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Absorption spectrum of Cs,PbClg thin films was studied in the spectral range of
2—-6 eV within the temperature interval 90—500 K. Localization of low-frequency excitonic
states in sublattice of the compound containing Pb%* ions was established. Excitons have
intermediate bond and two-dimensional (2D) nature.
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HUccaenopan cnexkTp morjomenns ToHKuX maeHok Cs,PbCly B o6ractu cnexrpa 2-6 aB u
temmeparypHom uutepsase 90-500 K. YeranosieHno, 4To HU3KOUACTOTHBIE SKCUTOHHEIE BO3-
Gy K/IeHNA JOKAIMSOBAHEL B IIOAPENIeTKE COeIUHEHNs, cofeprameil nousl Pb2*, oTHoCATCH K
SKCUTOHAM IIPOMEKYTOUHO! CBH3M M HOCHT ABYXMEDHBIH XapaxTep.

EKcCiTOHHMI CHEeKTp MOTJIUHAHHSA TOHKHX ILIiBOK Cs4PbC|6. O.H.JOnaxosa, B.K.Muuno-

crascvruil, E.H.Kosanenrxo, B.B.Kosasenko

Hocmigxeno crekTp morauHaHHA TOHKUX ITiBOK C$,PbClg B o6nacri cnexkTtpa 2-6 eB n
Temuepatypaomy inTepBani 90-500 K. VcraHoBseHo, 110 HM3BKOUYACTOTHI €KCHTOHHI 30y[-
JKeHHS JIOKAJiB0BaHI y migrparmi cmonayku, sxa mictuth iomm Pb2*, BimHocsThCa o excu-
TOHIB IIPOMIKHOIO 3B 3Ky Ta MAaKOTh ABOMIipHUII xapaxrep.

1. Introduction

Two compounds CsPbCl; and Cs,PbCl are
formed in CsCI-PbCl, system according to
researches of the phase diagram [1, 2]. The
first compound is studied in detail includ-
ing the absorption spectra of [3—-5], but the
compound Cs,PbClg is little investigated.
According to [6] Cs,PbClg crystallizes in
monoclinic structure with the lattice pa-
rameters a = 13.449, b = 9.417, ¢ = 13.181 A,
y=91.61°. According to the later re-
searches [2], Cs,PbCls has the hexagonal
lattice with unit cell parameters a = 13.155,
c=16.604 A, space group R—3c. The octa-
hedron (PbCI6)4‘ of almost correct form
with the interatomic distances Pb-CI
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2.876 A is structural element of the crystal
lattice in the both cases [2, 6].

Cs4PbClg absorption spectrum was meas-
ured in [2, 7] on single crystals in the range
of long-wavelength excitonic band and in [8]
on thin films. The difficulty of making
Cs4PbClg without CsPbCly; impurity was
noted in the both cases. In the studied sin-
gle crystals [2, 7] small CsPbCl; impurity
was present, and thin films without
CsPbCl; impurity could only be received at
deposition of (CsCl),_,(PbCl,), mix with ex-
cess CsCl (x = 0.1) [8]. The mixture was
evaporated by explosion on substrates
cooled to 77 K with their subsequent an-
nealing and slow temperature increase to
500 K. CsCl impurity in the thin films of
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Cs4PbClg complicates analysis of the spec-
trum in the short-wave range [8].

In this research thin films Cs,PbClg of
stoichiometric composition were obtained
and it was investigated their excitonic spec-
trum in the region of 2-6 eV and in broad
temperature range of 90-500 K.

