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The luminescent kinetic parameters of the CsPbCl3 nanocrystals dispersed
in matrices of solid solutions Rb;_,Cs,Cl (z = 0.05 +0.2) were studied un-
der pulse synchrotron radiation excitation. Formation of CsPbCl3 nanocrys-
tals is confirmed by manifestation of the quantum size effect, which is dis-
played by a short-wave shift of the exciton luminescence maximum and
an essential shortening of the luminescence decay time for of CsPbCls
nanocrystals as compared to that for an excitonic luminescence of a bulk
single crystal CsPbCl3. For the first time, using the atomic force microscopy
method, the lead-containing nanocrystals embedded in a matrix of the
Rbyg.95Csg.05Cl solid solution have been directly observed.
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1. Introduction

Along with the familiar semiconducting nanocrystals of the CdS, CdSe, CuCl,
Pbl, type, recently the ionic lead-containing crystals of the CsPbX; (X = Cl, Br,
I) type have been extensively studied. Some of them are characterized by a high
intensity of luminescence with short decay times (tens of picoseconds) [1]. Such
luminescent parameters make these materials prospective for the development of
fast detectors of high-energy irradiation.

The CsPbXj; (X = Cl, Br, I) nanocrystals are formed in the insulating haloid
matrices with different crystal structures activated by ions of lead or cesium, after
a prolonged (10100 h) high-temperature (150250 °C) annealing. The formation
of nanocrystals has been confirmed by manifestation of the quantum size effect in
their spectral luminescent characteristics [1-4]. High efficiency of the luminescent
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method of identifying the crystal type and nanocrystal sizes in the dielectric matrix
has been analyzed in [5].

Lead-containing nanocrystals formed in the matrices having the CsCl crystal
structure were directly observed only in the studies of the surface of thin films
CsX:PbX, (X = Cl, Br, I) using the atomic force microscopy (AFM) method [6-8].

In the present paper we study the luminescent kinetic characteristics of the
CsPbCl;3 nanocrystals embedded in the matrix of Rb;_,Cs,Cl (z = 0.05 = 0.2) solid
solutions. The crystal structure of the solid solutions Rb;_,Cs,Cl is of the NaCl
type, since the content of CsCl in Rb;_,Cs,Cl is smaller than x = 0.33. According
to the results of the theoretical calculations, at this content of the BX impurity,
the structure type of the solid solution A;_,B,X is the same as that of the major
component AX [9]. Using the AFM method we directly observe the lead-containing
nanocrystals dispersed in the matrices of the Rb;_,Cs,Cl (z = 0.05 + 0.2) solid
solutions. In these studies the crystals with cleaved surfaces are used, which makes
them more advantageous compared to the thin film studies [6-8] where observation
of nanocrystals is distorted by the thin film structure.

Let us note that the formation of the CsPbCl3 type nanocrystals embedded in a
crystalline structure of NaCl type has not been observed yet. It was established only
for NaCl crystals activated by lead that the increase of the storage time of the crystal,
of the annealing temperature or of the impurity content leads to the formation of
the Pb-containing aggregates PbCly-type embedded in the NaCl matrix [10].

2. Experiment

The Rb;_,Cs,Cl-Pb (z = 0.05 + 0.2) crystals (Cp, = 1 mole% in the melt)
were grown by the Stockbarger method in two stages. First the Rb;_,Cs,Cl (x =
0.05-+0.2) crystal matrix, and then the Rb;_,Cs,Cl-Pb crystal were grown. In order
to form the CsPbCl; nanocrystals dispersed in the Rb;_,Cs,Cl (z = 0.05 + 0.2)
matrix, the Rb;_,Cs,Cl-Pb (x = 0.05+ 0.2) crystals were subjected to a prolonged
(100 h) high-temperature (7" = 200 °C) annealing.

The luminescent kinetic characteristics of the crystals were measured using the
time resolved spectroscopic methods at the SUPERLUMI station in HASYLAB
(Hamburg, Germany). The crystal was excited by synchrotron radiation passed
through a normal incidence 2 m vacuum monochromator (spectral width of the
slit was about ~ 0.2 nm). The luminescence of the crystal located on the crys-
tal holder of a helium cryostat was detected by a photomultiplier through a sec-
ondary B&M monochromator. The luminescence decay kinetics was studied under
the pulsed synchrotron excitation (the pulse duration was = 0.12 ns, the repetition
period was 480 ns) in the statistical single-photon counting regime with time-to-
amplitude conversion. The time instrumental response on the drop of the pulse was
0.4 ns. Actual luminescence decay times were determined with taking into account
the shape of the excitation pulse and using the deconvolution procedure. According
to [11], the iteration method used for the evaluation of one-exponent parameters of
the decay time curve gives a satisfactory accuracy of approximation. Minimal time
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constants that can be estimated by this procedure are 0.15 ns. Luminescence spectra
were measured within a time window At = 5 ns without delay with respect to the
excitation synchrotron pulse. The experimental setup is described more in detail in
[12].

