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Electronic structures of lead iodide based low-dimensional crystals
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The electronic structures of three-dimensional and two-dimensional lead-halide-based cryghéits; i,
and (GHgNHs),Pbl, are investigated by photoelectron spectroscopy and band calculations using the linear
combination of atomic orbitals within the density-functional theory. For both crystals, the top of the valence
band is found to consist mainly of the-antibonding states of PbsGand | 5p orbitals, and the bottom of the
conduction band to be composed primarily of th@ntibonding states of Pbpéand | 5s orbitals. Photoelec-
tron spectra of the valence-band region indicate that the electronic structures change depending on the dimen-
sionality of the crystals. Based on the calculation results, the differences observed in the spectra are rational-
ized in terms of narrowing bandwidth as the dimensionality decreases from three to two dimensions. It is
shown that the bandwidth narrowing of the two-dimensional crystal is due to zero dispersion in the vertical
direction and the Jahn-Teller effect in the layered structure. These effects lead to a wideband gap and high
exciton stability in (GHgNH3),Pbl,.
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[. INTRODUCTION first-principles approach based on the Hartree-Fock thi&ory.
Those researchers estimated the theoretical binding energies
The physical properties of low-dimensiondlD) com-  of excitons in three-, two-, one-, and zero-dimensional
pounds have been investigated extensively because of t2lPC’s from the semiempirical calculation results. However,
unique phenomena that occur when interactions betweelfiere remains much work still to be done on the electronic
quanta(electrons, phonons, excitons, ¢tare confined to structures of OIPC's.
zero, one, or two dimensions. The large family of lead- In the present study, the authors focus on the effect of
iodide-based organic-inorganic  perovskite compoundgiimensionality on the electronic structures of the lead-
(OIPC'9 has also attracted much attention as a series dpdide-based  OIPC's  CiNHzPbl;  (3D)  and
unique optical LD materials? OIPC’s naturally form an LD (C4;HgNH3),Pbl, (2D). The electronic structures are investi-
quantum confinement structure of lead-iodide octahedrgated by ultraviolet photoelectron spectroscdpfPS, and
[Pb|6]*4 and organic alkylammonium chains. These self-first-principles band calculations are performed to aid the
organizing processes result in extremely precise confinemesliscussion related to dimensional effects.
structures on the angstrom order. This new class of materials
exhibits remarkable excitonic and optical properties depen-
dent on the dimensionalify.® In particular, the excitonic and Il. METHODS
optical properties of two-dimensioridD) single-layered
OIPC's (GHy,_1NH3),Pbl, (n=4-12) have been exam-
ined extensively. Due to the quantum and dielectric confine- In the UPS measurements, polycrystalline thin films of
ment effects, excitons are tightly confined in the lead-iodide OIPC’s on silicon(Si) substrates were used to prevent the
layers. These materials, consequently, have large binding esample from electrostatic charging. OIPC’s were synthesized
ergies (~400 meV) and oscillator strength~(0.7 per for- in a nitrogen gas atmosphere. Stoichiometric amounts of
mula uni) compared to the three-dimensional OIPC’s Pbl, and CHNH;l (3D) or C;HgNH;l (2D) were dissolved
CH3NH;Pbly. 28 in acetone, and the solution was spin coated onto the Si
Even though the effects of dimensionality on the excitonicsubstrates. X-ray-diffractio®XRD) patterns, photolumines-
and optical properties of OIPC’s are a frequent topic of in-cence spectra, and atomic force microscopiFM) images
vestigation, there have been few reports regarding the eleconfirmed that the thin films formed on the substrate were
tronic structures of OIPC’s. One notable exception is thepolycrystalline OIPC’s. UPS measurements were carried out
work of Papavassiliofi, who has analyzed the electronic at room temperature using a THERMO VG ESCALAB 250
structures of OIPC’s using band calculations by a semiempirspectrometer with helium | resonance lampfh o
ical method based on the extendedckel theory’ and a =21.2 eV).

A. Experiments
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B. Calculation Energy (V)
The linear combination of atomic orbitalt CAO) self-
consistent-field method implemented in therYSTAL98 ®) 9B 2A
codé! was employed to calculate the 3D and 2D electronic 2D UPS
structures. The calculations were based on the density
functional theory? (DFT) with the generalized-gradient
approximation:>1#As all-electron basis sets are not practical
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FIG. 3. UPS spectra df) 3D crystal CHNH;Pbl, and(b) 2D
crystal (GHgNH;),Pbl,. Upper edge of the VB was set to zero for

3 the initial-state energy.

Energy (eV)

from a computational point of view, the effective-core poten-
FIG. 2. UPS spectra af) 3D crystal CHNH4Pbl, and(b) 2D tial was used for the inner shells of Pb and | atdm¥. The

crystal (GHgNH,),Pbl,. Upper edge of the VB was set to zero for Gaussian basis sets adopted to describe Pb and | atoms have

the initial-state energy. already been described in the studies of Pd®ef. 17 and
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FIG. 4. Calculated band structures(af 3D crystal CHNH;Pbl; and(b) 2D crystal (GHgNH;),Pbl, along the high-symmetry lines in
the first Brillouin zone. The first Brillouin zone of the 3D and 2D crystals are indicatéd)iand (d).

