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The absorption spectra of thin RbPb,Cl; and RbgPbsCl,s films were studied in the
spectral range 2-6 eV and the temperature interval 90-500 K. A correlation was estab-
lished between the absorption spectra and the crystal structure of the compounds. Excitons
in both compounds are localized in a sublattice containing Pb%* ions, and refer to excitons
of the intermediate bond. An analysis of the temperature dependence of the half-width of
exciton bands establishes a two-dimensional (2D) nature of the excitons in RbPb,Cl; and
three-dimensional (8D) in RbgPbsCl,g.

Keywords: Thin RbPb,Cls and RbgPb;Cl,s films, absorption spectra, crystal structure,
exciton.

HccaenoBaHEl CHeKTPRI Horyomenns ToHKux mneHoxk RbPb,Cly; m RbgPbsCls B cmext-
panbHOM mHTepBasie 2—6 5B u unrteprane temnepatyp 90-500 K. YcranosneHna Koppeasanus
MEJKIY CHeKTPAMM IMOTJION[EHUS U KPUCTANINUYECKOU CTPYKTYPOH coefMHEeHUN. OKCUTOHLI B
0GONX COeIUHEHUAX JOKAJMNBOBAHBLI B MOAPEIIeTKe, cofep:Kamell nonsl PbZ*, u orHocaTes K
SKCUTOHAM IIPOMEKYTOUHOM cBa3u. V3 aHaamsa TeMIIepaTyPHON 3aBUCHUMOCTU IIOJYIITHPUHEI
SKCHTOHHEIX IIOJOC ycTaHOBJAeH AByxMepHbiil (2D) xaparrep skcuronos B RbPb,Cly u Tpex-
mepusli (8D) B RbgPbgClyg.

Excutonni cnexrpu nmorauHanus roHkux miaisok RbPb,Cl; i RbgPbsCle. O.H.Kosanen-
Ko, O.M.IOunaxosa, M.M.IOHaKo8.

Hocrimxeno crekTpu IoriauHAHHEA TOHKHX ILTiBok RbPb,Cls ma RbgPbsCls v crexrpans-
"Homy imTepBasi 2—6 eB i imrepsani temmeparyp 90-500 K. VcramoBieHo Kopensmiro Mimx
CIIEKTPaMU MOIVIMHAHHSA 1 KPUCTAJIYHOIO CTPYKTYPOIO cHoNyK. EKcuTOHKM B 000X CHOJNYKAX
JoKaJizoBaHi y migrparii, ska mMicTuTh ioHu Pb2+, i BigHOCATHCA 1O €KCHTOHIB IPOMIiMKHOIO
3B sA3KYy. 3 aHANiI3y TeMmepaTypHOI 3aJeKHOCTI HAIIBIIMPUHN €KCUTOHHUX CMYI YCTAHOBJIE-
HO pBoMipHmit (2D) xapakxTep excurtoHis B RbPb,Cl; i rproxmipan# (83D) B RbgPbsCl,g.

© 2019 — STC "Institute for Single Crystals”

1. Introduction

The triple compounds of lead and alkali
metal halides crystallize into perovskite-
type structures [1-5]. The loose packing in
of large radius ions the lattice of lead-hal-
ide perovskites provides ample opportuni-
ties in crystal composition variations and in
ability to change its properties. Such crys-
tals are of practical interest as matrices in
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the creation of active laser medium [6-8].
The possibility to vary the width of the for-
bidden band and embed practically any type
of ions into the lattice of lead-halide
perovskites makes them promising materials
for potential use in galvanic cells of solar
batteries, nonlinear optics, and electromag-
netic radiation detectors [9, 10].

