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Abstract—A method for preparing thin films of CsPbl; and Cs,Pbly complex compounds has been devel-
oped. Their absorption spectrum is investigated in the energy range of 2—6 eV at temperatures from 90 to
500 K. It is found that the CsPbl; compound is unstable and passes to the Cs,Pbl phase upon heating at 7>

400 K.
DOI: 10.1134/S0030400X12010249

In contrast to the Csl, _ ,Cdl,, system [1], which
yields only the Cs,Cdl, complex compound with a
change in the molar concentration, solid solutions
formed in the Csl— Pbl, system include two ternary
compounds: CsPbl; and Cs,Pbl,. According to the
thermographic measurements [2], these compounds
have similar melting temperatures (476 and 468°C,
respectively). Studies of the crystal structure of CsPbl,
[3, 4] showed that it is crystallized into the orthorhom-
bic lattice with four molecules per unit cell; the unit-
cell parameters are a = 10.46 A, b = 4.8 A, and ¢ =
17.78 A (sp. gr. Pnma) at 20°C. The structural ele-
ments of the CsPbl; lattice are double chains com-
posed of (Pblg)* octahedra and oriented along the
short b axis. The orthorhombic lattice is retained up to
temperatures of 563—602 K; at higher temperatures, it
passes to the monoclinic phase (according to earlier
data [3]) or to the cubic phase with a = 6.29 A (accord-
ing to later detailed studies [4]).

The Cs,Pbl; crystal structure has been less investi-
gated [5, 6]. It was indicated that Cs,Pbl has a hexag-
onal lattice with the unit-cell parameters a = 14.52 A
and ¢ = 18.31 A and the number of molecules z = 6 per
unit cell.

The existence of two complex compounds in the
Csl, _Pbl,, system called for studying their electron
absorption and reflection spectra. The reflection spec-
tra of CsPbl; single crystals were measured for the first
time in [7]; their analysis revealed the 1s exciton band
at 3.02 eV (4.2 K) and a weak shift of this band for
polarized light (the light field E oriented perpendicu-
larly or parallel to the ¢ axis): AE~ 0.002 eV. However,
the later study [8] revealed a Cs,Pbly impurity in
CsPbl; single crystals. Somma et al. [9], who investi-
gated the absorption spectra of films obtained by evap-
oration of CsPbl; powder and its deposition on a
quartz substrate, revealed not only an exciton band at
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410 nm (3.02 eV), but also a narrow strong band at 365
nm (3.4 eV). This band was attributed to the Cs,Pbl
compound in [9], and it was concluded that CsPblj; is
unstable in the gas phase and decomposes to form
Cs,Pbly. The results of [7, 9] encouraged Japanese
physicists [10, 11] to develop methods for preparing
pure CsPbl; and Cs,Pblg phases to measure their
absorption spectra. Kondo et al. [10, 11] proposed to
deposit successively thin CsI and Pbl, layers of a cer-
tain thickness on a transparent substrate cooled to
77 K. The ratio of the thicknesses of the two layers was
chosen according to the molar composition of the
desired compound. Fast deposition of layers on a cold
substrate conserved the specified thickness ratio in the
two-layer compound. Then the latter was annealed at
different temperatures, after which the absorption
spectra were measured at 77 K. This procedure made
it possible to obtain for the first time a pure CsPbl;
spectrum at an annealing temperature of 400 K and
the absorption spectrum of a Cs,Pbl, film annealed at
500 K.

The method that was developed in [10, 11] to
obtain pure CsPbl; and Cs,Pbl phases is rather labor-
intensive and does not always lead to the desired result.
We proposed an alternative and simpler method for
preparing thin films of impurity-free compounds,
which is based on the difference between the melting
temperatures of CsPbl; and Cs,Pbls. The thus-pre-
pared samples were used to measure the exciton
absorption spectra in the range of photon energies of
2—6 eV and in the temperature range of 90—500 K.
The data obtained were used to determine the main
parameters of the exciton bands (spectral position,
half-width, etc.) and their temperature dependences.
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Fig. 1. Absorption spectra of thin (Csl); _ ,(Pbl,), films

(x=0.4, T=90 K) formed under different conditions: (7,
2) the films deposited on a substrate at a temperature 7 =

60°C, with subsequent annealing at 7,,,, = () 60 and (2)
130°C, (3) the film deposited on a substrate at 75, = 100°C,
and (4) the same film annealed at 7,,, = 130°C.

