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Amorphization-induced strong localization of electronic states in CsPbBr3 and CsPbCl3 studied
by optical absorption measurements

S. Kondo, T. Sakai, H. Tanaka, and T. Saito
Department of Applied Physics, Faculty of Engineering, Fukui University, Bunkyo, Fukui 910, Japan

~Received 22 December 1997!

Optical absorption spectra of amorphous CsPbX3 films (X5Br,Cl! are characterized by two Gaussian bands
near the fundamental edge, with the optical energy gap largely blueshifted and the absorption intensity strongly
reduced as compared with the crystalline films. The peak energies of the bands are close to those of theA and
C bands of Pb-doped alkali halides. The spectral features are discussed in terms of a molecular orbital theory
based on a quasicomplex Pb21(X2)6 model similar to the complex model for the doped alkali halides. It is
shown that not only Pb21 6s and 6p extended states near the band edges but alsoX2 p states contributing to
upper valence bands are localized by amorphization. The transitions from the localized Pb21 6s to 6p states
produce the spin-orbit allowed3P1 and dipole allowed1P1 states responsible for the two Gaussians. The
localizedX2 p states lie deeper in energy than the localized Pb21 6s state and only contribute to higher-energy
absorption above the Gaussian bands, giving the reason for the reduced absorption near the fundamental edge.
The blueshift of the optical energy gap is attributed to the disappearance ofk dispersions for these one-electron
states.@S0163-1829~98!06341-3#
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I. INTRODUCTION

The Pb atoms in PbX2 (X5I,Br,Cl,F! and CsPbX3 (X
5Br,Cl! make a dominant contribution to the optical pro
erties of the compounds in the region near the optical ene
gap. In PbX2, all of which can be amorphized by quenc
deposition,1–4 optical absorption near the fundamental ed
is based on Pb 6s to 6p transitions exhibiting a sharp ca
ionic exciton peak in the crystalline (c) state (PbI2 is an
extensively investigated material both experimentally5 and
theoretically,6 though experimental studies have only be
reported for PbBr2,

7–11and PbCl2 ~Refs. 7–9, 11, and 12!; as
to PbF2 only a few, but both theoretical13 and
experimental,9,14 works are available in literature!. In the
amorphous (a) state, their absorption spectra are classifi
according to the crystal structure into which the compou
crystallize. Ina-PbI2 ~which crystallizes into a layer struc
ture!, no structure is observed near the fundamental ed1

while othera-PbX2 with X5Br, Cl, and F~which crystallize
into an orthorhombic structure! are characterized by a prom
nent first absorption band due to Pb 6s to 6p excitation.2–4

According to our line-shape analysis performed on
absorption spectra of amorphous lead halides,15 a-PbI2 is a
typical material obeying the Tauc law, as in the case of
dinary covalent semiconductors. In contrast, the first ban
a-PbX2 with X5Br, Cl, and F is by no means fitted with an
power law, but instead an excellent fit to the band is obtai
with a Gaussian function. Such a distinct difference betw
PbI2 and PbX2 originates in the difference in their electron
energy band structure. The Gaussian band ina-PbX2 is ex-
plained as being due to localized electronic transitions
nonexcitonic origin within Pb21 ions affected by inhomoge
neous, local electric fields in the disordered network. Ba
on the obtained fitting parameters, an ‘‘ion-glass’’ model h
been introduced, in which each Pb21 ion is surrounded by
nine neighboringX2 ions without any well-defined site sym
metry around it.
PRB 580163-1829/98/58~17!/11401~7!/$15.00
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The compounds CsPbX3 (X5Br,Cl! crystallize in a
slightly distorted perovskite structure. Their optical prope
ties are governed by the octahedral quasicomplex Pb21(X2)6

embedded in a simple cubic matrix of Cs1 ions. The sixX2

ions are located at the face-centered positions of the cube
the cation Pb21 is at the cube center. Heidelichet al.16 has
calculated the band structure of the compounds based o
empirical linear combination of atomic orbitals~LCAO!
method completely neglecting the electronic orbitals of
sium: Upper valence bands are constructed from the Pb21 6s
and Br2 4p or Cl2 3p orbitals, and lower conduction band
from Pb21 6p orbitals; a cationic direct energy gap is locat
at theR point in the Brillouin zone due to positive and neg
tive k dispersions of the uppermost valence and lowerm
conduction bands, respectively, along theG-R direction. The
low-energy optical absorption16–18 and reflection16,19–21

spectra, which are characterized by a sharp first exc
(R-point exciton! peak around 2.3 eV for CsPbBr3 and 3.0
eV for CsPbCl3, have indeed been well explained in th
framework of this model.

