new ABXs type materials: CuPbl;, CuPbBr;, CuPbCl; and
AgPbX3, which warrant further experimental investigations. These materials are direct
bandgap materials, which are suggested to absorb broad solar spectrum with distinct

advantages in terms of its environmental stability.
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Introduction
Currently, the area of photovoltaics become revolutionized by newly emerging solar cells,

organometal halide hybrid perovskites solar cell with its most recent efficiency jumps
from 23%" into 29.15%.2 Remarkably, CHsNH3Pbls-based perovskites have very long
electron and hole carrier diffusion lengths, high optical absorption, unique defect
properties.>* Furthermore, recent theoretical and experimental results have shown that
CH3NH3Pbl; exhibits ambipolar self-doping properties: both good p-type and n-type
conductivities can be realized by manipulating the growth conditions.”> Beside the
exceptional high efficiency and Voc, lead halide perovskites are also capable of bandgap
tuning from about 1.5 eV (CH3NH3Pbl3) to 2.2 eV (CH3NH3PbBr3) by changing the
compositions of perovskites.® This capability makes lead halide perovskites as ideal
candidates for all perovskites thin-film tandem cell and other optoelectronic device

applications.

However, until now, it has been known that for all their gains in efficiency, organometal
halide hybrid perovskites have faced stability challenges’ due to presence of defects,
disorder and heterogeneity on photoexcited carrier dynamics.® Mixed-cation perovskites
solar cells have consistently outperformed their single-cation counterparts in both
efficiency and stability cases. The first perovskites device to exceed 20% power
conversion efficiency was fabricated with a mixture of methylammonium and
formamidinium® and improved stability.*>*! Recent reports have shown promising results
with the introduction of cesium mixtures, enabling high efficiencies with improved
photo-, moisture and thermal stability.> McGehee? reported exceptional stability for new
perovskites recipes that replace an organic component called methylammonium with
formamidinium or the element cesium. The combination of the more stable perovskite
and the protection provided by the ITO layer allowed the cells to operate for more than
1000 hours in air and 40% humidity without significant degradation. When encapsulated
to protect them from moisture, these cells showed no sign of degradation for six weeks,
even when exposed to temperatures of 85°C and a relative humidity of 85% for 1000
hours, a standard test of durability. “Panels that pass it usually will not fail due to heat
and humidity over 25 years outside,” McGehee says.lz’1 The increased moisture and

thermal stability are especially important for various reasons including deposition of
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metal oxide contacts through atomic layer deposition*® or chemical vapour deposition
that may require elevated temperatures or water as a counter reagent. With all these
concerns, it is reasonable to find an alternative perovskites material that can improve the
photo-, moisture and thermal stability issues of methylammonium based organolead
halide hybrid perovskites solar cells. This is due to the reasons that methylammonium
cation is weakly stable towards moisture and thermal treatments and it is more preferable

14-15

to find materials with reasonable stability and relatively high efficiency for practical

applications.’

The materials community is currently witnessing a fundamental change in the way novel
materials are designed and discovered. A steady increase in computational power,
accompanied by developments in quantum theory and algorithmic breakthroughs that
allow for efficient yet accurate quantum mechanical computations, opens the door to
computing properties of a wide range of materials that once seemed prohibitively
expensive. As a result, explorations of the vast chemical space are increasingly being
pursued and have significantly aided our intuition and knowledge-base of material
properties. In our previous work we synthesized bulk crystals of MAPbI3.® We, herein,
investigated crystal structure, electronic and optical properties of CuPbls, CuPbBrs,
CuPbCl; and AgPbl; fully inorganic new perovskites for the first time, with the purpose
for more stable and optimal light absorption compared to the methylammonium based
organometal halide perovskites. First Principles calculations were performed based on
DFT calculation as implemented in the VASP program during which the spin-orbit effect
was neglected. These materials are direct bandgap material, which allow direct band to
band transition with theoretically calculated tunable bandgap ranged 1.54 eV-2.33 eV
(theoretically calculated) and 1.42-1.93 eV/(experimentally determined). This suggests
that these materials are suitable for photovoltaic and other optoelectronic device
applications such as laser, light emitting diode and photovoltaic devices, which require

direct band to band transitions.
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Result and discussion