According to new studies of phase dia-
gram [2] in the RbCI-PbCI, system, in addi-
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tion to the previously established com-
pounds RbPb,Clg, RbPbCl; and Rby,PbCl,,
new compounds RbgPbsClyg and RbzPbClg
have been found. The compound RbPbLCI;
exists only in the temperature range 320°C
—440°C, at T < 320°C it decomposes into
Rbe2C|5 and Rbspb5C|16. At room tem-
perature, the compounds RbPb,Clg and
Rbst5C|16 are stable [2]. Rbe2C|5 Ccrys-
tallizes into a structure of the NH,Pb,Clg type
(spacer group P2;/c) with lattice parameters
a=8.992 A b=17.99 A, c=12.54 A, y = 90°,
z=4 [1, 2, 5]. The compound RbgPbsClig
crystallizes into a tetragonal structure (space
group P4/mbm) with lattice parameters
a=11.855 A, c=11.237 A, z = 4 [3].

Among compounds formed in the RbCI-
PbCl, system, RbPb,Clg crystals are the
most studied. Reflection and photolumines-
cence spectra of RDbPb,Clg crystals were
studied in [11-14]. In the recent years lu-
minescence spectra [6, 15] and EPR [16] of
RbPb,Clg crystals doped with rare-earth
ions have been actively studied. The exciton
absorption spectrum of RbPb,Cl; has not
been studied. The reflection spectrum of
RbPbCl; crystals is given in [14]. Regarding
to other compounds of the RbCI-PbCl, sys-
tem, only studies on their crystal structure
are known [2, 4].

In this paper the absorption spectra of
thin RbPb,Clg and RbgPbsClig films are
studied in the spectral range 2-6 eV and in
the temperature range 90-520 K.

2. Experimental

were prepared by evaporating a melt of a
mixture of pure RbCl and PbCl, powders of
a stoichiometric molar composition to
quartz substrates heated to 373 K, followed
by annealing them at a higher temperature
of 473 K during two hours. This method
was used earlier to obtain thin films of ter-
nary compounds [17-19] and is based on the
fact that, as a rule, the melting point of a
ternary compound is substantially lower
than the melting points of the initial binary
components. The melting points of ternary
compounds RbPb,Cls (T, = 423°C), RbPbCl,;
(T, = 440°C) and Rb,PbCl, (T, = 448°C) [2]
are noticeably lower than the melting points
of the initial components of PbCl, (T, =
501°C) and RDbCI (T, = 715°C) [20]. Due to
close values of melting points of the com-
pounds in the RbCI-PbCl, system some dif-
ficulties arose in obtaining monophase
RbPb,Clg films. Since T,, of RbPb,Clg is the
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Fig. 1. The absorption spectra of a thin film
of RbPb,Clg (a) T = 90 K before annealing (1)
and after annealing (2) and a thin film of
RbsPbClg (b) T = 90 K after annealing.

lowest among the compounds of the RbCI-
PbCl, system, in order to obtain monophasic
films the melt of a mixture of stoichiomet-
ric composition was evaporated at the low-
est possible temperature. The phase compo-
sition of the films was monitored from the
absorption spectra measured at 7 = 90 K. A
significant difference in the spectral posi-
tion of the long-wave exciton bands in PbCl,
(4.66 eV [21]), RbCI (7.52 eV) and ternary
compounds of the RbCI-PbCl, system (4.27-
4.45 eV [11, 12, 14]) makes it possible to
control the absence of an impurity of the
initial components in the film using absorp-
tion spectra. However, due to the proximity
of the spectral positions of the long-wave-
length exciton bands in ternary compounds,
it is difficult to control the monophasicity
of the film by the absorption spectra. But
when the film is heated up to T>473 K, if
there is an admixture of compounds of a
different molar composition, a band appears
at 4.2 eV in the long-wavelength region of
the spectrum (Fig. 1). We did not succeed
in identifying what compound this band be-
longs to. The authors of [14] observed a
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Fig. 2. The absorption spectra of a thin film
of RbPb,Cl; (a) (t = 75 nm) and a thin film of
RbgPbsClig (b) (t =75 nm) at T =90 K (1)
and T = 290 K (2).