The motivation of the present study is based on the
sumption that the ion-glass model such as proposed
a-PbX2 may also be applicable toa-CsPbX3; in a-CsPbX3,
the optical absorption at low photon energies may be cau
by the cationic electronic transitions within Pb21 ions sur-
rounded by ‘‘six’’ ~instead of ‘‘nine’’ for a-PbX2) neighbor-
ing X2 ions. It is expected that a distorted~due to amor-
phization! quasicomplex Pb21(X2)6 embedded in a
disordered Cs1-ion matrix leads to enhanced localization
the cationic electronic transitions~within the Pb21 ion! due
to intervening Cs1 ions as compared to the case ofa-PbX2,
since the electronic orbitals of cesium do not contribute
the electronic states near the band edges as stated a
Therefore, it is useful to investigate optical properties
a-CsPbX3 for obtaining a further clue to the nature of the io
glass. In the present study, amorphous films have been
11 401 ©1998 The American Physical Society
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11 402 PRB 58S. KONDO, T. SAKAI, H. TANAKA, AND T. SAITO
tained for CsPbX3 by quench deposition, and their absor
tion spectra have been measured in the range up to 6.2
Based on the line shape analysis of the spectra, we will g
a thorough discussion of the nature of optical absorption
the related electronic state ofa-CsPbX3 including the com-
parison with thea-PbX2 case.

II. EXPERIMENT

As starting materials CsX and PbX2 (X5Br,Cl! of 99.9%
purity were used. For the preparation of the compou
CsPbX3, stoichiometric amounts of CsX and PbX2 in powder
form were thoroughly mixed together and molten for 15 m
at 690 °C forX5Br and 600 °C forX5Cl in a silica-tube
container purged with Ar gas. The container was th
quenched in ice water to ensure homogeneity of the resu
compounds.

Simultaneous measurements of optical absorption and
flection were performedin situ on CsPbX3 films quench de-
posited onto silica-glass substrates at 77 K at a rate of a
20 nm min21. The deposition was carried out in a vacuum
about 931026 Pa using a tungsten basket heating elem
placed 8 cm in front of the substrate. The spectral meas
ments ~resolution, 0.2 nm! were performed by a double
beam detection method, using a grating monochromato
combination with a 150-W xenon lamp as light source.

To measure absorption spectra accurately~for the purpose
of performing the line-shape analysis of the resulting sp
tra!, we employed an improved optical configuration sho
in Fig. 1 ~where the reference-light path in the double-be
detection method is omitted!. The p-polarized monochro-
matic light is incident on the substrate at an incident angle
45°. The optical density~OD! of the film was defined as

OD5 log10

D2J

I
2 log10

D2J0

I 0
, ~1!

whereD is the intensity of the incident light,I 0 andJ0 are
the intensities of transmitted and reflected light, respectiv
from the substrate before the deposition of the film, anI
and J are the corresponding light intensities after the fi

FIG. 1. The schematic view of the light path forin situ mea-
surements of reflection-corrected OD spectra of a film quench
posited onto a cooled~to 77 K! substrate.
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deposition. The first term in Eq.~1! corresponds to the opti
cal density of the film-deposited substrate and the sec
term is the optical density of the substrate. Correction
reflectance at the film surfaces~both the substrate/film and
vacuum/film interfaces! is involved in the first term. It is
possible to represent Eq.~1! in terms of quantities indepen
dent of the characteristics of the two individual detecto
~such as sensitivity, its wavelength dependence, etc.!,

OD5 log10

12R0Rr

~12R0!Tr
, ~2!

whereTr5I /I 0 , Rr5J/J0 , andR0 is the reflectivity of the
substrate. Then the values of OD can be determined from
measurements of the intensity ratios (Tr andRr) of the light
beams irradiating the individual detectors before and a
the film deposition, using the predetermined values ofR0.
The OD values thus determined are expected to be very
curate, since the optical configuration is kept unchang
throughout all the measurements and since all the imbala
in intensity between the probing and reference light are c
celled out.