Crystal structures/Geometric properties: Previous reports indicated that ABX3 type
compounds show various phases under different temperatures, but in the high
temperature phase, all adopt a cubic perovskites structure’’, with a three-dimensional
framework of corner-sharing BXg octahedron. Figure 1 shows the crystal structure for
cubic CuPbls perovskites. The primitive cell of this perovskites is consisting of corner-
linked Pbls octahedral of the iodine atoms, with the Pb cation at their center and the Cu
cation between them.'® The structure of CuPbl; was relaxed first and the obtained lattice
constant for this cubic material is 6.405A after optimization with o =y = = 90.0° for the
unit cell shown in Figure 1a. Volume of the cell is 6.405 "2 A™. The bond lengths obtained
from the relaxed structure are: Pb — I: 3.21, Pb — Pb: 6.42, Pb — Cu: 5.55, Cu — I: 4.53,
Cu — Cu: 6.41, | — I: 453 A as well as the effective coordination number is 6.00. The

obtained space group was also determined to be Pm-3m. The calculated crystal structure

parameters are presented in Table 1 Summary of crystal structure parameters

Figure 1 a) Unit cell and b) crystal structure for cubic CuPbl; perovskites, with blue
color is Cu, purple is iodine and dark gray one is lead.

The tolerance factor is invented by Goldschmidt to describe the perovskites structure by
taking three types of spheres in a perovskites-structure into account. Since the ionic radii
are generally known, a tolerance factor can be calculated, that indicates the degree of
compatibility of a given set of ions with the ideal, cubic perovskites structure. This
relationship was first explored by Goldschmidt, in 1926, who suggested that it could be

used to predict the likelihood that a pair of ions would form a perovskites structure phase.
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The t value >1 implies the A cation is too large to fit in to their interstices and possible
structures are hexagonal polytype; t = 0.9-1.0 indicates ideal condition with cubic
perovskites; 0.71-0.9 —A cations are too small to fit in to their interstices with several
possible structures such as orthorhombic and rhombohedral variants and t< 0.71 indicates
A and B ions have similar ionic radii with possible close packed structures. For this
purpose, it is assumed that for a stable structure to form the cations, just touch the
surrounding anions (Goldschmidt’s rule), then: t = (ra + rx)/(rs + rx) = 2 or, where t is
called the tolerance factor, ra is the radius of the cage site cation, rg is the radius of the
octahedrally coordinated cation and ryx is the radius of the anion. Goldschmidt’s proposal
was that a stable perovskites structure phase would form if the value of the tolerance
factor, t, was close to 1.0. However, this is applicable at room temperature to the empirical
ionic radii. The tolerance factor for CuPbl; at room temperature is 0.801 nm which could be
tetragonal structure. The cubic unit cell edge, a, is equal to twice the B—X bond length:
2(B—X) = a. The width of the cuboctahedral cage site, \2a, is equal to twice the A—X
bond length: 2(A-X) = V2a. This means that the ideal structure forms when the ratio of

the bond lengths is given by: (A-X)/(B-X) = V2. .Because many perovskites structures

have been described, it is now usual to use the measured bond lengths in the crystal rather
than ionic radii to give an observed tolerance factor tops: tops = (A-X)/N2(B-X), where
(A—X) is the average of the measured bond lengths between the A cation and the
surrounding 12 anions and (B—X) is the average of the measured bond lengths between
the B cation and the surrounding six anions. For CuPbl; perovskites, a is 2x3.2025 =
6.405A, width of the cuboctahedral cage site is 2x4.53 equal to 9.06 A and the tolerance
factor given by the average bond length is 1.00 for all the perovskites materials. The
stable structure is cubic structure for this material at high temperature. Error! Reference
source not found. shows cubic crystal structures of CuPbXs; derived by replacing
CH3NHs" cation using Cu®. The calculated X-ray diffraction pattern of CuPbX3 (X =1, Br
& CI) is presented in Figure 2 the diffraction patterns are observed shifting towards
higher 2Theta values. This indicated that the volume compression due to the decrease of
ionic radii from iodine to chlorine. Thus the volume of the unit cell depends on the Pb-X
bond length and radius of the halogens. As shown from Table 1 the volume of the cell is
observed to decrease from 262.76 A™t0181.94 A™. Similarly, the cubic crystal structure
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and diffraction pattern for partial replacement of iodine are presented in Figure S3 and
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showed similar behavior.

Figure 2 Simulated X-ray diffraction pattern: a) CuPbl; (black line), b) CuPbBr; ( red
line) and CuPDbCl; ( blue line). The black arrow indicated the shift of diffraction pattern
with variation in halogen atoms, verifying the volume compression from | to ClI
containing CuPbX3 perovskites due to shrink of Pb-Cl bond length compared to Pb-I
bond length. We first relax the structures of all the cubic ABX3 type compounds. The
obtained lattice constants are shown in Table 1. We find that the lattice constants of ABX3

increase with increasing the size of X from CI, to Brand I.