Topology of the Rbg.g5Csg.05Cl-Pb crystal cleavage surface was explored using
the AFM method.

3. Experimental results and discussion

The photoluminescence spectra of the Rbgg5Csg05Cl1-Pb and RbggCsy2Cl-Pb
crystals, excited in the matrix transparency region (Aexe = 310 and 240 nm) beyond
the absorption bands of single lead centers, and the luminescence spectrum of the
CsPbCl3 single crystal are given in figure 1.
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Figure 1. Luminescence spectra of the CsPbCl3 nanocrystals in Rbg.g5Csg.05Cl-
Pb (curve 1), RbggCsp2Cl-Pb (curve 3) crystals excited in the matrix trans-

parency region (Aexe = 310 and 240 nm) and the luminescence spectrum of the
CsPbCl3 bulk single crystal at Aexe = 310 nm (curve 2); T'= 10 K.

The relatively narrow band with the half-width AH = 0.04 eV and maximum
at Amax = 408.0 nm (figure 1, curve 1) of the Rbgg5Csg.05Cl-Pb crystal is similar
to the free exciton emission band of the CsPbCl; single crystal (Apa.x = 419.6 nm,
AH = 0.025 eV) (figure 1, curve 2), the spectral position of which does not depend
on the wavelength of the excitation light. Such a similarity of the spectral char-
acteristics is confirmed by the fact that during the high-temperature annealing in
the Rbg 95Cs0.05Cl-Pb crystal, the lead-containing aggregates of the CsPbCl; type
dispersed in this matrix are formed.

The formation of such aggregates in the Rby_,Cs,Cl-Pb (x = 0.05 <+ 0.2) crys-
talline matrices, where the Rb*, CsT ions and, respectively, the impurity ion Pb?*
are characterized by a sixfold surrounding of Cl anions, seems logical, since the for-
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mation of the [PbClg]?" octahedron does not require any structural reconstruction,
unlike the crystalline matrices of the CsCl type, where the eightfold surrounding
of the CI" anions must be changed to a sixfold surrounding in order to create the
cluster in the form of CsPbClz molecule. The [PbClg|*~ octahedron is the basis of a
CsPbCl3 molecular cluster. Therefore, its presence in the matrix assists the micro-
crystals of the CsPbCl; type in the Rb;_,Cs,Cl-Pb crystals. Also, the presence of
the charge-compensation vacancy v, next to the activator Pb?* ion, facilitates the
Pb?* ions mobility with the further formation of the lead-containing aggregates.

The short-wave shift of the emission band maximum of the CsPbCl3 nanocrystals
in the Rbg.95Csg.05Cl matrix (Apax = 408.0 nm) with respect to the position of the
maximum of free exciton emission band of the CsPbCl; single crystal by AE =
84 meV can be interpreted as a manifestation of the quantum size effect. Using the
relation between the magnitude of the short-wave shift and the average radius Rgp
of the nanocrystal [13]

h2m?

AE = ———,
2uRG

(1)
where © = 0.65 mg [14,15] is the exciton reduced mass for the CsPbCl; single
crystal (mg is the mass of a free electron), we determine the average radius of the
CsPbCl; type nanocrystals dispersed in the Rbg g5Cs.05Cl matrix (Rgp ~ 2.8 nm).
According to theoretical calculations, the quantum size effect is displayed in the
aggregates when Rgp < 10re [16]. Taking into account the numerical value of the
exciton radius (reee = 9.8 A [15] for CsPbCls), the obtained value of the average
radius of the nanocrystals Rgp satisfies the condition for the quantum size effect
manifestation.

An increase of the luminescence band half-width of the CsPbCl3 aggregates dis-
persed in the Rbg g5Cs.05Cl matrix as compared to that of the CsPbCl; single crys-
tals can be explained by the formation of the CsPbCl3 nanocrystals of different sizes,
embedded in the Rbg ¢5Csy.05Cl matrix.