The substrate~silica glass with 1 mm thickness! was put
on a copper sample holder with a square light p
434 mm2, attached to the bottom of a copper vessel in
cryostat. The vessel was filled with liquid nitrogen, or hea
with a heater to control the temperature of the substrate. T
permits us to measurein situ OD spectra for both the amor
phous and crystalline phases of the same film and the c
tallization temperature as well.

III. RESULTS

In Fig. 2 we compare the fundamental absorption spe
of a quench-deposited CsPbBr3 film ~upper half! with those
of a quench-deposited PbBr2 film ~lower half, from Ref. 2!.
Spectra 1 were first measured at 77 K for the as-depos
films. Then the films were annealed for 10 min at 500 K f
CsPbBr3 and 400 K for PbBr2, and cooled again to 77 K to
measure spectra 2. The as-deposited PbBr2 film is in the
amorphous state and the annealed one is in the crysta
state.2 In CsPbBr3, spectrum 1 is composed of two broa
bands peaking at 3.87 and 5.23 eV. By annealing the film
sharp excitonic peak shows up at 2.357 eV characteristi
crystalline CsPbBr3,

21 as seen from spectrum 2. It should b
noted here that the as-deposited film exhibits a strongly
duced optical absorption in comparison to the annealed fi
Furthermore, spectrum 1 has about a 1 eV larger optical
energy gap than spectrum 2. It is interesting to note that
as-deposited CsPbBr3 film has almost the same optical en
ergy gap~about 3.5 eV! as that of thea-PbBr2 film, despite
the large difference in the gap after annealing the films.

Figure 3 shows the change in transmittance at 3.26
during heating of a CsPbBr3 film. In the measurement, th
as-deposited film was heated at a rate of 1 K min21 up to
500 K ~curve 1! and then the film was immediately cooled
77 K at a rate of 10 K min21 to measure the second curv
~curve 2! at the same heating rate. Curve 1 clearly show
drastic change~decrease! in the transmittance in a narrow
temperature range of 4 K near 298 K, while curve 2 no
longer exhibits such a marked change and was shown t

e-
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PRB 58 11 403AMORPHIZATION-INDUCED STRONG LOCALIZATION . . .
reversible~below 500 K! by measuring a third curve. Th
drastic change in curve 1 is very similar in sharpness
previous results ona-PbBr2,

2 and provides evidence of
well-defined phase transition from amorphous to crystall
states in the quench-deposited CsPbBr3 film, though struc-
tural studies are necessary for a direct support.~It has been
reported for a ternary Ge-Sb-Te solid solution, which is
promising material for fast phase-change optical disks,22,23

that an abrupt transmittance change during slow heatin
the amorphous film is due to nucleation followed by a f
grain-growth process resulting in a crystalline film.24! The
transition temperature~crystallization temperature,Tc),
which we defined here as the onset temperature for the d
tic change, was 296 K as compared with 335 K for PbB2.
The irreversible change just above the drastic change~300–
420 K in curve 1! is considered to be due to crystal growth
the film.

FIG. 2. Comparison of fundamental absorption spectra o
quench-deposited film of CsPbBr3 ~upper half! to those of PbBr2
~lower half, from Ref. 2!, measured at 77 K for the as-deposit
~amorphous, 1! and annealed~crystalline, 2! films.

FIG. 3. The change in transmittance at photon energy 3.26
during heating~1 K min21), measured for the first~1! and second
~2! heating cycles of a quench-deposited CsPbBr3 film.
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Such a drastic change in transmittance as above was
observed fora-CsPbCl3, leading to a crystallization tem
perature of 302 K, very close to that ofa-CsPbBr3 in con-
trast to the considerably lower crystallization temperature
PbCl2, 281.5 K,3 than for PbBr2.

Figure 4 is a comparison of the fundamental absorpt
spectra of a quench-deposited CsPbCl3 film ~upper half! with
those of a quench-deposited PbCl2 film ~lower half, from
Ref. 3! in their amorphous~spectra 1! and crystalline~spectra
2! states. These spectra were obtained in the same wa
those of the bromides but with an annealing temperature
400 K for both CsPbCl3 and PbCl2. As in the case of the
bromides, the spectrum ofa-CsPbCl3 is composed of two
broad bands with the peaks at 4.43 and 5.88 eV and exh
nearly the same optical energy gap~about 4 eV! as that of
a-PbCl2; the amorphization is again characterized by a la
blueshift ~about 1 eV! of the fundamental edge and signifi
cant reduction in the absorption intensity; after crystalliz
tion, a very sharp exciton peak appears at 3.013 eV.