EXPERIMENTAL

Thin CsPbl; and Cs,Pbl, films were prepared by
evaporating a mixture of pure Csl and ¢ powders with
a specified molar composition and depositing it on
heated quartz substrates. The substrate temperature
was varied from 60 to 130°C. The powder mixture was
previously melted under a screen located between the
evaporator and substrate. This method was previously
applied to obtain thin films of M,Cdl, and M,Znl, fer-
roelastics (M = Cs, Rb, or K) [1] and is based on the
fact that the melting temperature of ternary com-
pounds is generally much lower than those of the ini-
tial binary compounds. Note that, upon heating in
vacuum, the mixture of powders (Csl),_,(Pbl,),
forms a melt in the concentration range of 0.2 < x <
0.4; at other x values, the compound is sublimated
from the powder, and, in this case, the initial compo-
nents are present in the films as impurities. When the
mixture is explosively evaporated, the films contain
also the initial components as impurities. Therefore,
we used a (Csl), _,(Pbl,), mixture with x = 0.4 to pre-
pare CsPbl; films and a stoichiometric mixture to
form Cs,Pbl films.

The phase composition of the films was controlled
by measuring the absorption spectra at 7= 90 K. This
control is based on the significant difference in the
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spectral positions of the long-wavelength exciton
bands in CsPbl; (3.013 eV), Cs,Pbly (3.4 eV), Pbl,
(2.5¢eV), and Csl (5.8 eV).

It was found that the mixture evaporation from the
melt with subsequent deposition on quartz substrates
heated to 7.< 80°C form films, the absorption spectra
of which contain a wide absorption band; it takes an
intermediate position between the long-wavelength
exciton bands A' and A" in the CsPbl; and Cs,Pbl,
spectra (Fig. 1, curve [); apparently, this intermediate
band corresponds to the solid solutions of two com-
pounds. At the substrate temperature 7,> 100°C, two-
phase films are formed, the absorption spectra of
which contain bands typical of both CsPbl; and
Cs,Pbly (Fig. 1, curve 3). These phases are trans-
formed into the Cs,Pbl, phase, with a typical spec-
trum [11], several days later or after their annealing at
T = 400 K for 4 h (Fig. 1, curve 2). The aforemen-
tioned films pass also to the Cs,Pbl; phase after
annealing at temperatures above 400 K (Fig. 1, curve
4). Therefore, Cs,Pbl; is the more stable of the two
compounds formed in the CsI—Pbl, system. We will
consider the temperature transformations in the films
in more detail below. Thin Cs,Pbl¢ films can also be
obtained by evaporating a molten mixture of stoichio-
metric powders in vacuum and deposing it on quartz
substrates heated to 130°C, with their subsequent
annealing for 2 h at the same temperature.

It is more difficult to form a CsPbl; film without
Cs,Pbl, impurity by evaporation from a melt, because
these compounds have similar melting temperatures
[1]. Since the CsPbl; melting temperature (7, =
476°C) is somewhat higher than that of Cs,Pbl (T,, =
468°C) [1], one can obtain a CsPbl; film without
Cs,Pbl, impurity by partial evaporation of the melt on
a screen, with subsequent evaporation of the rest on
the substrate at a higher temperature (Fig. 2a).

The absorption spectra were measured with an SF-
46 spectrophotometer on films 100—150 nm thick in
the spectral range of 2—6 eV at 7= 90 and 290 K. In
the narrower spectral range of 2.4—3.7 eV (within the
long-wavelength exciton band), the absorption spec-
trum was measured in a wide temperature range of
90—590 K, including the temperature of possible
phase transition.