Lil.*® The exponents of the most diffusp shells of each Two peaks, 2 and 3B, are observed in the spectrum for the
atom were optimized by searching for the minimum total3D sample, whereas three peaka, 2B, and 22, appear in
crystalline energy of the 3D structure corresponding to thehe 2D spectrum. As indicated by the shaded region, the
published XRD data’ spectral shapes of the upper VB clearly differ between these
Figure 1 shows the crystal structures of the inorganic partgyo sample types, most notably in that the gradient in the 3D
of the 0”390’5- The structural data have been reporte@pectrum is more gradual than that in the 2D spectrum in the
previously:>*’ The space group of the 3D and 2D crystalsyg region. These UPS spectra indicate that the electronic

are f3m and Plea, respeqtively, with t_)neé3D crysta) or  giructure changes depending on the dimensionality of the
four (2D crysta) formula units in the unit cell. Because the material.

OIPC's  have disordered  alkylammonium — chains o 1o 3 shows the total density of stat@0$) for the

two crystals, as obtained by LCAO band calculations. The

YPs spectra are shown for reference. The main component

with high accuracy by x-ray-diffraction measurements. , .
Based on the previous studi€s;?>?2we can assume that the of the upper and lower VB's are Iborbitals and Pb 6 and
| 5p orbitals, respectively, and the conduction bai@B)

remarkable excitonic, optical, and electronic properties are =" )
attributed exclusively to the low-dimensional inorganic parts,chonsu;ts \c;fBPb S acns fl 5pr? rbggls. The Itotal DOS .reveglst,)
the[ Pbls]~* network. Therefore, (H,,_;NH; was ignored that the an or the crystal are constituted by

in the calculations, and a uniform background charge densitW'dEbandS’ whereas those for the 2D crystal consist of a

. ; . Kumber of localized bands.
was added to neutralize the charge in the unit Cell. The features of the calculated total DOS for the 3D and

2D crystals are in good agreement with the UPS spectra, the
Ill. RESULTS AND DISCUSSION experimentally observed DOS. The observed peaks,3B,
and 2A to 2C are represented in the calculated total DOS. In
both the 3D and 2D crystals, the two high-density bands
Figure 2 shows UPS spectra for the 3D and 2D samples if3a;, 3a, and 2a, 2b) are situated in the upper VB. Due to
the valence-ban@vB) region. In the spectra, the zero of the localization of electronic states in the direction of thaxis,
initial-state energy is located at the upper edge of the VBthe 2D crystal has sharper bands than the 3D crystal. The two

A. UPS spectra and density of states
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(2) 3D (b) 2D high-symmetryk lines[see Figs. &) and 4d)]. The 3D and
2D crystals have a direct band gap at Rend I points,
respectively. Figure 5 shows two-dimensional structures of
both crystals, viewed down theaxis. As the 2D crystal has
two formula units in the two-dimensional primitive cell, the
bands are folded at th¥ and Y points[see Fig. 4b)]. As
previously mentioned, the 3D crystal has wider valence and
conduction bands than the 2D crystal. Therefore, the band-
gap energy increases with decreasing dimensionality. The
calculated band-gap energies are 1.45 eV for the 3D crystal
and 2.24 eV for the 2D crystal. The 1s exciton absorption
peaks of the 3D and 2D crystals were observed at 1.65 eV
and 2.44 eV, respectivef{. The exciton binding energy from
magneto-optical measurement studies is 45 meV for the 3D
FIG. 5. Two-dimensional unit cells of(a) 3D crystal crystaf®and 386 meV for the 2D cryst&f.The experimental
CH3;NH;Pbl; and(b) 2D crystal (GHgNH;),Pbl, viewed along the  band-gap energies can then be estimated by adding the exci
c axis. ton binding energy to the exciton absorption energy: 3D,
1.70 eV, 2D, 2.83 eV. The band-gap energies calculated in
the present study are much smaller than that experimentally
Bbserved due to the well-known shortcomings of the DFT.
Band calculations have shown that the bandwidth narrow-
ing of the 2D crystal is attributable to the effect of decreasing
‘aimensionality and structural distortion.