2. Experimental

Cs4PbClg thin films were prepared by
evaporation of CsCl and PbCIl, pure pow-
ders mixture of stoichiometric molar compo-
sition on heated to 453 K quartz substrates
with their subsequent annealing during two
hours at the same temperature. The powder
mixture was preliminarily melted under the
screen which was located between an evapo-
rator and a substrate. This method was used
previously to prepare Cs,Pblg [9] and
Rb,Pblg [10] thin films. It based on the fact
that, as a rule, melting temperature of ter-
nary compounds is significantly lower than
that of the initial binary compounds. Some
difficulties occurred during preparation of
the Csy,PbClg films from the melt due to
CsPbCl; impurity phases in the films.
Cs4PbClg melting point (493°C) is lower
than CsPbCl; (615°C) [1]. It is also known
that two-phase M,Pblg films with MPbl;
(M = Cs, Rb) impurity transform into mo-
nophase M,Pblg at the high-temperature an-
nealing [9, 10]. Considering these two facts,
the Cs,PbClg monophasic film was obtained
with minimized evaporation temperature of
the melt mixture of the powders and in-
creased substrate temperature to a value at
which no light scattering appears in the
film (it’s 453 K).

The phase structure of the films was con-
trolled by absorption spectra measured at
T =90 K. Such control is possible due to
significant differences in the spectral posi-
tion of the long-wavelength excitonic bands
in CsPbCl; (8.04 eV [5]), Cs,PbClg
(4.345 eV), PbCl, (4.6 eV) and CsCl
(5.8 eV).

The films of 100-120 nm thick were
used for the absorption spectra measure-
ment, the films of 400-500 nm thick were
used for determining dispersion of the re-
fractive index. The absorption spectra were
measured in the spectral interval of 2—6 eV
at T = 90 and 290 K on a spectrophotome-
ter SF-46. In a narrower spectral interval of
3.4-4.8 eV, which is the region of the long-
wavelength excitonic band, the absorption
spectrum was measured in a wide tempera-
ture band 90-500 K.
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Fig. 1. Absorption spectrum of Cs,PbClg thin
film (¢ = 120 nm) at T =90 K (2) and 290 K
(1).

Dispersion of refractive index n(A) in
thin films of Cs,PbClg in the transparence
region was determined by the interference
method [11].

The long-wavelength A-band parameters
(position E,,, half-width I' and €5, = €5(E,,)
— the value of imaginary part of dielectric
constant in the band maximum) were deter-
mined by the technique [12], using approxi-
mation of A;-band by symmetric single-os-
cillator profile representing the linear com-
bination of the Lorentzian and Gaussian
profiles. The excitonic band parameters
(E,, I' and ¢5,,) were chosen to obtain the
best fit of the calculated profile to the
measured spectrum at long-wavelength
slope of the band.

3. Results and discussion

3.1. Absorption specirum of Cs4PbClg thin
films

The narrow intensive A;-band at
4.345 eV (90 K) and the short-wave C;-band
at 5.904 eV (90 K) were observed in the
absorption spectrum of Cs,PbClg thin film
(Fig. 1). The A;-band spectral position is
consistent with the data [8], but in the
short wavelength spectral range, unlike to
the spectrum in [8], only one narrow Cj-
band was observed. With temperature in-
crease, both bands are shifted to the longer
wavelengths, broadened and weakened due
to exciton-phonon interaction, which indi-
cates to their connection with the excitonic
states. The ledge A,, which we associate
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with the excitation of 2s exciton, observed
in background of interband transitions at
4.46 eV (Fig. 1) after separation of the long-
wavelength exciton A;-band by the symmetri-
cal contour. The exciton binding energy was
estimated as R, = 4/3 (Eg9 — E4;) = 0.153 eV
and the band gap E, = E,; + R, = 4.5 eV,
considering that A;- and Ay-bands belong to
the exciton series with head A;-band by
their spectral position.

The dispersion of the refractive index n(A)
in Cs4PbClg thin films (Fig. 2) in the trans-
parency region is well described by the one-
oscillator Vemple model [13]:

E4E,

— 1)
E} - E¥

—n2=
gg=n“=1+

where E = iw, E; and E,; are parameters of
the one-oscillator model. E; determines
spectral position of the effective oscillator
associated with interband optical transi-
tions, the value of Ej > E, [13], E; is dis-
persion energy that characterizes intensity
of the interband transitions.