long-wavelength exciton band at 4.27 eV
(T =77 K) in the reflection spectrum of
single CsPbCl; crystal, but according to the
phase diagram [2], the compound of such
composition does not exist at low tempera-
tures. It should be noted that increase of
RbCIl concentration in the mixture (molar
composition of RbzPbCly and Rby,PbCly)
leads to the increase of the band intensity
at 4.2 eV in the annealed films (Fig. 1b).
Eventually we did not succeed in obtaining
monophase RbszPbCl; and Rb,PbCl, films.
The RbgPbsClig phase dominates in the ab-
sorption spectra of films of this composi-
tion. The authors of [2] note the special
stability of the RbgPbsClig compound, which
begins to form even when the powders are
ground. When the melt of the mixture of
the stoichiometric RbgPbsClig composition
is evaporated, thin films with a stable ab-
sorption spectrum are formed (Fig. 2b).
High-temperature annealing does not
change the absorption spectrum of
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Consequently, high-temperature anneal-
ing contributes to the improvement in films
structure and makes it possible to detect the
admixture of other ternary compounds
phases in RbPb,Clg films.

The absorption spectra of thin films were
measured with a spectrophotometer SF-46
in the spectral range 2—-6 eV at T = 90 and
290 K. The films with thickness of 75—
90 nm were used for the measurement. The
absorption spectrum was measured in the
temperature range 90-500 K in the region
of the long-wave exciton band (3.5—4.9 eV).

The dispersion of the refractive index n(A)
in the transparency region of RbPb,Clg and
RbgPbsClyg thin films (film thickness 300-—
600 nm) was determined by the interference
method.

To determine the parameters of long-wave-
length exciton bands, they were approxima-
tion by the method of [22] by a double-oscil-
lator mixed profile, which has having a tran-
sitional form from the Lorentz to Gaussian
profiles and represents their linear combina-
tion. The parameters of the exciton bands
(position E,,, half-width I' and the value of
the imaginary part of the permittivity at the
maximum of the exciton band &5, =&(E,)
were chosen to increase accordance of profile
with the measured spectra on the long-wave-
length side of the bands.

3. Result and discussion

3.1. Absorption spectra of RbPbyCls and
RbgPbsClyg thin films

In the absorption spectrum of a RbPb,Clg
thin film (T = 90 K) (Fig. 2a), long-wave-
length bands A; and A, are observed at
4.465 eV and 4.627 eV, respectively, and a
broad C band is observed at 5.7 eV. The
spectrum of RbgPbgClyg thin film (Fig. 2b)
is close to the spectrum of RbPb,Cls by
structure and position of absorption bands
(see Table). In contrast to RbPb,Cls, two
broad short-wavelength bands C; and C, are
observed in the spectrum of RbgPbgClqg.
When the temperature increases the bands
A and C shift to the long-wave region of the
spectrum, broaden and weaken due to the
exciton-phonon interaction (EPI), which in-
dicates their exciton origin.

After the separation of the A; and A,
bands by a symmetric double-oscillator pro-
file, the width of the band gap for A, end
the exciton binding energy were determined
from the inflection point of the edge of the
own absorption band. Their values are E 5 =
4.843, 4.88 eV and R, = E,p — E4p = 0.22,
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Fig. 3. The spectral dependences of the re-

fractive index n(A) of thin films RbPb,Cl; (1)
and RbgPbsCl,g (2): the points are experi-

0.25 eV in RbPb,Cl; and RbgPbgClyg, re-
spectively. Assuming that the binding ener-
gies of the excitons A; and A, are equal, we
found E,=E,; + R, = 4.68, 4.73 eV in
RbPb,Clg and RbgPbsCl4g.

The dispersion of the refractive index n(\)
in RbPb,Clg and RbgPbsClig thin films
(Fig. 3) in the transparency region is well
described by the single-oscillator Wempl
model [23]:

(1)

—n2=
gg=n“=1+

where E = iw, E; and E,; are parameters of
the single-oscillator model. E determines
the spectral position of the effective oscilla-
tor associated with the interband optical
transitions, E >Eg, E,; is the dispersion
energy which characterizes the power of the
interband transitions.