The average sizes of the CsPbCl3 nanocrystals formed during the similar high-
temperature annealing in the Rbgg5Cspo5Cl-Pb (Cpp, = 1 mole%) and CsCl-Pb
(Cpp = 1 mole%) crystals [17] are Rop ~ 2.8 and 4.7 nm, respectively. This relation
between the dimensions of nanocrystals in the Rbg g5Csg.05Cl and CsCl matrices is
explained by the fact that on decreasing the number of the Cs' ions in the com-
pound, the probability of the CsPbCl3 nanocrystals formation in the Rbg g5Csg g5 Cl
matrix decreases. On the other hand, at the increased number of Cs™ ions in the
Rb;_,Cs,Cl crystalline solution from x = 0.05 to x = 0.2, the CsPbCl3 nanocrys-
tals formed in the RbygCsyoCl matrix are larger than in the Rbgg5Csg 05Cl ma-
trix. Really, the calculated from (1) average radius of the CsPbCl; nanocrystals
formed in the RbygCsoCl-Pb crystal at the same high-temperature annealing as
in the case of Rbgg5Csg05Cl-Pb, equals 4.7 nm. The luminescence maximum of
the CsPbCl; nanocrystals in the RbggCsp2Cl matrix with Ay = 415 nm (fig-
ure 1, curve 3) is shifted to the long-range side with respect to the luminescence
maximum Ay, = 408 nm for the CsPbClsnanocrystals dispersed in Rbg.g5Csg o5 Cl.
Coincidence of the values of the average radii of the CsPbCl3 nanocrystals formed
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in RbggCsp2Cl-Pb (Cp, = 1 mole%) and in CsCl-Pb (Cp, = 1 mole%) after the
identical high-temperature annealing procedures indicates that the slowing down
formation of the CsPbCl3 nanocrystals due to the reduced number of the Cs ions in
Rbo.sCsp2Cl (as compared to that in CsCl) is compensated by the presence of the
[PbClg]* octahedrons in the RbggCsgoCl matrix which causes its acceleration.

Conclusions about the presence of the quantum size effect of the CsPbCl3 nano-
crystals are confirmed by the data concerning their luminescence decay kinetics. The
luminescence decay time of the CsPbCl; nanocrystals, dispersed in Rbg.g5Csg.05C1—
Pb crystals excited in the matrix transparency region, is described by an exponent
with the main decay time 7 = 0.15 ns, whereas the kinetics of the luminescence
decay in the CsPbClj single crystal, excited in the same spectral range, is described
by the exponent with the decay time 7 = 0.48 ns. Thus, the main decay time of
the nanocrystal luminescence band is essentially smaller than the main decay time
of the excitonic luminescence of a CsPbClsbulk single crystal. Shortening of the
luminescence decay time in the nanocrystals gives more evidence for the presence of
the quantum size effect.

Along with the quantum size effect that changes the luminescent parameters,
the matrix exerts a hydrostatic pressure on the nanocrystals. This pressure arises
due to the difference between the linear thermal expansion coefficients of the matrix
and of the nanocrystals, as well as due to a certain stress acting on the CsPbClg
nanocrystals at their embedding into a matrix.

In the presence of such a stress, the unit cell constants of the CsPbCl3 nanocrys-
tals are decreased, but the excitonic reflectance peak and the intrinsic emission
spectrum of the nanocrystal are shifted to the long-wave region, which is not charac-
teristic of several other crystals. Such an anomalous shift in the CsPbClj is well seen
in the temperature dependences of the spectral position of the excitonic reflectance
peak and of the resonance excitonic luminescence band of a CsPbCl; single crystal
in the 77 + 4.2 K temperature range. Namely, when the temperature is lowered and
the lattice constant decreases, the excitonic reflectance peak and the luminescence
band of the CsPbCl; single crystal are shifted to lower energies [15]. Hence, the
hydrostatic pressure on the nanocrystals does veil the manifestation of the quantum
size effect for CsPbCl3 nanocrystals.

By making use of the AFM method we explored the topology of the cleavage
surface of the Rbg g5Csg.05Cl-Pb crystal (figure 2).

Space picture of Pb-based nanocrystals placed on the cleavage surface of the
Rbg.95Cs0.05Cl-Pb crystal is shown in figure 3.