It is worth noting that the full widths at half maximum
~FWHM’s! of the exciton peaks, 15 meV forc-CsPbBr3 and
14 meV forc-CsPbCl3, are comparable to that of the refle
tion spectrum at 4.2 K of a single crystal of CsPbCl3, 12
meV,21 and are much smaller than those of the ‘‘improved
films in Ref. 18~where the FWHM’s are, though not explic
itly given, of the order of 30 meV for both of the CsPbB3
and CsPbCl3 films as are read from the presented spectra
77 K!. This suggests that the process of amorphization
subsequent heat treatment~annealing! is favorable for
achieving high-quality polycrystalline films free from strain
and lattice defects.

IV. DISCUSSION

It has been shown15 that the first absorption bands o
a-PbX2 (X5Br,Cl,F! are well fitted to single Gaussian func

a

V

FIG. 4. Comparison of fundamental absorption spectra o
quench-deposited film of CsPbCl3 ~upper half! to those of PbCl2

~lower half, from Ref. 3!, measured at 77 K for the as-deposite
~amorphous, 1! and annealed~crystalline, 2! films.
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11 404 PRB 58S. KONDO, T. SAKAI, H. TANAKA, AND T. SAITO
tions, as compared to thec-phase excitonic absorption band
fitted to multiple Lorentzian functions. As mentioned in Se
I, the fitting parameters for the Gaussian bands have led t
‘‘ion-glass’’ model for the amorphous state, in which ea
individual Pb21 ion is surrounded~and thus localized! by
nine negative ions forming the quasicomplex Pb21(X2)9
without any well-defined site symmetry around the cen
Pb21 ion.

In a-CsPbX3 (X5Br,Cl!, the absorption spectra are com
posed of two broad bands~Figs. 2 and 4!, and it is possible to
decompose the spectra into two Gaussian functions. The
sults are shown in Figs. 5 and 6. In both figures, the m
sured spectra~curvesM ) are nicely decomposed into tw
Gaussian bands~curvesG1 andG2); the difference in inten-
sity between the measured spectrum and the total intens
of the two Gaussian bands (M minusG1 minusG2, curves
B) is, indeed, almost zero in the photon energy region up
5.7 eV fora-CsPbBr3 ~Fig. 5! and in the whole measureme
range fora-CsPbCl3 ~Fig. 6!. The peak energies (E1 ,E2)
and FWHM’s (G1 ,G2) of the respective Gaussian bands a
listed in Table I together with the peak energy differen
(E22E1). For comparison, the corresponding values of
first Gaussian bands previously obtained15 for a-PbBr2 and
a-PbCl2 are also listed in the table.

It is noted thata-CsPbX3 anda-PbX2 have similar values
of E1 andG1 in both halides (X5Br,Cl!. This indicates that,
in analogy with the case ofa-PbX2, the first absorption
bands ofa-CsPbX3 arise from localized, cationic electroni
transitions within Pb21 ions surrounded by six~instead of
nine for a-PbX2) X2 ions; these ions, forming quasicom

FIG. 5. Line-shape analysis of the absorption spectrum
a-CsPbBr3. The measured spectrum (M ) is decomposed into two
Gaussian bands, the low- (G1) and high- (G2) energy components
with the remainder (M minus G1 minus G2) as the background
absorption (B).

TABLE I. The peak energies (E1 ,E2), their difference (E2

2E1), and FWHM’s (G1 ,G2) of the Gaussian bands (G1 ,G2) of
a-CsPbX3 for X5Br and Cl in unit of eV. Corresponding values o
the first Gaussian bands of PbX2 from Ref. 15 are also listed.

E1 E2 E22E1 G1 G2

a-CsPbBr3 3.843 5.241 1.398 0.444 1.533
a-PbBr2 3.700 0.400
a-CsPbCl3 4.406 5.866 1.460 0.510 1.138
a-PbCl2 4.418 0.410
.
an

l

re-
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o

e

plexes Pb21(X2)6 without any well-defined site symmetr
around the central Pb21 ion, are embedded in a disordere
Cs1-ion network. The small differences in magnitude of t
fitting parameters betweena-CsPbX3 and a-PbX2 are con-
sidered to be due to the difference in the coordination nu
ber of the quasicomplexes.

