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AB INITIO CALCULATIONS OF BAND GAPS
OF CsPbl; AND RbPbI; HALYDE PEROVSKITES

B. K. Abdykadyrov, N. Zh. Takibaev
Kazakh national university named after Al-Farabi, Almaty, Kazakhstan. E-mail: abkxat@gmail.com
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Abstract. We have performed first principles density functional calculations of CsPbl; and RbPbl; halyde
perovskites. Lead halide perovskites have attracted great interest because of rapid improvements in the efficiency of
photovoltaics based on these materials. To predict new related functional materials, a good understanding of the
correlations between crystal chemistry, electronic structure properties is required. Used approach is density
functional calculations with the Perdew, Burke, and Ernzerhof method of Generalized Gradiend Approximation
(PBE-GGA) and the projector-augmented-wave method as implemented in VASP. Their characteristics in cubic
phases were determined along with calculation of the forbidden band widths. For cubic phases of the CSPbl; and
RbPDI; - type perovskites crystalline structures forbidden band widths are 1,45 eV and 1,78 eV respectively. The
calculated parameters are found to agree well with the experimental data.

INTRODUCTION

Current development of computer technologies allows to set up computational experiments and make
them an integral part of modern research.

Researchers therefore have got practical capabilities for simulation of both ideal crystals and
structurally imperfect real crystals and artificial compounds [1].

Interest to study such compounds is related to their potential practical applications in, for instance,
solar power generation [2].

ABM;-type perovskites are intensively studied due to their various promising electronic, electro-
mechanic and conductive properties for numerous and diverse applications [3]. One of the important
application areas for these perovskites is laser systems: a large cation A in the perovskite structure can be
Nd (IIT) and Sm (III), which are the main laser ions [4].

Since the particular attention is paid to solar power generation, we have to mention works performed
in Oxford University where thin film solar cell has been created with light absorption for 15 % better than
that of the best silicon-based cells [5]. This thin film solar cell of the new generation has been created
based on an organo-metallic crystalline semiconductor material called perovskite. It is reported that the
new cells have simple design and can be easily large-scale produced employing available precipitation
process currently used in production of silicon solar cells. Group of the University of Oxford [5] created a
thin film solar cell based on a new class of perovskite compounds.

The first study of ABM;-type perovskites performed within the density functional theory by Muller
on the CsPbl; [6]. After that, many works further developed the computational methods up high levels of
precision. There are extensive analytical works devoted to specific materials and compounds [7]. As an
example we can refer to calculations [3] where structure and optoelectronic properties of CsPbM; (M=CI,
Br, I) perovskites were determined. The structure and electronic properties were calculated with Wien2
software code employing the method FP-LAWP (full potential linearized augmented plane wave method).

In the present paper we calculated structure and electric properties of CSPbl;, RbPbl; perovskites in
cubic phase. The calculations were performed with VASP software employing the method GGA-PBE.
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Objective of the present work is to test the calculation methods and compare the results on CSPbl;,
RbPDbI; perovskite structures in cubic phases with the previously obtained data with using different
methods [2, 3, 6].

CALCULATION

Perovskite is usually crystallized in rhombic crystal system (pseudocubic). So, in the
pseudoisometric coordination structure of TiCaO;, perovskite, each Ca atom is surrounded by 12 oxygen
atoms occupying a cuboctahedron vertexes, and Ti atom is in the octahedral coordination. There is a
characteristic hatching on the pseudocubic faces parallel to the edges [8].

Our calculations and ABM; numerical simulations showed that the crystalline structures of the
perovskites CsPbl; have the following characteristic varieties (phases): cubic phase (Fig. 1), tetragonal
(Fig. 2.a) and orthorhombic phase (Fig.2.b).

These phases demonstrate different characteristics - width of the energy gap and lattice parameters.