Table 1 Summary of crystal structure parameters

Perovskites | Lattice parameter | Unit-cell | Space Bond Bandgap,
type volume | group | length/ A Eg, eV
CuPbl, a=b=c= | o=p=y= | 262.76 A® | Pm-3m | Pb-1=3.20 1.56%1.42"
6.405 90.00 Cu-1 =453
Pb-Cu =5.54
CuPbBr; a=b=c= | o=p=y= | 21253 A" | Pm-3m | Pb-Br=2.98 1.88%1.83
5.96 90.00 Cu-Br=4.21
Pb-Cu =5.17
CuPbCl; a=b=c= | o=p=y= | 181.94 A | Pm-3m | Pb-Cl=2.83 2.33Y1.93°
5.66 90.00 Cu-Cl =4.00
Pb-Cu =4.91
AgPbl, a=b=c= | o=p=y= | 26276 A® | Pm-3m | Pb-1=3.20 1.57
6.4025 | 90.00 Cu-l = 453
7
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Pb-Cu =5.54

AgPbBr; a=b=c= | o=p=y= | 212.54A° | Pm-3m | Pb-Br=299 | 1 1.88
5.97 90.00 Ag-Br =4.22
Pb-Cu =5.18

AgPhCl; a=b=c= | o—p=y= | 183.44A° | Pm-3m | Pb-CI=283 | 1 234
5.68 90.00 Ag-Cl =4.01
Pb-Ag =4.92

and ” theoretically and experimentally calculated bandgap, respectively.

Electronic and optical properties of CuPbX3: Based on the relaxed structures, we first
calculated the band gap of these materials, which is the key quantity for selecting solar-
cell materials. Figure 3a presents the band structure and the partial density of states
(PDOS) for cubic ABX3 like structures of CuPbX3. The valence band maximum (VBM)
consists of the Pb 6s and X p orbitals, whereas conduction band minimum (CBM) is
dominated by Pb 6p orbitals. Furthermore, these materials showed direct bandgap ranged
from 1.56 -2.33 eV. The top of the valence band is located at the R symmetry point in the
first Brillouin zone. The reported band gap value of hexagonal CuPbls thin film deposited
by solution based method and high vacuum method indicated 1.82%° and 1.64 eV?,
respectively. This optical band gap value also agrees with the band gap value calculated
for phase change in CH3NHsPbl; by UV-Vis spectroscopy.? It is also reported that the
presence of methylammonium cation or Cs* does not affect the band gap region? and it is
the inorganic component of lead halide perovskites that play a dominant role in
ascertaining the band gap energy.?*?® Similarly, it has been reported that replacement of
CHsNH;" or Cs* by a univalent transition d*° metal ions, e.g., Cu® did not affect the band
gap.? Naeem et.al. revealed that the role of Cu® with d*° configuration is just to balance
the charge (Cu acts just as a charge donor here) and does not have any important
contribution for the conduction and valence band states except for donating one electron
to the Pb-l framework as is reported for CH3NH;" and Cs* ions in CH3NHsPbls and
CsPbls, respectively.?? However, our result is opposite to their conclusion that Cu is
predictable to directly influence the electronic properties, e.g. Cu™ has contributions to
the band edges of the CuPbX3 materials. Figure 3 shows the PDOS of the Pb 6s, Pb 6p,
Cu 4s, Cu 3d and | 5p states. From the PDOS onto the Pb 6p and | 5p orbitals, it can be
seen that the upper valence bands are predominantly contributed by Cu 4d and I 5p as
well as the band above Fermi level is dominated by Cu 4s and | 5p hybridization, while

the lower conduction bands are predominantly contributed by Pb 6p orbitals. Those
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orbital components of each band can be seen more clearly in PDOS shown in Figure 3a-c.
Complex bands between —3 and —1.5 eV are composed of | 5p and Cu 3d orbitals mixed
slightly with Pb 6p and Cu 4s as hybridizing states. Furthermore, due to the hybridization
of Cu 4s and X p orbitals the electron density at the Fermi energy is delocalized over the
entire crystal. An important point is the existence of the bonding band of Cu 4s and | 5p
above the Fermi energy should govern the transport and conductivity properties of the
system. Importantly, through the sequence CuPbCl;, CuPbBrs;, and CuPbls;, the P and d
levels approach one another, causing an increase in the P-d mixing. In our model, an
increased mixing of P-d should decrease the width of the lower P band, a fact which is
probably compensated by the increased spin-orbit interaction in going from CuPbCl; to
CuPbls.