A more noticeable result of the spectral decomposition
that, in contrast to the case ofa-PbX2, not only the first
absorption bands but also the second bands ofa-CsPbX3 are
well fitted to the Gaussian functions. Therefore, it is pla
sible to relate both bands to localized excitations of Pb21

ions. We note here that the values ofE22E1, 1.398 eV for
a-CsPbBr3 and 1.460 eV for CsPbCl3, are comparable to the
Pb 6p spin-orbit splitting energy, 1.3 eV.6

It is instructive to compare the spectra ofa-CsPbX3 with
the absorption spectra25,26 of Pb-doped CsX crystal
(X5Br,Cl!. According to Ref. 25, the latter spectra~at room
temperature! are composed of two Gaussian bands termeA
and C, with a vibration-induced weak subbandB between
them. The energy locations (EA ,EC) and FWHM’s (GA ,GC)
of the main bandsA and C are listed in Table II togethe
with the peak-energy difference (EC2EA). The two bandsA
and C are known to be due to the spin-orbit allowed1S0
→ 3P1 and the dipole allowed1S0→ 1P1 transitions, respec-
tively, in the Pb21 ion. As seen from the comparison o
Tables I and II, there exists a close similarity between
values ofEA and E1 for both bromides and chlorides. Fu
thermore, the values ofEC2EA , which are mainly deter-
mined from the strength of spin-orbit interaction of the P
6p electron, are relatively close to those ofE22E1 in both
cases ofX5Br and Cl. Therefore, it is useful to discuss th
G1 andG2 bands ofa-CsPbX3 on the basis of the physica
model applied to the doped alkali halides.~There is no large
difference in the absorption feature between Pb-doped

FIG. 6. Line-shape analysis of the absorption spectrum (M ) of
a-CsPbCl3 similar to that for CsPbBr3, with the same notations fo
the resulting curves as in Fig. 5.

f

TABLE II. The peak energies (EA ,EC), their differences (EC

2EA), and FWHM’s (GA ,GC) of theA andC absorption bands of
Pb21-doped CsX single crystals forX5Br and Cl in units of eV,
from Ref. 25.

EA EC EC2EA GA GC

CaBr:Pb21 4.00 5.64 1.64 0.32 0.54
CsCl:Pb21 4.46 6.20 1.74 0.34 0.57
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sium halides with bcc lattice and other Pb-doped alkali
lides with fcc lattice, as exemplified in Ref. 25.!

Generally, the absorption spectra ofs2-configuration ions
doped in alkali halides are interpreted in terms of a mole
lar orbital theory based on a complex model. Brama
et al.27 have performed molecular orbital calculations for T
doped KCl based on an octahedral T11~Cl2)6 complex
model. Following their model, we take into account thes
and 6p orbitals of the central Pb21 ion and the 4p or 3p
orbitals of theX2 ion to construct molecular orbitals of th
Pb21(X2)6 quasicomplex. From the transformation prope
ties of these atomic orbitals in theOh point group (a1g for
6s; t1u for 6p; a1g , eg , andt1u for 4ps or 3ps; t1u , t1g ,
t2u , and t2g for 4pp or 3pp), there arise one occupie
antibonding (a1g

a ), two occupied bonding (2t1g
b ), three oc-

cupied nonbonding (eg
n ,t2u

n , and t2g
n ), and one unoccupied

antibonding (t1u
a ) molecular orbitals. The transition froma1g

a

to t1u
a produces two allowed states3T1u and 1T1u , which are

responsible for theA andC bands, respectively, of the dope
alkali halides. In the case of Pb-doped alkali halides, it
been shown from anf -sum measurement28 of the A, B, and
C bands that the contribution of the halogenp states to the
highest occupieda1g

a orbital ~as well as to the unoccupiedt1u
a

orbital! is very small~therefore, the3T1u and 1T1u states are
denoted as3P1 and 1P1, respectively!. This is favorable for
relating theG1 andG2 bands ofa-CsPbX3 to excitation~to
3P1 and 1P1 states, respectively! of the central Pb21 ion in
the Pb21(X2)6 quasicomplex; the contribution of halogenp
orbitals to these bands is considered to be negligible.
note that, in the Pb-doped alkali halides, a higher-ene
absorption band, namely, theD band, has been assigned29,30