In the coordinates (n2 — 1)1 from EZ2 the
dependence (1) is linear in both compounds.
The processing of the experimental data of
n(A) in the coordinates (n2 — 1)1 from E2
by the method of least squares made it pos-
sible to determine from the slope of the
straight lines (EoE,) 1 = 6.786-1073,
8.767-1073 and from the intersection with
the ordinate axis E,/E; = 0.244, 0.352 and
E,=6.018, 6.386 eV and E;= 24.67,
18.0 eV in RbPb,Cl; and RbgPbsClg, respec-
tively. The calculated dependences of n(A) by
Eq. 1 (Fig. 3, curve 1) with the found val-
ues of E; and E; are in good agreement
with the experimental dependences of n(A)
(Fig. 8, curve 2). Approximation of the de-
pendences of n(A) to the low-energy limit
gives the values of the optical dielectric
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constant ¢, =1+ E;/E;= 4.1 and 3.841 in
RbPb,Cls and RbgPbsClyg, respectively. The

obtained values of & were used in estimat-
ing of radiuses of excitons in the investi-
gated compounds:

R (2)
Rexeeff

oy = ap

where ap = 0.529-10"8 cm is the Bohr ra-
dius, R = 138.6 eV is the Rydberg constant,
Eofy 1S the effective dielectric permittivity, €_
<€,¢r < €y, € is the static permittivity, R,,
=0.22, 0.25 eV is the binding energy of
excitons in Rbe2C|5 and Rbepb5C|16 de-
fined above. Since the main contribution to
Eofy 18 determined by the value of € in the
region of the low-frequency exciton band we
used the lower limit &, to estimate a,,.
The obtained values of a,, = 7.98 A in
RbPb,Cls and a,, = 7.49 A in RbgPbsClg in-
dicate intermediate-bond excitons in both
compounds.

The absorption spectra of RbPb,Clg and
RbgPbsClyg are close to the spectrum of
PbCl, [21] and the spectra of impurity
bands of Pb2* in RbCI [24] by structure and
position of the bands. Accordingly, the exci-
tons in these compounds, as well as in PbCl,
and RbCI:Pb2*, have a cation type and the
exciton spectrum is interpreted on the basis
of transitions in the Pb2* ion [11, 13, 14].
In contrast to PbCl,, two long-wavelength
excitonic bands A; and A, are observed in
the spectra of RbPb,Clg and RbgPbgClyg,
which happens due to the structural fea-
tures of the crystal lattices of the com-
pounds.

According to [1, 2], there are two non-
equivalent positions of lead ions in the crys-
tal structure of RbPb,Clg. The Pb1 ion [1] is
surrounded by 7 Cl ions, which form a dis-
torted tetrahedron with a forked apex (coor-
dination number (CN), respectively, 7). The
nearest environment of the second ion Pb2,
as well as in PbCl,, is a distorted trigonal
prism with six chlorine atoms at the apexes
and other three ones above the centers of
oblong faces, the CN is 9 [1, 2]. In [5], it is
proposed to represent the environment of
the Pb1 ion in the form of a trigonal prism
with six chlorine atoms at the apexes and
one above the lateral face, and Pb2 with two
Cl atoms above the centers of the side faces
with CN equals to 7 and 8, respectively. In
PbCl,, each Pb ion is surrounded by 9 ClI
ions and CN equals to 9. Structural elements

Functional materials, 26, 2, 2019
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Table. The spectral position of the exciton bands, the band gap Eg and the binding energy of the
exciton R,, in the compounds RbPb,Cl;, RbgPb;Cls (T = 90 K), PbCl, and RbCl:Pb2*

Compound E 45 eV E 42 €V E .1 eV E, 2 eV E;z’ eV R,., eV

RbPb,Cly 4.465 4.627 5.7 4.68 0.22

RbgPbsClyg 4.475 4.63 5.12 5.7 4.78 0.25

PbCl, [21] 4.68 5.77 4.86 0.18
RbCI:Pb%* [24] 4.582 5.85 6.192

with Pb1 and Pb2 ions form layers separated
by layers containing Rb ions [1, 2, 5]. The
layered structure of the RbPb,Cls crystal
lattice determines the two-dimensional char-
acter of the excitons in the compound,
which will be shown below.