Because of the antibonding nature of Pb—I*®

, the charge densities are localized at the
VBM and CBM. Typically, when the band edges are composed of d orbitals, the
absorption coefficient is large because the localized 3d orbital have a high DOS arising
from their high degree of degeneracy. For the partial replacement of iodine by bromine
and chlorine, the band structure of these materials changed into indirect bandgap as
shown in Figure S3. This change of band structure from direct into indirect band structure
may be due to the compression happening by the replacement of large iodine ion by small
bromine and chlorine ions. Thus, the absorption coefficient for CuPbl; has been reported
at 1.64 eV is 1.63x10° cm”, which is quite suitable for direct electronic transitions. The 3d
level of Cu plays an important role in the electronic properties of CuPbX3. The spatial
extent of the d levels is large, and their energies are close to those of the P levels of the
halogen. The P and d levels can, therefore, hybridize and thus significantly alter the
chemical behavior of these compounds and hybridization of |1 5p + Cu 4s lifting the
valence band towards more positive and play a crucial role in tuning the energy band
structure (band gap, band edge, and bandwidth, etc.) and, thus, in tailoring the optical

properties.
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Figure 3 Band structure and PDOS of the pseudocubic a) CuPbls, b) CuPbBr; and c)
CuPbClj; structures. The energy zero is at the VBM and the spin orbit coupling effect was
not considered. Blue arrows are Fermi level at 0 eV. The participation of Cu 3d orbital in

the valence band decrease from | to CI.

Electronic and optical properties of AgPbX3: The band structure and DOS for AgPbl;
were calculated using similar computational approach and this material has shown direct
band gap (1.57 eV i.e larger than the bandgap for CuPbls) indicating bandgap increase
with size of A cation increase in ABXj structure. Its band structure and DOS are shown
in Figure 4. Ag 4d orbital was not participating in AgPbls; valence band formation, while
Cu 3d orbital was participating in CuPbX3 valence band formation. The Ag 4d orbital

was observed in the more negative energy and almost its interaction with | 5p was
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negligible. However, Ag 4s was interacting with 1-5p orbital above the Fermi level,
tuning the band gap and reflects AgPbl; is p type semiconductor material due to the
empty band Ag 4s hybridizing with | 5p above the Fermi level. For AgPbls, the CB is
composed of the empty Pb 6p, whereas the VB is composed of the hybridized (I 5p, and
above the Fermi level is (I 5p + Ag 4s orbitals) hybridization, with hybridization of | 5p +
Ag 4s play a crucial role in tuning the energy band structure (band gap, band edge, and
bandwidth, etc.) and, thus in tailoring the photophysical and optical properties.

Replacing iodide ion by bromide and chloride increased both the bandgap energy (1.57
eV to 2.33 eV) and the participation of d orbital in the valence band as shown in Figure

4a and 4b. This is opposite to the participation of Cu 3d orbital in CuPbls, which was
observed decreasing its participation when iodide ion replaced by bromide and chloride.
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Figure 4 Computational study of AgPbXs: a) Crystal structure, b) simulated X- ray
diffraction c¢) band structure and PDOS of the pseudocubic AgPbXjs structures. The
energy zero is at the VBM. Band structure calculation was without considering spin orbit

coupling effect.

Effect of Aand X Size on bandgap and optical properties of APbX3 (A =Cu, Ag, Cs
and CH3NH3+)

Figure 5 shows the effect of size on the optical bandgap of ternary lead halide
perovskites. We observed that the band gap increase with increasing size of A ions and
decreasing size of X ions. These chemical trends are important to understand and
optimize this type of solar cell absorbers materials. We explain these trends by the above
band structure analysis shown in Figure 3, Figure 4 and Figure S5: (i) Band gap
dependence on the A ion and X ions. As Cu and Ag ions have contribution to the states
near the Fermi surface, it affects the band gaps directly by modifying the valence band
and indirectly by modifying the lattice constants of CuPbX; and AgPbXs, But, Cs™ and
CH3NHs" cations affect the band gap only indirectly by modifying the lattice constants of
CsPbX3 and CH3NH3PbXs.
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Figure 5 Effect of size of A cation and X anion on the bandgap of APbX3 (A= Cu, Ag, Cs
and CHsNH;" and X = I, Br, & Cl).