The dependence of (n2 — 1)1 on E2 (1) is
linear. Processing of the experimental data
of n()\) using dependence (n2 — 1)7! on E2 by
the least squares method allowed to deter-
mine the value (EOEdrl = 0.012+0.0002
by slope of the line, the value Ey/E; =
0.467+0.0015 by intersection with y-axis
and therefore E;=16.238 eV and E;=
13.358 eV. Calculated dependence of n(\)
with Eq.(1) (Fig. 2, solid line) with the
above given values E; and E; has a good
match with the experimental dependence n(A)
(Fig. 2, dots). Approximation of the depend-
ence n(A) to a low-energy limit gives the
value of optical dielectric permittivity ¢ =
1+ E; ;/Ey = 38.141. Using received ¢, value
we can estimate the exciton radius as

R

n
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Fig. 2. Spectral dependence of the refractive
index n(A) of Cs,PbClg thin films: dots — ex-

periment, solid lines — calculation by Eq.(1).

where ap = 0.529:10°8 ¢m is the Bohr ra-
dius, R = 13.6 eV is the Rydberg constant,
€or 18 effective dielectric permittivity, &, <
Eoff < €0» €o 1s static dielectric permittivity,
R, =0.153 eV is the value of excitonic
binding energy in Cs,PbClg. We used the
€ lower limit to assess a,, as the main
contribution to €, determined by the value
of ¢, in the low-frequency region of the
excitonic band. The obtained value a,, =
14.97 A indicates excitation of excitons of
intermediate coupling in Cs4PbClg similar
to that of the exciton in alkali halide crys-
tals.

For interpretation of the Cs,PbClg spec-
trum it is compared with the spectra of
impurity bands of Pb2* in CsCl [14] and
also with the spectra of previously studied
compounds Cs,Pblg [9] and Rb,Pblg [10].
Spectral positions of A; and C; excitonic
bands are close to the positions of impurity
bands of Pb2* in CsCl (see Table) which in-
dicates the cationic nature of the exciton
states in Cs,PbClg. Spectra of Cs,Pblg [9]
and Rb,Pblg [10] are also close to the impu-
rity spectrum Csl:Pb2* by the spectral posi-

Qex = aBReerff, 2) tion of the excitonic bands and the spec-
Table. Spectral provision of absorption bands, exciton binding energy R,, and band gap Eg. in the
compounds
Compound E,;, eV Ecqp, €V Egy, €V Ecs, €V Ep, eV R, eV Eg, eV
Cs,PbClg 4.345 5.904 0.153 4.5
Cs,Pblg [9] 3.41 4.19 4.36 4.73 5.2 0.149 3.56
Rb,Pblg [10] 3.41 4.1 4.43 4.73 5.28 0.133 3.543
CsCl:Pb2* [14] 4.42 6.08 6.2 6.32 4.87
Csl:Pb2* [14] 3.38 4.77 4.9 5.04 5.77
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trum structure (Table). And although the
Spectra of CS4PbC|6 and CS4PbI6, Rb4Pb|6
differ significantly in the spectral position
of the excitonic bands [9, 10, 15, 16], they
are similar in the spectrum structure in the
region of A; and C;-bands. Previously it
was found that the excitons in Cs,Pblg and
Rb,Pblg have cationic nature, and their ab-
sorption spectra and spectra of Csl:Pb2* and
Rbl:Pb2* are conditioned by electronic transi-
tions in (Pblg)*~ octahedrons [9, 10, 15, 16].

The cationic nature of exciton states is
typical for halogen compounds of lead.
Spectra of binary compounds Pbl,, PbBr,
and PbCl, are also interpreted based on the
cationic exciton model [17, 18]. In the cat-
ionic exciton model the long-wave excitonic
absorption bands in PbCl, are associated
with the transition 1S, — 8P; in Pb2* ion.
Apparently, the Cs,PbClg absorption spec-
trum, as well as CsCl:Pb2* spectrum, is also
conditioned by electronic transitions in the
lead ion.