The parameters of the long-wavelength band A
(position E,,, half-width I', and the imaginary part of
permittivity in the maximum g,,, = &,(E,,)) were deter-
mined according to the technique of [12], using an
approximation of the band A by a single-oscillator
symmetric profile (which is a linear combination of
Lorentzian and Gaussian profiles). The parameters of
the exciton band (£,,, I', and g,,,) were chosen so as to
provide the best agreement between the calculated and
experimental profiles on the long-wavelength side of
the band.

No. 1 2012
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EXCITON SPECTRA OF CsPbl,
AND Cs,Pbl,

The absorption spectrum of thin CsPbl; films

(Fig. 2a) contains a narrow strong band A1I at3.013 eV
(90 K) at the long-wavelength edge of the intrinsic
absorption band and four shorter wavelength bands: ClI
(3.69¢V), C2l (4.22eV), C3[ (4.4eV),and D' (4.661¢eV);
these bands are located against the interband absorp-
tion background. The absorption edge of Cs,Pbl is
blue-shifted by 0.4 eV in comparison with CsPbl;
(Fig. 2b). The spectral positions of the Cs,Pbl, bands

are 3.41 (A", 4.19 (C"), 4.36 (C,'), 4.73 (C3'), and
5.2eV (D).

With an increase in temperature, the 4 and C bands
in the spectra of CsPbl; and Cs,Pbl; become red-
shifted, broaden, and weaken due to the exciton—
phonon interaction (EPI), which indicates their rela-
tionship with exciton excitations.

Splitting off the All band by a symmetric profile on
the long-wavelength side of the C| band in CsPbl,

reveals a shoulder A; at 3.131 eV (Fig. 2a); we associate
this feature with the exciton excitation to the state
characterized by the principal quantum number 7 = 2

(2s exciton). On the assumption that the AlI and AQI
bands belong to the exciton series with the main band
A,I , we used the spectral position of these bands to esti-
mate the exciton binding energy R, =4/3 (E,— E4) =
0.157 eV and the band gap E, = E,; + R, = 3.17 eV.
The thus-obtained R., and E, values are close to those

for single crystals (within the determination errors):
R, =0.115eVand E,=3.14eV [7].

A weak A" band at 3.522 eV (Fig. 2b) arises in the

Cs,Pbl; spectrum after splitting off the A;l band by a
symmetric profile; this band is likely to correspond to
the 2s-exciton excitation. We determined the exciton
binding energy R., = 0.149 eV and the band gap E, =
3.56 eV in Cs,Pbl; from the spectral positions of the

A" and A)' bands.
In the sequence of Pbl,, CsPbl;, and Cs,Pbl; com-

pounds the long-wavelength exciton bands are blue-
shifted (Fig. 2, inset) according to the law

Eyx) = Ex + Ex(1 —X), (1)

where x is the molar concentration of Pbl, in the com-
pounds and E| is the position of the long-wavelength
exciton band in Pbl,. Extrapolation of dependence (1)
for x — O yields £, = 3.6 eV, a value much smaller than
the spectral position of the exciton band in CsI (5.8
eV) but close to the position of the Pb*" impurity
bands in Csl, Rbl, and KI [13, 14]. Linear depen-
dence (1) and its convergence to the spectral position
of the Pb2* impurity bands in Csl indicate, according
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Fig. 2. Absorption spectra of thin CsPbl; and Cs4Pblg

films recorded at 7= (/) 290 and (2) 90 K; the dotted line
indicates the absorption edge after splitting off the A; band

by a symmetric profile. The concentration dependences of
(2) the spectral position E,, and (7) the band gap Eg in the
series of Pbl,, CsPbl;, and Cs4Pbl compounds are shown
in the inset.

to [15], the excitation and localization of excitons in
the cationic sublattice of ternary compounds contain-
ing lead ions.