The shorter wavelength A, band in
RbPb,Clg is close to the long-wave exciton
band in PbCl, (Table), and corresponds to
the transition in the Pb2 ion with a large
value of the CN. The A; band is associated
with a transition in the Pb1 ion with a
smaller value of the CN, which determines
its longer wavelength spectral position.

Despite the higher symmetry, the crystal
structure of RbgPbsClig is rather compli-
cated. There are three different coordina-
tion polyhedrons for Rb ions and two for Pb
ions [4]. The Pb(1) ion (in the notation of
[4]) has a quadratic antiprismatic coordina-
tion with a CN of 9, another lead ion (in the
notation of [4] Pb/Rb, a site partially substi-
tuted by Rb) is surrounded by 8 chlorine
atoms in a distorted polyhedron (CN = 8).
The presence of two positions of Pb ions
with different CN in the crystal structure
of RbgPbsClig causes two long-wave exciton
bands A; and A, in the absorption spectrum
of the compound.

In RbgPbsClyg polyhedra with Rb(1), Pb(1)
and Pb/Rb alternate with polyhedra containing
Rb(2) and Rb(3), forming a close packing [4].
The tetragonal RbgPbsClig crystal is three-di-
mensional and, the excitons in this compound
have a 8D characters will be shown below.

It should be noted that the narrower ex-
citonic bands A; and A, in the spectrum of
RbgPbsClyg (I'y = 0.18 eV and I'y = 0.18 eV,
T = 90 K) in comparison to RbPb,Clg (I'; =
0.18 eV and I's=0.195 eV, T = 90 K) indi-

cate a larger structural perfection of the
films of the first compound. Therefore, we
observe two exciton bands C; and Cq in the
spectrum of RbgPbgClig, corresponding to
transitions in Pb ions with different CN. In
RbPb,Clg, it seems that the C; and C, bands
merge into a wide exciton band C.
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In RbgPbsClyg, the long-wavelength exci-
ton band A; is associated with the transi-
tion in the Pb ion with the CN =8, in
RbPb,Cls with the CN = 7, which causes a
large ionicity of the first compound and a
slightly shifted edge of absorption to the
short-wave region (Fig. 2, Table).

3.2. Temperature dependence of the pa-
rameters of long-wavelength exciton bands in
RbPbyCls and RbgPbsClig thin films

In the region of long-wave exciton bands
A, and A5 (3.5—4.9 eV), the absorption spec-
tra of Rbe2C|5 and RbePb5C|16 thin films
of were measured in the temperature range
90-500 K.

When the temperature increases the bands
A; and Ay in RbPb,Cls linearly shift to the
long-wavelength region of the spectrum with
dE,,;/dT = —(3.2710.02)-100¢  eV/K  and
dE,,»/dT =—(3.240.02)-10 4eV/K, in RbgPbsClig
with dE, ;/dT = —(2.12£0.04)-10 % eV/K and
dE,, »/dT = —(2.0810.04)-107% eV/K, (Fig. 4a,
4c¢). In order of magnitude such a shift is
characteristic for ionic crystals, to which the
investigated compounds belong.

For ionic crystals, the preferential inter-
action of excitons with longitudinal optical
(LO) phonons is typical, and the largest
temperature variations of the parameters of

the exciton bands occur at Zw;,p < kT ac-

cordingly. When the temperature increases
the half-width of the exciton bands A; and
Ay in both compounds increases nonlinearly
(Fig. 4b, 4d). The broadening of the exciton
band due to the exciton-phonon interaction
I'(T) for excitons of various dimensions
d (d=1,2,3), according to the theory of
[25], is defined as

2
nD?2 :|m 3)

) = L{(d/2)(2nB)d/2

where y(d/2) is the gamma function depending
on d, B is the width of the exciton band and
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Fig. 4. The temperature dependences of the spectral position of E,_(T) (a) and the half-width ['(T)
(b) of long-wavelength excitonic bands A; () and A, (2) in a thin film of RbPb,Cly and E,_(T) (c)
and I'(T) (d) bands A; (I) and A, (2) in a thin film of RbgPbsCl,s. In Fig. 4b, 4d: points —
experiment, solid curve — calculation using formulas 4, 5 and 4,6.

