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Influence of impurities on the absorption
spectrum of thin Cs,Pblg films
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The absorption spectrum of the solid solutions (Cs;_ ,M,),Pblg (M = Rb,K) 0<x<1 is
studied in the spectral range 2-6 eV at T =90 K. The formation of solid solutions
(Cs;_,Rb,),Pblg in all range of concentrations, but (Cs,_,K,),Pblg in the range 0<x<0.9 is
established, the compound K,Pblg is unstable. Linear concentration of long-wavelength
exciton band parameters in the (Cs;_,M,),Pblg indicates the localization of excitons in
Pb|64_ structural elements of the compounds crystal lattice.

HcenegoBaH creKTp IOTJIOMeHMs TBepALIX pacrsopos (Cs; M ),Pblg (M = Rb,K) 0<x<1 =
cuexkTpasbuoM uHTepBasie 2—6 sB mpu T = 90 K. Veramosiaeno o0pasoBaHue TBEPAbIX pac-
tBopoB (Cs; ,Rb, ),Pblg Bo Bcem unTepRame xommentpanuit x, a (Cs,_,K,),Pblg — B unTepna-
ne 0<x<0.9, coegunenue K,Pblg meycroiftumso. JIunednniit KOHIEHTPAIMOHHEIT X0 Tapamer-
POB JIJIMHHOBOIHOBOM sKcuToHHON mogocsr B (Cs;_ M,),Pbly cBugerenncTryer o moxanmsarun
9KCUTOHOB B Pbl64’ CTPYKTYPHEIX 3J€MEeHTAX KPUCTAINYECKON PeIleTK COeIMHeHMii.

Bnaus noMilIok Ha CHEKTP HONJIMHAHHA TOHKHX ILIiBOK CSAPbIG. O.H. IOnarxosa,
B.K. Muaocaascvrkuii, E.H.Kosanenrxo, B.B.KosaneHko.

Hocrimxeno cuexkTp morauHaHHA TBepaux posuuHiB (Cs;_ M,),Pblg (M = Rb,K) 0<x<1 y
cuexkrpasbuomy imTepBasni 2—6 eB npu T = 90 K. VcraHoBieHO yTBOPEHHS TBEPAUX PO3-
unnis (Cs;_,Rb,),Pblg B ycromy imrepsani xomnmenrpaniit x, a (Cs;_K,),Pblg — B inrepsani

0<x<0.9, cnonyra E,Pblg mecrifixa. Jlinifian#i KoHmenTpamifinuii xix mapaMeTpis JOBroxsu-
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ap0Boi excuronHoi cmyrum y (Cs;_ M,),Pblg cBizumres mpo sokanisamiro excuroHis B Pbl64_

—X"'X

CTPYKTYPHUX €JEeMEHTAX KPUCTAJIIUHOI I'paTKU CIOJIYK.

1. Introduction

The alkali metal halides MI (M = Cs, Rb,
K) form with Pbl, two types of compounds —
MPbl; and M,Pblg, as evidenced by the study of
their absorption spectra [1-4], and lumines-
cence spectra [5, 6]. It is found that in systems
MI-Pbl, (M =Cs, Rb) the second compound
M,Pblg is more stable and even two-phase film
(doped MPbly) annealing at high temperature
pass into M,Pblg [1-3]. At the same time the
compound K,Pblg is unstable and get monopha-
sic thin films K,4Pblg failed [4].
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The compounds MPbl; and M,Pblg crys-
tallize in a perovskite-type structure, a
structural element of the crystal lattice are
octahedra Pbl64‘ [7, 8]. Among the com-
pounds M,Pblg crystal structure was studied
only in Cs,4Pblg [9, 10]. Cs4Pblg has a hexagonal
lattice with unit cell parameters a = 14.52 A,
a = 18.31 A and the number of molecules to
z = 6.