In the case of this localization, the conduction
band in the compounds under study is formed (as well
as in Pbl,) by the Pb 6p states, while the valence band
is formed by the Pb 6s states with an admixture of I 5p
states. With allowance for the fact that the exciton
excitations in Pbl, [16] and other Pb-containing mul-
ticomponent compounds (for example, CsPbCl; and
CsPbBr; [17]) are of cationic type, the exciton bands
in the CsPbl; and Cs,Pbl, spectra are assigned to the
electronic transitions in Pb?* ions, which are octahe-
drally coordinated by I ions (Pbl, complexes). Pb**
impurity ions in a lattice of symmetry Ds, exhibit the

following transitions: 4 — lAlg —°T, ('S, > 'Pina
free Pb2* ion) (Aband), '4,, — *T), or’E, ('S, — *P,)
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Fig. 3. (a) Long-wavelength exciton band in the spectra of
a 150-nm-thick CsPblj film, recorded at different temper-

atures upon heating. (b) The absorption spectrum of the
CsPbl; film (7' = 90 K) (/) before and (2) after heating

above 400 K.

band), and '4,, = 'T},('S, > 'B) (C band) [13]. The
structure of the CsPbl; and Cs,Pbl, spectra is similar
to that of the impurity spectra of Pb>* in CsI [13]; the
A and C exciton bands are likely to correspond to the
same direct allowed transitions in the Pbl, octahe-
dron. The weak Bband of CsI:Pb2*, which is due to the

forbidden 'S, — P, transition in free Pb2* ions, was
not observed in our spectra.

The blue shift of the absorption bands with a
decrease in the Pb content in the compounds under
study indicates a decrease in the widths of allowed
bands and an increase in the band gap E,. The latter
linearly increases in the series of Pbl,, CsPbl;, and
Cs,Pbl, compounds (Fig. 2, inset), which is additional
proof of the localization of exciton excitations in
(Pbl)* octahedra.
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TEMPERATURE DEPENDENCE
OF THE PARAMETERS OF THE LONG-
WAVELENGTH EXCITON ABSORPTION

BANDS IN CsPbl, AND Cs,Pbl

The absorption spectrum of a thin CsPbl; film in
the range of 2.4—3.7 eV was measured at temperatures
from 90 to 460 K upon heating and cooling; the spec-
trum of a thin Cs,Pbl, film was measured only upon
heating in the temperature range of 90—533 K.

At temperatures from 90 to 367 K, the AlI band of
CsPbl, is linearly red-shifted (dE,,/dT = —2.4 x 1074
eV/K) upon heating (Figs. 3, 4); the half-width of the

AlI band increases nonlinearly in this temperature
range. In the relatively narrow range of 367—422 K,
the absorption spectrum of the thin film changes as
follows: the absorption edge is blue-shifted, and the
long-wavelength exciton band becomes narrower and
sharper (Figs. 3a, 4). Upon cooling the film to 7= 90
K, its absorption spectrum is not recovered. The spec-
trum of the cooled film (Fig. 3b, curve 2), measured in
awide energy range (2—6 eV) at T=90 K, is typical (in
both the structure and the position of the fundamental
absorption bands) of Cs,Pbl,. Therefore, we can sug-
gest that heating a CsPbl; film above 420 K leads to the
formation of Cs,Pbl; compound; this suggestion is in
agreement with the results of [10, 11]. However, the
question of excess Pbl, must be solved in this case. The
excess Pbl, phase does not manifest itself in the spec-
trum of the cooled film (Fig. 3b, curve 2), as is evi-
denced by the absence of additional absorption at 2.5
eV (which corresponds to exciton absorption in Pbl,)
in the transparency region. Apparently, the excess lead
manifests itself in the film spectrum as Pb?* impurity
bands in Csl, which are imposed on the Cs,Pbl;
absorption spectrum. According to [13], the longest
wavelength band A, in the spectrum of CsI:Pb** is

located at 3.38 eV (i.e., it isimposed on the AlII band in
the spectrum of Cs,Pbl¢ (3.41 eV)); the shorter wave-
length B and C bands are in the range of 4.3—5.04 eV
[13]; correspondingly, they are also imposed on the C
bands in the CsPbl; spectrum. Apparently, this is the
reason for the much higher intensity of the Cs,Pbl
exciton bands in the film with a higher Pbl, content