The size of CsPbCl; nanocrystals in the scanning plane is distorted due to the
so-called tip convolution effect. This effect appears due to a certain diameter of the
scanning tip (=~ 50 nm). Usually, it overestimates the linear size of nanocrystals.
Therefore, only z-component of nanocrystal is reliable. The accuracy of determining
the linear dimensions of nanocrystals on a z-axis is 0.5 nm. Finally, the size of
CsPbCl3 nanocrystals in the crystal matrix may be estimated in the region of 4-
30 nm.
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Figure 2. AFM picture of the Rbg.95Csg.05Cl-Pb crystal cleavage surface.
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Figure 3. Space-picture of the CsPbCly nanocrystals placed on the
Rbg.95Csq.05Cl-crystal cleavage surface.
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4. Conclusions

Prolonged (¢ = 100 h) high-temperature (I = 200 °C) annealing of the
Rbg.95Cs0.05C1-Pb and Rbg gCsg 2 Cl-Pb crystals with the structure of the NaCl type
leads to the formation of the CsPbCl3 nanocrystals dispersed in the corresponding
matrix.

The formation of the CsPbCl3 nanocrystals is confirmed by the manifestation of
the quantum size effect which is displayed by a short-wave shift of the maximum of
the excitonic luminescence emission of the CsPbCl; nanocrystals and by a shorten-
ing of the luminescent decay time from 0.48 ns in bulk single crystal to 0.15 ns in
nanocrystals (Rbg g5Csg 05Cl matrix). The average radius of the nanocrystals deter-
mined from the magnitude of the quantum size energy is 2.8 nm for Rbg.95Csg.95C1—
Pb and 4.7 nm for RbygCsgoCl-Pb.

The studies of the topology of the Rbgg5Csg.05Cl-Pb crystal cleavage surface
using the AFM method confirmed the fact of the formation of lead-containing
nanocrystals.

The formation of the CsPbCl3 nanocrystals embedded in wide gap matrices of
Rb;_,Cs,Cl (z = 0.05 + 0.2) solid solution with picosecond luminescent decay time
does make it possible to develop fast detectors of high-energy irradiation. This cir-
cumstance demands the study of energy transfer processes from matrix to nanocrys-
tals under excitation in the range of fundamental absorption of a matrix.
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JliomiHecUeHTHO-KiHeTU4Hi xapaktepucTtukm CsPbCl;
arperariB, gucneproeaHmx B matpuusax Rb,_,.Cs_ClI
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C.MgrkoTta, A.MmockoBcbkuii, PMMaanweBCcbknn,
A.BOnowmHOBCbKNI

JIbBIBCbKUI HaLLiOHANBHMI YHIBEPCUTET iM. IBaHa D paHka,
79005 JlbBiB, BYNn. Kupuna i Medogis, 8
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JocniopkeHo NIOMIHECLUEHTHO-KIHETUYHI  MapamMeTpu HaHOKpUCTanis
CsPbCls, ancneprosaHux B maTpuusax Teepaux po34ynHie Rb;_,Cs,Cl
(x = 0.05 + 0.2). YTBOpeHHs HaHokpucTanie CsPbCl; niaTBepmkxyeTbes
MPOSIBOM KBAHTOBO-PO3MIPHOIro edekTy, AKNin peanidyeTbCs B KOPOTKO-
XBUNbOBOMY 3CYBi MakCMMyMa BUMPOMIHIOBAHHA €KCUTOHHOT NIIOMIHEC-
LLeHUii i CyTTEBOMY CKOPOYEHHI Yacy 3aracaHHs JIlOMiHECLEeHLii HaHO-
KpUCTaniB No BiAHOLWEHHI 00 TakOoro, XxapakTepHOro ansg CMyrv eKCUTOH-
HOIi NtoMiHecLUeHUji 06’eMHoro moHokpuctana CsPbCls.

Breplie 3 BUKOpUCTaHHAM MeTo4y aTOMHO-CUJIOBOT MiKpOCKoNii 34iic-
HEHO NpPsIME CMOCTEPEXEHHST CBUHLIEBOBMICHUX HAHOKpPUCTanis, BOyOo-
BaHUX Y MaTPULLID KpUCTaniyHoro po34dnHy Rbg.95Csq.05Cl.

Knio4oBi cnoBa: HaHOKpucTas, KBAHTOBO-PO3MIPHUN epeKT,
JIIOMIHECLIEHTHO -KIHETUYHI rnapameTpu, MopgOJIoris KpUCTasidHHOro
CKOJ1y, aTOMHO-CUJI0Ba MIKPOCKOIis

PACS: 32.50.+d, 87.15.Mi, 78.60.-b, 33.50.-
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