The absorption spectra of Cs,Pblg and
Rb,Pblg thin films are similar in spectrum
structure and position of the absorption
bands. Moreover, they are similar to the
spectra of Pb2* impurity bands in alkali hal-
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ide crystals and, as impurity bands, are in-
terpreted based on the electronic transitions
in the octahedra (Pb|6)4_ [1-8]. From the
analysis of the spectra set localization of
exciton states in the sublattice containing
by ions Pb2*, surrounded by ions I-.

In this paper we investigate the absorption
spectra of mixed films (Cs,_,Rb,)4Pblg and
(Cs1_yK,)4Pblg to determine the influence of
impurities on the absorption and stability of
the compounds M,Pblg (M = Cs, Rb, K).

2. Experimental

The thin films (Cs;_Rb,)4Pblg and
(Cs1_4Ky)4Pblg 0<x<1 were prepared by vac-
uum evaporation of the melt mixture of
pure powders Csl, Rbl(KI) and Pbl,
stoichiometric composition and at a given
concentration x on quartz substrate heated to
160°C with subsequent annealing for 2 h at
the same temperature. This method was used
previously for the preparation of thin films
CS4Pb|6 and Rb4Pb|6 [2, 3].

The phase composition of the films was
controlled by the absorption spectra meas-
ured at T = 90 K. Such control is possible
because of the significant differences in the
spectral position of long-wavelength exciton
bands in MPbl; (2.97-3.08 eV), M,Pblg
(8.4 eV), Pbl, (2.5 eV) and MI (5.7-5.8 eV)
(M = Cs, Rb, K).

Solid solutions (Cs,_,Rb,)4Pblg formed in
the all concentration range 0<x<1, and thin
films (Cs;_yK,)4Pblg we managed to get in
the range 0<x<0.9. The pure films K,Pblg
without impurities KPblz could not be ob-
tained.

Absorption spectra of thin films were
measured on spectrophotometer SF-46 in
the spectral range 2-6 eV at T = 90 K. The
films thickness of 80-160 nm were used for
measurements.

Parameters of long-wavelength excitonic
bands (position E,, half-width I" and ¢,,, =
€9(E,,) — the value of the imaginary part of
the dielectric constant in the band maxi-
mum) were determined, in accordance with
[11], by approximating of the exciton band

by a symmetric single-oscillator profile,
which is a linear combination of Lorentz
and Gaussian profile. The exciton band pa-
rameters (E,, I' and ¢,,) were chosen to
obtain the best fit of the calculated profile
to the measured spectrum at the long-wave-
length slope of the band.

3. Results and dicussion

The absorption spectrums of thin films
(Cs;_4Rb,)4Pblg 0<x<1 (Fig. 1) are similar in
structure and spectral position of the ab-
sorption bands. In the interval 0<x<0.9
(Cs1_4K,)4PDblg absorption spectra are also
similar (Fig. 1).

The absorption spectra of thin films
(Cs,_4Rb,)4Pblg and (Cs;_K,),Pblg have A, C
and D exciton bands. Spectral position of
the exciton bands for Cs,Pblg, Rb,Pblg and
(Csg.1Kp.9)4Pblg shown in Table. Since the
spectra of the investigated solid solutions
similar to those of single-phase films
CS4Pb|6, Rb4Pb|6, they, like Spectra CS4Pb|6,
Rb,Pblg [1-8], can be interpreted on the
basis of the electronic transitions in the oc-
tahedra (Pblg)*: A; exciton band corre-
sponds to the transition lAlgﬁngu, C
bands corresponds to the transition
1A1g — 17,

Concentration dependence of the spectral
position E,(x) and half-width I'(x) long-
wavelength exciton bands Ay in
(Csq_4Rb,)4Pblg are linear (Fig. 2), which
confirms the localization of exciton states
in the structural elements of the crystal lat-
tice (Pb|6)4‘.