as due to charge-transfer transitions fromeg
n to t1u

a (eg
n is the

second-highest occupied orbital!.
As is well known, valence and conduction bands in se

conductors retain their meaning even in the amorphous s
However, a certain amount of the extended states near
band edges are localized by amorphization. The first abs
tion bands ofa-PbX2 (X5Br,Cl! have indeed been related
electronic transitions between localized states,15 i.e., from
the filled localized states just above the mobility edge of
valence band to the empty ones just below the conduc
mobility edge. The transitions are spatially allowed beca
the uppermost valence and the lowest conduction bands
both cationic (Pb21 6s- and 6p-like, respectively!; the os-
cillatorlike character of the first band is attributed to the hi
densities of the localized states due to a relatively flat b
structure of PbX2. Furthermore, it has been shown31 from an
‘‘ f -sum rule,’’ applied to the Gaussian function for the fir
band in thea phase and the multiple Lorentzian functions f
the excitonic absorption band in thec phase, that, by amor
phization, all the extended states contributing to thec-phase
excitonic transitions are localized and take part in the loc
ized absorption responsible for the Gaussian band. It is th
fore plausible to assume that the high-energy absorp
above the first band ofa-PbX2 corresponds to transition
related to extended states~Pb 6s-like localized to Pb 6p-like
extended, Pb 6s-like extended to Pb 6p-like localized,
and/or Pb 6s-like extended to Pb 6p-like extended states
with a certain contribution ofX 4p- or 3p-like extended
states to the transitions as well!. Indeed, thec-phase absorp
-
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tion spectra in the region above the excitonic transition
ergies exhibit similar features in outline to thea-phase ones
in the same energy region as seen in Figs. 2 and 4~lower
halves!.

In contrast, in CsPbX3 (X5Br,Cl!, there occurs a notice
able change in spectral shape by amorphization~Figs. 2 and
4, upper halves!: i.e., the large blueshift~;1 eV! of the fun-
damental edge and significant reduction in the integrated
sorption intensity~by a factor of;1.6 for X5Br and;2 for
X5Cl in the measured region!, giving rise to the two-
Gaussians shape for the spectra. In terms of energy b
structure, these features may be explained as follows.

As mentioned in Sec. I, the optical properties
c-CsPbX3 are governed by the octahedral Pb21(X2)6 quasi-
complex~embedded in a simple cubic Cs1-ion matrix!: The
band structure calculation16 based on an LCAO method in
deed shows that upper valence bands are constructed
the Pb21 6s andX2 4p or 3p orbitals, and lower conduction
bands from Pb21 6p orbitals; the low-energy absorptio
spectra ofc-CsPbX3 are well interpreted in the framework o
this band structure. In the present application~both thec and
a phases!, however, a convenient approach to the band str
ture may be provided by an LCMO~linear combination of
molecular orbitals! method based on the quasicomplex
expected, though it is essentially the same as the LC
method.

In the LCMO method, as suggested from the molecu
orbital theory for the doped alkali halides mentioned abo
upper valence bands ofc-CsPbX3 may be constructed from
thea1g

a andeg
n orbitals, and lower conduction bands from th

t1u
a orbitals. Other molecular orbitals may only contribute

much deeper valence bands in energy. The cationic natur
the (R-point! exciton transition~the LCAO result16! is com-
patible with the transition froma1g

a -like valence tot1u
a -like

conduction bands, since there is almost no contribution
halogenp orbitals to thea1g

a andt1u
a orbitals. Charge transfe

transition is also expected to occur near the fundame
edge, owing to~positive! k dispersion for theeg

n-orbital en-
ergy ~of the upper valence bands! due to making extended
states. By amorphization, however, there occurs signific
change in the energy band as suggested from the spe
change. Both the conduction states coming fromt1u

a and the
valence states coming froma1g

a and eg
n are considered to

converge to their own localized states with particu
eigenenergies. The resulting one-electron localized st
may be of spin-orbit splitG6