D? = 0.5C%ho oeth({fioyo/2kT), i = 24.8 meV
is the energy of LO phonons in RbPb,Clg
and RbgPbsClyg [18], C2/2 is the lattice re-
laxation energy when exciting an exciton. It
is also necessary to take into account the
contribution of the residual broadening I'(0)
due to lattice defects to the total half-width
of the exciton band I'. The shape of the
exciton bands A; and A, at low tempera-
tures is close to Gaussian, and at high tem-
peratures it is completely Gaussian. In the
case of a Gaussian contour of the exciton
band, the total half-width I' can be repre-
sented as

I =[I20) + FZ(T)]I/Z, (4)

where I'(T) is represented by the formula (3)
with an unknown factor @ independent on
T. Processing of the experimental depend-
ences I'|(T) and I'y(T) by formula 8 for dif-
ferent d gives the best agreement of calcu-
lation with experiment in RbPb,Clg at d = 2,
in RbePb5C|16 at d =3. For d =2

300

[(T) = Qcth(fiy o/ 2kT), (5)

and the dependences I'j(T) and I'y(T) in
RbPb,Cls in the coordinates I'? from

cch({thO/ZkT) are linear. The processing
of these dependences by the method of least
squares gives the values of TI'((0)=
0.16£0.002 eV, I'5(0) = 0.17+0.001 eV and
Q@ = 0.084+0.0007 eV, Q9 = 0.087£0.0005 eV.
The calculated temperature dependences of
I'(T) and I'y(T) with the found values of
I'y 5(0) and @ 5 according to formulas 4,5
are in good ag’reement with the experimen-
tal ones (Fig. 4b).

In RbgPbgClyg, the best agreement be-
tween the calculated dependences of I';(T)
and I'y(T) with experimental ones is reached

at d = 8. In this case
[(T) = Qeth?(To; o/ 2kT). (6)

The least-squares processing of the de-
pendences I';(T) and I'y(T) linear in the co-

Functional materials, 26, 2, 2019
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ordinates I'2 from cth4(7iwLO/2kT) gives the
values I'1(0) = 0.13£0.002 eV, TIy(0)=
0.1410.001 eV and Q; = 0.025%0.0001 eV,
Qo = 0.0252£0.0002 eV. The calculated de-
pendences I')(T) and I'y(T) from formulas
(4), (6) and the found values of I'; 5(0) and
Q1,2 in RbgPbsClig agree well with the ex-
perimental ones (Fig. 4d).

Analysis of the temperature dependences
of T')(T) and I'y(T) proves the two-dimen-
sional (2D) type of the excitons in RbPb,Cls
and the three-dimensional (3D) in
RbgPbsClyg, which agrees with the structure
of the crystal lattices of the compounds.

4. Conclusions

The absorption spectra of thin RbPb,Clg
and RbgPbsClig films were studied in the
spectral range 2—6 eV and the temperature
interval 90-500 K. The binding energy of
excitons and the width of the forbidden
band in both compounds are determined.

The excitons in both compounds, like in
PbCl,, are cationic in nature and refer to
excitons of the intermediate bond. In the
cationic exciton model, the absorption spec-
trum of the investigated compounds, like
PbCl, is interpreted on the basis of transi-
tions in the Pb ion. The presence of two
positions of Pb ions with different CN in
the crystal structure of both compounds
causes the appearance of two long-wave ex-
citonic bands A; and A, and two bands C;
and C, in the spectra of RbgPbsClyg.

The two-dimensional (2D) nature of the
excitons in RbPb,Cls and three-dimensional
(3D) in RbgPbsClg is established from the
analysis of the temperature dependences of
I')(T) and I'y(T) of long-wave exciton bands
A; and Ay, which agrees with the structure
of the crystal lattices of the compounds.
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