It should be noted that in isomorphic se-
ries of compounds Pbl,, PbBry, PbCl, the
absorption edge of two last compounds
(3.98 eV and 4.68 eV, respectively) [18, 19]
is significantly shifted to the shorter wave-
lengths relatively, as compared to Pbl,
(2.5 eV) [17]. The same pattern is cbserved
in the impurity spectra of Csl:Pb2*,
CsBr:Pb2*, CsCl:Pb2* [14], and in ternary com-
pounds Cs,Pblg and Cs,PbClg (see Table). Ex-
citons in all above given compounds have
cationic nature, the absorption spectrum of
the compounds is treated as electronic tran-
sitions in Pb2* ion, and significant differ-
ence in the spectral position of the long-
wave excitonic bands in iodine, bromine and
chlorine compounds, apparently, is condi-
tioned by different number of halogen ions
that surround the Pb2* ion, due to differ-
ences in the crystal structures of the com-
pounds. So each Pb2* ion is surrounded by 6
I~ ions in Pbl,, and its spectrum is condi-
tioned by the electronic transitions in
(Pb|6)4‘ octahedron [17], and each Pb2* ion
is surrounded by 9 Br~ (CI7) ions in PbBr,
and PbCl,, that causes a lot larger ionicity
of the compounds and therefore the short-
wave shift of the absorption edge. Appar-
ently, the same pattern retains in the impu-
rity spectra and in the complex compounds
spectra.

Crystalline structure of Cs,PbClg is in-
sufficiently studied and, as noted above,
there are contradictions in the studies of
various authors. So the authors of [6] note,
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that Cs,PbClg structure belongs to the new
structural type. In the monoclinic lattice
given in [6], each Pb2* ion is surrounded by
8 CI~ ions, although the authors identify
octahedrons [PbClg] as structural elements
of the lattice. Apparently, more short-wave
spectral position of the long-wavelength ex-
citonic A;-band in Cs,PbClg, compared with
the position of A;-bands in Cs,Pblg and
Rb,Pblg is conditioned by a large coordina-
tion number of CI~ ions in environment of
Pb2* ion. The spectra of two other com-
pounds CsPbCly and CsPbl; [5, 9] prove this
conclusion. The spectra of isostructural
compounds CsPbCl; and CsPbly are close to
the spectral position of the band and the
spectrum structure, and they are condi-
tioned by electronic transitions in octahe-
drons (PbHaI6)4‘ Hal = Cl,I, which are the
structural elements of the compound crystal
lattices [5, 9]. Replacement of CI~ ions in
the environment of Pb2* ions by I~ ions does
not lead to significant shift of the excitonic
bands in the compounds (spectral position
of the long-wavelength excitonic A,-band is
3.04 eV and 3.013 eV at T=90 K in
CsPbCl; and CsPblj, respectively).

Besides, the long-wavelength A;-band
spectral position (4.345 eV, 90 K) of the stud-
ied compound Cs,PbClg is close to the long-
wavelength excitonic band (4.45 eV, 8 K) of
KPb,Clg, which crystallizes in monoclinic
lattice where each Pb2* ion is surrounded by
8.5 CI~ ions [20], the absorption spectrum is
also conditioned by the electronic transi-
tions in Pb2* ion [21].

Thus, significant difference in the spec-
tral positions of the excitonic bands in
Cs4PbClg and Cs,Pblg, apparently, is condi-
tioned by the difference in their erystalline
structures, particularly by a larger number
of CI~ ions in the environment of Pb2*.

3.2. Temperature dependence of parame-
ters of the long-wavelength excitonic band
in Cs4PbClg.

Absorption spectra of Cs,PbClg thin
films in the region of long-wavelength exci-
tonic band (3.4-4.8 eV) were measured in
the interval of temperatures 90-500 K.