Lead iodide octahedra [Pblg]™

localized bands & and 2b appear as peaks 2A and 2B in the
UPS spectra for the 2D crystal, while the two broad band
3a; and 3, in the 3D crystal are observed as one peak, 3
According to the preliminary calculatiofisin which the or-
ganic parts are considered, the bands due to the alkylamm
nium chains are situated in the+m|ddle of the YBound & The effects of decreasing dimensionality can be seen in
and ). The bands of CENH; and GHgNH; were ob-  £ig 4p) where the band dispersions in the vertical direc-
served as theB and 2C peaks, respectively. The 3D crystal (ions (j.e., T-Z andSR) are close to zero in the 2D crystal.
has a broader _VB top than the 2D crystal due to th_e d'_ffer‘rhis is the origin of the narrow bandwidth of the 2D crystal.
ence in bandwidth, as shown by the shaded areas in Figs. 2 The structural distortion effects are shown in Figs. 5 and
and 3. _ _ 6. The[Pbls]~* octahedra of the 3D crystal forms orthogo-

Based on the calculation results, the differences betweeRy| network with high symmetry (g, while the zigzag net-
the 3D and 2D crystals observed in the UPS spectra can Rgori of the 2D crystal has low symmetry 4 In order to
rationalized as due to a narrowing of bandwidth with de-gyamine the effect of structural distortion on the electronic
creasing dimensionality. structures of the 2D crystal, the energy-band structures were
calculated for an ideal 2D crystal with,Gymmetry and the
same lattice constant as the 2D crystal. Figure 6 shows the

Figure 4 shows the energy-band structures of the 3D andnergy-band structures of the ideal crystal and an actual
2D crystals according to LCAO band calculations along the(C,HgNH3),Pbl, 2D crystal along thé'-X line. The VB and

B. Energy-band structures
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CB of the actual 2D crystal are narrower and shifted to lowerconsist of Pb §—1 5s o-antibonding and Pb &1 5p
energies compared to those of the ideal crystal. This indi-antibonding orbitals. The higher occupied states can be
cates that structural distortion and symmetry deterioratioiecomposed into three parts: a P& 5p o-antibonding
lead to bandwidth narrowing and energetic stability. Thisorbital in the top of the states, Ipsorbitals in the middle
structural dlsto7rt|0n effect is the well-known Jahn-Teller ef- energy region, and Pbps-1 5s o-bonding and Pb p—I 5p
fectin a so||d2._ o m-bonding orbitals in the bottom of the state. The Pb-b
The bandvg%th narro]\(/vwg IS remarkartl)ledgt the top Off thesy »-honding orbital is situated in the lower-energy region.

VB (TVB) and bottom of the CBBCB). The dispersions for The local bonding scheme of the 3D and 2D crystals reflects
the 2D crystal are smaller than for the 3D crystal near th%he characteristics of thgPbls] 4 molecule (OD). Figure

TVB and BCB, resulting in a large effective mass of carrlers,7{b) is the bonding diagram of the TVB and BCB for the 3D

electrons, and holes. Therefore, it is reasonable to expect thai )
L L : .and 2D crystals. The TVB for the 3D crystal consists of the
the excitons have large binding energy in the 2D crystal. Thi . . . .
g g 9y y b 6s—1 5p o-antibonding orbital, while the Pbs-I 5s

explains the high stability and large binding energy of exci- . . . . .
t : H.— - NH)-Pbl di din th ; _ o-antibonding and Pb -1 5p w-antibonding orbitals form
ons in (GfHa,—1NHs)Pbl, as discussed in the previous pa- " g ) S on crystal, the 11 and [Bee Fig. 1b)]

pers, and also the dielectric confinement effeé*-2° : ; > . , . ;
electronic orbitals are split in a two-dimensional ligand field.
The TVB is composed of the Pbséll and 12 5
o-antibonding orbitals. The BCB of Pb pslIl1 5s
o-antibonding and Pb 511 5p m-antibonding orbitals ex-
Figure 7a) is a bonding diagram for thgPbls] ~* cluster  hibits greater dispersion than the Pp-82 5s o-antibonding
(zero-dimensional systemThe lowest unoccupied states band.

C. Bonding mechanism
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IV. CONCLUSIONS BCB, a wideband gap and large binding energy of excitons

. . in (C4HgNH5),Pbl,.

The present study examined th.e equtromc structures of (i) The TVE and BCB of CHNHs;PbL and
the lead-iodide-based three-dimensional and two—C HoNH-)Pbl. ar m d primarily of-antibondin
dimensional OIPC’s CENHsPbl, and (GHNHs),Pbl, by  (4HaNHs)2Pbl, are composed primarily of-antibonding
UPS and first-principles band calculations. The results Obg;tates of Pb § and .I = orbitals gnda-ant|bond|ng states of
tained are summarized as follows. Pb 6p and | 5 orbitals, respectively.

(i) The differences between the VB electronic structures
of CH3;NH;Pbk and (GHgNH53),Pbl, observed by UPS can
be rationalized in terms of bandwidth narrowing with de-
creasing dimensionality. The authors are grateful to Associate Professor M.

(ii) Zero dispersion along the vertical direction and theRikukawa(Sophia University for help with AFM measure-
Jahn-Teller effect in the layered structure cause bandwidtiments. This work was supported under the Sasagawa Scien-
narrowing, resulting in small band dispersion of the TVB andtific Research Grant from The Japan Science Society.
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