Since the size of Cu and Ag are almost similar and smaller than Cs and CHsNH;3", the
lattice constants of CuPbX3; and AgPbX; are very close and smaller than CsPbX3 and
CH3NH3PbXs;. Then the smaller lattice constant caused by the smaller size of A can
increase the strength of the Pb s—X p hybridization due to the smaller Pb—X bond.
Because the VBM is an anti-bonding state of the hybridization, it is shifted down in
energy when the coupling decreases, thus explaining the increased band gap with A varies
from Cu to CH3NHSs. (i) Band gap dependence on the X ion. Since the VBM contains
some X p characters and the energy levels of the p states of the X ions decrease from | to
Cl, the VBM down-shifts and the band gap becomes larger from | to Cl. Based on these
chemical trends, we can use band structure engineering methods to flexibly tune the
electronic properties of this kind of materials, i.e., by forming alloys between them, it is
possible to find or design new solar cell absorbers with better performances. Therefore,
we can conclude that CuPbX3; and AgPbX3 are potential candidates as good solar cell
materials similar to CsPbX3 and CH3NH3PbX3 perovskites.

As CuPbls, CuPbBrs, CuPbCls, AgPbls, AgPbBr; and AgPbCl; are more promising new
ternary perovskites materials for solar cells absorber and many other optoelectronic
devices from the viewpoint of band gap as shown in figures 5 and 6, now we focus on
these materials and compare their experimentally determined optical properties. Possibly
the most excellent attribute of methylammonium cation based hybrid perovskites is that
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their band gap can be tuned widely from the blue to the red spectral regions. Similarly,
Cu+ and Ag+ cation based inorganic ternary perovskites have band gap tunable over wide
range of blue to red spectral region. Such range is accomplished by replacing the halide.
The valence and conduction bands of methylammonium cation based perovskites are
determined by the Pblg inorganic octahedron. The organic cation does not contribute to
these bands but modulates the band gap by modifying the lead-halide bond distance;?’*®
as a result, the shifts produced by substituting the organic cation are less pronounced than
those produced by substitution of the halide.”” The full tunability of the band gap for

CH3NH3PbX; has been demonstrated for I-Br compositions® 2°

and strongly suggested
for Br— Cl compositions.®**! The valence and conduction bands of Cu* and Ag" based
ternary perovskites are not only determined by the inorganic Pblg octahedron, but also by
the Cu™ and Ag®. The role of Cu™ and Ag" is not only to modulate the band gap but also
by tuning the band structure. Therefore, we demonstrate the full tunability of CuPbX3 and
AgPbl; and we compared them with the results obtained from our calculation of CsPbl;
and CH3NH3Pbl; perovskites as shown in Figure 5. Changing the I-Cl ratio does not
yield a change in band gap because of their much larger difference in ionic size.* Instead,
phase segregation results.®* However, changing in 1-Br (CuPbl,Br) and I-CI (CuPbl,Cl)
ration change the direct band gap behavior of the cubic CuPbl; into indirect band gap

behavior without phase segregation.

a) b) c)

(FR(hV))’

N Eg=1.93 ¢V
Eg=183eY Eg =142 eV

12 15 18 21 24 27 30 135 140 145 150 155 1.60 15 18 21 24 27 30
Photon energy/eV Photon energy/eV Photon energy/eV
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Figure 6 Experimentally determined band gap for a) CuPbBr3, b) CuPbl; and c¢) CuPbCl;
Summary

The materials community is currently witnessing a fundamental change in the way novel
materials are designed and discovered for photovoltaic and other applications. A steady
increase in computational power, accompanied by developments in quantum theory and
algorithmic breakthroughs that allow for efficient yet accurate quantum mechanical
computations, opens the door to computing properties of a wide range of materials that
once seemed prohibitively expensive. We investigated Crystal structure, electronic and
optical properties of CuPbls, CuPbBr; and CuPbCl; and AgPbl; material for fully
inorganic perovskites solar cell application using computational methods. We found that
these materials are suitable for solar cell purpose since their optical bandgap ranged from
1.54 — 2.33 eV by computational calculation and 1.42-1.80 eV by experimentally
determined, which is similar to the CH3NH3Pbls hybrid perovskites. Furthermore, the
VBM consists of the Cu 3d and halogen p orbital, whereas CBM is dominated by Pb 6p.
Cu® has not only similar role for charge balance like the CHsNH3" cation, but also
participating in valence bad formation, verifying that it has great contribution to the
optical and electronic properties. However, Ag" participation in VB is less compared to
Cu" due to the weak interaction of Ag 4d and halogen p orbitals observed. Their
similarity is both Ag 4s and Cu 4s hybridized with halogen p orbitals above the Fermi
level, tuning the band structure. Due to its direct bandgap and possibility of direct
transition in this material, it is also expected to be suitable material for laser and light
emitting device applications. This fully inorganic ternary metal (1) lead halide perovskites
may be promising candidates for addressing the challenging issues regarding
methylammonium lead halide perovskites such as instability in the presence of moisture

and ambient atmosphere in general.
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