) CS, Rb

N

\-.)Pl

&1

Figure 1 — Pm-3m crystal structure of the CsPbl; RbPbl; perovskites (visualized in VESTA software)

Due to peculiarities of their structure, perovskites can reveal ferroelectric, ferromagnetic and super-
conducting properties [4]. In perovskite structure A-atom represents a large sessile cation. The B atom has
smaller size and can move. Perovskite can be in cubic or in non-cubic phase. Non-cubic phases are
achieved by a shift of atoms or by octahedral tilt.

a) tetragonal phase SG 123 b) orthorhombic phase SG 62

Figure 2 — P4/mmm tetragonal structure and Pmc2; orthorhombic structure of CsPbl; and RbPbl; perovskites

The pseudopotentials method in the software package VASP was applied in this work for opti-
mization of the lattice geometry and obtaining the equation of state (EOS). The method GGA-PBE was
used for the perovskite CSPbl; in cubic phase [9]. We considered the following valence electron
configuration: 5s>5p°6s' for Ce, 4s’4p°Ss' for Rb, 5d'%6s’6p” for Pb, and 5s*5p° for I. The electronic wave
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functions were expanded with plane waves up to a kinetic-energy cutoff of 400 eV except for structural
optimization, where a kinetic energy cutoff of 520 eV has been applied to reduce the effects of Pulay

stress. The momentum space integrations were performed using a 5 x 4 x 4 I'-centered Monkhorst-Pack k-
mesh [29].

RESULTS AND DISCUSSION

The total energy vs volume with a given space group for one perovskite formula unit cell is
calculated to show the equation of state diagram, and at each given volume, the cell shape and internal
atomic coordinate was fully optimized. Calculated EOS of the optimized CSPbl; and RbPbl; perovskite

structures are presented at Fig.3. The structure demonstrates that that most stable phase in CsPbl; and
RbPbl; is orhorhombic.

' ‘A "—A— Cubic ' | . . .
\ —®- Tetragonal A —A— Cubic
-13.6F A  —8—Orthorhombic /A 1 —m- Tetragonal
’>'\ 2 o \ A -1381 m —@— Orthorhombic 1
[5) \ A / [« Y N A
= \l ° \k /A/A % \\ A /
5138} \ o aA e {1 2 \ \ \ p
g n ‘e ad o0 ° " A /
i3 N\ e o 2140t N N\ /‘.
S -14.0} \ *-0-e" m 1 K . AN /‘ﬁ
3 N g = N A=Ay
= B pg-N 5 L] w
= .\ “m - ,/.
-14.2 L L L L L L .\O—D./.
200 220 240 260 280 300 -14.2 —
Volume (A% 220 240 260 280 300
Volume (A%)
a) CSPbl; b) RbPbl;

Figure 3 — Total energy vs volume of the CSPbl; and RbPbl; perovskite structures

Calculated zone-energy structures of CSPbl; and | RbPbl; perovskites in cubic phase are presented at
Fig.4. and Fig.5 The structure demonstrates direct transition. The valence band maximum and the
conduction zone minimum are located in the G point of the Brillouin zone

The top of the valence band at 1.1056 eV is located in the point 0 0 0. The minimum of the
conduction zone 2,5710 eV is located at 0 0 0 in reverse coordinates. Direct transitions are therefore
permitted and an electron can emit photon directly. The energy gap width (Eg) was found to be - 1.11 eV.

> 2 '
N | 1,45¢eV
>
C%D 0 \ T T
Lﬁ é
2F —— ;
r R X r M TS0 100
DOS
states/eV/atom

Figure 4 — Band structure of the Pm-3m cubic phase of the CsPbl; perovskite
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Calculation outcomes are presented in Table below along with data of other scientists.

Lattice parameters, energy gap width

Structure(authors) Cryst. Group Lattice parameter (A) Energy gap width, E,(eV)
CsPbl; This work) 221 6.34 1.46
RbPbI; (This work) 221 4.14 1.78
CsPbl;Murtaza) [3] 221 6.18 1.3
CsPbl;Other exp.) [10] 221 6.29 1.1

>

1,78 eV

e

Energy (eV)

<K

M 50 100

)1
=
>
)1

DOS
states/eV/atom

Figure 5 — Band structure of the Pm-3m cubic phase of the RbPbl; perovskite

The top of the valence band at 1.245 eV is located in the point 0 0 0. The minimum of the conduction
zone 3,0292 eV is located at 0 0 0 in reverse coordinates. Direct transitions are therefore permitted and an
electron can emit photon directly. The energy gap width (Eg) was found to be — 1.7842 eV.