(xpy1, = 0.4) (Fig. 3b, curve 2) in comparison with the
stoichiometric composition (xp,, = 0.2) (Fig. 2b).
This suggestion is substantiated by the much higher
oscillator strength of the AlII band in the cooled film
(xppr, = 0.4) —f=19.4 x 102 (a value calculated for

the volume occupied by the Pb?* ion), in comparison
with the oscillator strength of the corresponding band
in Cs,Pbl; stoichiometric films: f= 9.4 x 1072,

Thus, the temperature dependence of the parame-
ters of the long-wavelength exciton band recorded
upon heating the CsPbl; sample is typical of this com-
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pound, whereas the same dependence recorded upon
cooling corresponds apparently to a mixture of
Cs,Pbl and CsI:Pb?*,

Let us consider in more detail the temperature
dependences of the spectral position and half-width of

the long-wavelength All exciton band obtained upon
heating and cooling the CsPbl; sample and the tem-

perature dependence of the parameters of the Alll band
in the Cs,Pbl¢ spectrum (Fig. 4).

As was noted above, the long-wavelength exciton

band A in the spectrum of CsPbl; is linearly red-
shifted with dE,/dT = —2.45 x 10~* and —2.53 x
10~* eV/K upon heating and cooling, respectively. The

AlII band in the Cs,Pbl, spectrum is also linearly red-
shifted (dE,,/dT=—2.12 x 10~*¢V/K) with an increase
in T (Fig. 4a). This shift is typical (in order of magni-
tude) of most ionic crystals, including the compounds
under study. The interaction of excitons and longitudi-
nal optical (LO) phonons dominates in ionic crystals,
and the largest temperature changes in the parameters
of exciton bands occur at im; o< k7. We do not know
the im| values for CsPbl; and Cs,Pblg. They can be
estimated based on the known parameters Am, o =
13.7 meV for Pbl, [18] and i, o = 11 meVin Csl [19].
With allowance for the molar contents of the compo-
sitions, i® o~ 12.35 meV for CsPbl; and 11.54 meV
for Cs,Pbl,.

The dE,/dT values for CsPbl; and Cs,Pbl, are
slightly larger than dE,/dT = —1.6 x 10~* eV/K for
thin Pbl, films [20], but are much smaller than those
for other ionic crystals [1]. The weak temperature shift
of the exciton bands in Pbl, is related to the compen-
sation of the EPI-induced red shift by the blue shift
caused by the thermal lattice expansion [20]. Appar-
ently, the small dE, /dT values for the compounds
under study are also caused (as for Pbl,) by the com-
pensation of the EPI-induced negative shift by the
positive shift related to the lattice expansion.

The temperature behavior of the half-width I" of
the long-wavelength exciton bands of both com-
pounds is nonlinear (Fig. 4). According to the theory
[21], the temperature dependence I'(7) for excitons of
different dimensions d (d =1, 2, or 3) is determined as

2
2
nD

4—d
Ty~|—~2
: L(d/zxan)"”} ’

where y(d/2) is the gamma function (which depends
on d), B is the exciton-band width, and D> =
0.5C*hw, ocoth (Ao, o/kT) (C?/2 is the lattice relax-
ation energy upon exciton excitation). While process-
ing the experimental dependence I'(7), we took into
account the shape of the exciton band and the contri-
bution of the residual broadening of I'(0) to I" due to

()
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Fig. 4. Temperature dependences of (a) the spectral posi-
tion £,,(T) and (b) the half-width I'(7) of the long-wave-

length exciton band All in the spectrum of CsPbls,
obtained upon (/) heating and (2) cooling the sample, and

(3) the A1“ band in the spectrum of a 100-nm-thick
Cs,Pblg film.

the lattice defects. In the spectrum of CsPbl; recorded
at liquid-nitrogen temperature, the shape of the band
found according to the technique [12] is a linear com-
bination of Lorentzian and Gaussian profiles; the
Gaussian component increases upon heating. At the
same time, the band in the spectrum of Cs,Pbl, is a
Gaussian in the entire temperature range under study.
In the case of Gaussian profile the total half-width is
determined by the relation

r=[r’o+rm]”, 3)

2012
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where I'(7) is described by (2) with an unknown factor
A, which is independent of 7. Processing the experi-
mental dependence I'(7) using (2) for different d
showed that the best agreement of the calculation
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