With the temperature increase, A;-band
linearly shifted to the longer wavelengths
with dE, /dT = -7.1:11075 eV/K (Fig. 3a).
Such shift is typical for majority of ionic
crystals, which include currently studied
compound, and is due to exciton-phonon in-
teraction. It should be noted as a normal
"red” shift of the excitonic band occurs
with the temperature increase in Cs,PbClg,
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as in pure PDCl, [22], unlike CsPbCls,
where there was observed the short-wave
("violet™) excitonic band shift with T in-
crease [5]. Different types of the tempera-
ture dependences of spectral position of the
excitonic bands can be explained by the
model of exciton-phonon system, that takes
into account not only linear but also quad-
ratic interaction by the phonon operators in
the Hamiltonian of the exciton-phonon sys-
tem [23].

Interaction of the excitons with longitu-
dinal optical (LO) phonons dominates in the
ionic crystals, and the largest temperature
change of the excitonic bands parameters

occurs at fiw;n < ET. Unknown value oo
in Cs,PbClg was estimated by the linear in-

terpolation from the values T7wrg=

21.08 meV in CsCl and 7wy, = 38.93 meV

in PbCly: iwy, o = 24.65 meV. fioy, values in
CsCl and PbCl, were found using known
frequencies of asymmetric molecular vibra-
tions of Cs,Cl, and PbCl, [24]. With the
temperature increase, half-width of the A;-
band increases nonlinearly (Fig. 3b). Broad-
ening of the excitonic band due to the exci-

ton-phonon interaction I'(T) for excitons of
different dimension d (d =1, 2, 3) in the
theory [25] is defined as

e ®
T = {y(d/Z)(mtB)d/Z}

where y(d/2) is gamma function, which de-
pends on d, B is width of excitonic zone and

D2 = 0.5C%ho; octh(fio; o/2kT), C?/2 is the

energy of the lattice relaxation in the exci-
ton state. The contribution of the residual
broadening I'(0) due to the lattice defects to
the total half-width of the exciton band T
should be also taken into account. The form
of excitonic A;-band at the temperatures is
close to the Gaussian, and at high is the
complete Gaussian, so the total half-width
I' can be represented as

I = [1200) + 127y %, (4)

where I'(T) is due to Eq.(3) with unknown
factor N, that does not depend on T. Proc-
essing of the experimental dependence I'(T)
using Eq.(3) with different d gives the best
match of the theory and experiment with
d = 2. In this case
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Fig. 3. Temperature dependences of spectral
position E_(T) (a) and half-widths I'(T) (b) of
the long-wavelength exciton A;-band in
Cs,PbCls. Fig. 8b: dots — experiment, solid
lines — calculation by Eq.(4), Eq(5).

I(T) = Neth(hoyo/ 2kT) (5)

and dependence °(T) in r2 on

cth?(fio; o/2kT) is linear. Processing of this
dependence by the least squares method
gives the values I'(0) = 0.082£0.002 eV and
N = 0.069+0.0005 eV. Calculated tempera-
ture dependence I'(T) by Eq.(4, 5) with
found I'(0) and N values has a good match
with the experimental one (Fig. 8b). The ex-
citons in Cs,PbClg have two dimensional
character as appears from the analysis of
the temperature dependence I'(T).

4. Conclusions

Cs4PbClg thin films of stoichiometric
composition were synthesized. Absorption
spectrum of the Cs,PbClg thin films was
studied in the spectral range of 2—6 eV and
temperature range 90-500 K. Observed in
the spectrum A;- and C;-bands correspond
to excitonic states localized in sublattice of
the compound containing Pb2* ions. The ex-
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citons in Cs,PbClg have cationic nature and
relate to the excitons of intermediate coupling.

2D nature of the excitonic states in
Cs4PbClg was established from the analysis
of the I'(T) temperature dependence.
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