In the concentration dependence of the
spectral position A; band in (Cs;_,K,)4Pblg
observed deviation from linearity with in-
creasing x to higher frequencies (Fig. 2a),
which could be associated with disordered of
solid solution. The bend of E,(x) depend-
ence, however to lower frequencies, is well
known for the exciton bands in solid solu-
tions of binary compounds and caused to
small-scale fluctuations in disordered solid
solutions. But in such solid solutions, the
half-width T'(x) also increases with increas-

Table. The spectral position of the absorption bands, the exciton binding energy R,, and the band

gap E, in the investigated compounds

Compound E, eV | Egy, €V | Eqp, €V | Eqy, €V | Eqg, €V Ep, eV R,., eV Eg., eV
Cs,Pblg [2] 3.41 3.522 4.19 4.36 4.73 5.2 0.149 3.56
Rb,Pblg [3] 3.41 3.512 4.1 4.43 4.73 5.28 0.133 3.543
(Csg.1Kg 9)4Pblg 3.43 3.54 4.16 4.49 4.77 5.17 0.147 3.577
314 Functional materials, 21, 3, 2014
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Fig. 1. Absorption spectra of thin films
(Cs;_ K )4Pblg (1, 2, 3) and (Cs;_,Rb,),Pblg (1,
4, 5) T = 90 K, dotted is absorption edge after
separation of A; band by symmetric contour.

ing x, reaching a maximum at x = 0.5.
However, in (Cs;_,K,)4Pblg concentration
course ['(x) is line (Fig. 2b), indicating that
the localization of exciton states in the
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Fig. 2. Concentration dependences of the
spectral position E, (x) (a) and half-width I'(x)
(b) of long-wavelength exciton band A; at
T=90K in (Cs; ,Rb)Pbly (1) and
(Cs;_K,)4Pblg (2) and band gap Eg(x) (¢) in
(Cs;_K,)4Pblg.

sublattice containing ions Pb2*+. This conclu-
sion is also supported by the linear concen-
tration dependence of the band gap E (x)
(Fig. 2).

In Cs4Pblg the octahedra (Pb|6)4_ are sur-
rounded by ions Cs* [9]. With the substitu-
tion of ions Cs* (ionic radius r = 169 pm
[12]) by ions with significantly smaller ra-
dius K* (r= 133 pm [12]) lattice deforma-
tion and thus the tension in environment by
octahedra (Pbl6)4_ arises in solid solutions
(Csq_yK,)4Pblg, which apparently leads to
the high-frequency shift of A; exciton band.
The difference in the ionic radius of Cs*
(r =169 pm [12]) and Rb* (r = 148 pm [12])
is much smaller, so the substitution of Cs*
ions by ions Rb* in solid solutions
(Cs;_4Rb,)4Pblg makes no additional changes
in the spectral position of A; band.
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As noted above, the compound K,Pblg
without impurities KPbl; us get failed.
However, solid solutions (Cs;_K,)4Pblg
formed up to x = 0.9, even a small admix-
ture of Cs* stabilizes the compound. Assum-
ing that the solid solution (CSO1K09)4Pb|6
closest to K,Pblg, we investigated in more
detail its spectrum. The spectral position of
the exciton bands in (Csg 4K g)4Pblg given
in Table 1. After separation of the band 4;
by symmetric contour the shoulder A, ob-
served in the long-wave side of the band C,
at 3.54 eV (Fig. 2a), we associate Ay with
the exciton in the state with principal quan-
tum number n =2 (2s exciton). Assuming
that the bands A; and A, are exciton series
with headband A;, we estimated in their
spectral position in the approximation of
Wannier-Mott exciton the exciton binding
energy R, = 4/3 (Eyo—E,;) = 0.147 eV and
the band gap E, = E4; + R, = 3.577 eV.

Absorption spectrum (Csg 1K g)4Pblg was
measured about the long-wavelength exciton
bands A; in the temperature range 90-
500 K.