2( j 51/2) andG8
2 ( j 53/2) char-

acters fort1u
a and of G6

1( j 51/2) character fora1g
a in the

double-group notation forOh , since then it is possible to
produce the spin-orbit allowed3P1 state and the dipole al
lowed 1P1 state responsible for theG1 and G2 bands, re-
spectively, from the transitionsG6

1→G6
2 and G6

1→G8
2, in

the limit of the Russell-Saunders coupling.~Strictly speak-
ing, theOh symmetry of the Pb21(X2)6 quasicomplex is not
well defined in thea phase.! On the other hand, theeg

n lo-
calized states are, like the molecular orbital case for
doped alkali halides, expected to lie deeper in energy t
theG6

1 ~or a1g
a ) localized state, and thus their contribution

the absorption spectra~due to transitions to theG6
2 andG8

2

localized states! may occur at high energies above theG1
and G2 bands. This is favorable for explaining the signi
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cantly reduced absorption intensity in the measurement
ergy region, below 6.2 eV. Due to such strong localizatio
of the one-electron states as above, the positive and neg
k dispersions that exist in thec phase of the uppermost va
lence and lowermost conduction bands, respectively, al
theG-R direction in the Brillouin zone, which is responsib
for the very small optical energy gap~as well as for the
R-point exciton absorption! in the c phase, may disappea
~the quantityk is no longer well defined for localized states!,
resulting in the absence of low-energy absorption. This
counts for the large blueshift of the optical energy gap.

V. CONCLUSION

We have obtained amorphous films of CsPbX3 (X5Br,Cl!
by quench deposition onto 77-K substrates. Upon slow h
ing they show sharp crystallization behavior in a narrow te
perature range, exhibiting a well-defined crystallization te
perature of 296 K for CsPbBr3 and 302 K for CsPbCl3. The
UV absorption spectra ofa-CsPbX3 are composed of two
broad bands~first and second bands!. The first bands are very
similar in shape and energy location to the first absorpt
bands of respectivea-PbX2 resulting in nearly equal optica
energy gaps betweena-CsPbX3 and a-PbX2. It is shown
that in aa-CsPbX3 the spectra are nicely decomposed in
two Gaussian functions, as compared to the case ofa-PbX2,
where a nice fit to a Gaussian function is obtained for
first band, but not for the higher-energy bands. Further, th
exist a noticeable spectral difference between thec- and
a-CsPbX3 in contrast to the case of PbX2, i.e., the
amorphization-induced large~;1 eV! blueshift of the funda-
mental edge and significant reduction of the integrated
sorption intensity~by a factor of about 1.6 for CsPbBr3 and
about 2 for CsPbCl3 in the measured region!.

The peak energies of the first and second Gaussian
a-CsPbX3 are close to those of theA and C bands of Pb-
rt

E

a,
n-
s
ive

g

c-

t-
-
-

n

e
re

b-

of

doped CsX crystals, respectively. For this reason, an LCM
band-structure approach starting from the molecular orbi
of the Pb21(X2)6 quasicomplex similar to the comple
model for the doped alkali halides is used to explain
spectral change due to amorphization: By amorphizati
both the conduction states coming fromt1u

a and the valence
states coming froma1g

a andeg
n converge to their own local-

ized states with particular eigenenergies. As a result, the
tical absorption associated with thea1g

a to t1u
a transitions is

changed to two discrete absorptions arising from the tra
tions from the 6s localized state to the spin-orbit split 6p1/2
and 6p3/2 localized states of the Pb21 ion, responsible for the
first and second Gaussians, respectively. Theeg

n localized
states, lying deeper in energy than the Pb21 6s localized
state, are considered to contribute to higher-energy opt
absorption above theG1 andG2 bands. This accounts for th
reduction of the integrated absorption intensity. On the ot
hand, the blueshift of the optical energy gap is attributed
the disappearance ofk dispersions for these one-electro
states.

These considerations are based on an ‘‘ion-glass’’ mo
in which quasicomplexes Pb21(X2)6 without well-defined
site symmetry around the central Pb21 ion are embedded in a
disordered Cs1-ion matrix, with the Pb21-ion excitation en-
ergies strongly perturbed~Stark effect! in different ways due
to different microscopic environments in the individual qu
sicomplexes. Here the intervening~between Pb21 ions! Cs1

ions act as the cause for the stronger electronic-state lo
ization for a-CsPbX3 than fora-PbX2.
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