CONCLUSION

In summary we examined the structural and electronic properties of CSPbl; and  RbPbl; perovskites.
The method used for simulations and calculations describes quite well the structure properties of the
CSPbl; and | RbPbl; perovskites and provides satisfactory results for the energy gap width. It was
determined that the structure of CsPbl; in cubic phase has the energy gap width is 1.465 eV. With of
forbidden zone in RbPblsis 1.7842 eV.
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CsPbl; M1 RbPbl; TAJTOTEHU/]I TEPOBCKUTTEP/IIH ThIMbIM CAJIBIHFAH
30HA EHIH AB INITIO ECENITEY

b. K. A6abikaabipoB, H. K. Taku6aen

KasHY um. ans-dapabu, rAnmarsl, Kazaxcran

Tipek co3ep: THIFbI3ABIK (QYHKIMOHAT TeOpusichl, VASP, 31eKTpOH bl 30HAIIBIK KYPBUIBIM.

Annoranus. CsPbl; u RbPbl; ramorenna mepoBckuTTep OipiHINI MPUHIUNTEPIEH THIFBI3ABIK ()YHKIIHOHAIBI
Heri3iHzae 3eprTenai. byn marepuanmapas! 3epTTey OChl MaTepHANIApAbIH KYH SHEPTEeTHKACHIHAA KEH KOJIAHBLTY
MYMKIiHIITiMeH OaitmaHbIcTel. MaTepuanaapabiH jkaHa (QYHKIIMOHANABIK KaCHEeTTepiH 0ODKay YIIiH ONap.IbIH dJIeK-
TPOHABIK KAaCHETTepi MEH KPHCTAIIOXHMHUSHBI 3epTTey MaHbpabl. Ecenrey VASP GarmapramachiHzia jKacaiFaH.
Perdew, Burke, u Ernzerhof Ttocimi, rpagueHTtTi )anmbuiama >KyblKTay oaici KoimaneurraH. CsPbl; u RbPbI;
TaJlOTeHN]] IEPOBCKUTTEP KYPBUIBIMIBIK KAaCHETTEPl aHBIKTANBII, 3JIEKTPOHABIK KacuerTepi ecenrtenred. CsPbl; n
RbPbI; nepoBCcKUTTEp/IiH ecenTeNreH ThIibIM CalblHFaH 30Ha eHi calikecinme 1,45 u 1,78 eV. Ecenrtey OapbicbiHIa
QJIBIHFaH HOTHKE IKCIIEPUMEHTAJIIbI MOJIIMETKE COMKeC Kele.

AB INITIO PACCUETHI IIIUPUHBI 3ANTPEIIEHHOM 30HbI
TI'AJIOTEHU /] HIEPOBCKHUTOB CsPbl; 1 RbPbl;

b. K. Adabikaabipos, H. 7K. Takubaen

KaszHY um. anp-Dapabu, Anmatel, Kazaxcran

Kimouesslie cioBa: teopust dynkunonana [InotHoct, VASP, anekTpoHHas 30HHAsA CTPYKTYypa.

AnHoTanusi. beun npoBeseHs! paccueTsl U3 MEPBHIX NMPUHIMNOB TanoreHus mnepockutoB CsPbl; u RbPbls.
WHTepec K U3y4EHUIO TAKUX COESANHEHUH CBA3aH C UX BO3MOXHBIMU IPAKTUYECKUMH NPUMEHEHHSMH, B YACTHOCTH,
JUISL ICTIONIb30BaHMS B COJIHEUHOH sHepreTuke. [yt mpencka3aHusi HOBBIX (DYHKIIMOHAIBHBIX CBOWCTB MaTE€pHalIOB
HEOOXOANMBI HCCIIEIOBAaHUS AIIEKTPOHHBIX CBOMCTB M KPHCTAIDIOXUMUU. Paccuer mpomsseneH B mporpamme VASP.
Hcnonp3oBanusiii moaxon Perdew, Burke, u Ernzerhof u merox O606miennoro I'paguentaoro [pubmmkenus (PBE-
GGA) u MeTtox MeToJ MPOEKINPOBAHHBIX AOMOJHEHHBIX IJIOCKAX BOJNH. OTpeneneHbl CTPyKTypHBIE CBOMCTBA Ta-
sorean nepoBckuToB CsPbl; m RbPbl; u paccumTaHbl WX 3JEKTPOHHBIE CBOMCTBA. 3HAYCHHME IIUPHUHBI 3arpe-
meHHoi 30HbI aist nepoBckutoB CSPbl; u RbPbI; B kyOuueckoit ¢aze 1,45 eV u 1,78 eV cooTBeTcTBEHHO.
[Tosy4eHHbIE pe3yabTaThl COTIACYIOTCS C AKCIIEPUMEHTAIbHBIMHU JIAHHBIMH.

Tlocmynuna 24.02.2015 .
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