With increasing temperature, the band A;
linearly shifted to the low-frequency region of
the spectrum with dE,,/dT = -2.86-107% eV/K
(Fig. 8). The order of magnitude of such a
shift is typical for most ionic crystals,
which include test compound. In ionic crys-
tals the interaction of excitons with longi-
tudinal optical (LO) phonons dominates and
the largest temperature change of the exci-

ton bands parameters occur at Zwpo<kT.
hoyo values we estimated from the known
values Zioyg = 13.7 meV in Pbl, [13], %o

=17.5 meV in Kl [14] and Zw;g =11 meV
in Csl [15]. Given the molar composition in

(CSO.1KO.9)4Pb|6 h(,L)LO ~11.74 meV.

With increasing temperature, the half-
width of the exciton band A; grows non-
linearly due to exciton-phonon interaction
(EPI) (Fig. 3b). Contribution to the broaden-
ing of the exciton bands due to EPI for
excitons of different dimension d (d =1, 2,
3) is defined as [19]

= (1)

2
N nD? 4-d
r = L{(d/ 2)(27;3)"/2} ’

where y(d/2) is the gamma function, which
depends on d, B is width of the exciton

band and D2 = 0.5C%hopgeth(Bogo/2kT),
C2/2 is the lattice relaxation energy related
to formation of excitons. When processing

316

Em,eV a)

345

335

33 1 ] ] 1
0 100 200 300 400 T,K

I, eV o
b)

02

01

1 | | |
0 100 200 300 400 T,K

Fig. 3. Temperature dependence of the spec-
tral position E_(T) (a) and half-width I'(x) (b)
of long-wavelength exciton band A; in
(Csg.1Kg 9)sPblg: points is experiment, solid
curves (b) is payment by Eq.(2), (3).

the experimental dependence of I'(T), we
take into account the shape of the contour
of the exciton band and contribute to I' of
residual broadening I'(0) due to lattice de-
fects. In the investigated temperature range
form the exciton band A; is Gaussian. In the
case of a Gaussian contour estimated half-
width is given by

r=r20) + 127y, @
where ['(T) satisfies Eq.(1) with an unknown
factor A, does not depend on T. Processing of
experimental dependence I'(T) using Eq.(1)
for different d gives the best agreement be-
tween theory and experiment for d = 3. In
this case,

I(T) = A - cth’(Roy o/ 2kT) (3)

and the dependence of I'(T) in the coordi-

nates of I'? on cth¥(fo;y/2kT) is linear.
Processing of this dependence by the least-
squares method gives wvalues of I'(0) =
0.1240.0015 and A = (4.4+0.05)-107% eV.

Functional materials, 21, 3, 2014



O.N.Yunakova et al. / Influence of impurities on ...

Calculated temperature dependence of I'(T)
to Eq.(2), (3) with the found values I'(0) and
A is in good agreement with the experimen-
tal one (Fig. 2b).

Thus, as follows from the analysis of the
temperature dependence of I'(T) excitons in
(Csg 1Kp.9)4Pblg are three-dimensional char-
acter. Previously we installed 38D nature of
the exciton excitations in B Cs,Pblg [2] and
2D character in Rb,Pblg [3].

5. Conclusions

Found that solid solutions
(Cs1_4Rb,)4Pblg formed in all concentration
range 0<x<1, (Cs,_K,)4Pblg formed in the
range of 0<x<0.9, the compound K,Pblg is
unstable.

Linear concentration dependence of the
spectral position E, (x) and half-width of I'(x)
of long-wavelength exciton bands in solid so-
lutions indicate the localization of exciton
states in the sublattice containing ions Pb2*.
The deviation of E,(x) in (Cs;_K,)4Pblg from
linear due, apparently, by local tensions in
the environment of octahedra (Pbl6)4‘,
which arising in the substitution of ions

Cs* by significantly smaller radius ions K*.
From the analysis of the temperature de-

pendence of the half-width I'(T)
(Csg 1Kp.9)4Pblg installed three-dimensional
character of exciton excitations.
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