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ABSTRACT

The article demonstrates femtosecond-laser-induced crystallization of CsPbl3 perovskite nanocrystals in
borogermanate glass with no additional heat treatment. With an increase in the laser radiation power, the mean
size of the precipitated crystals increases, which leads to the luminescence redshift from 660 up to 700 nm and
its width decrease from 60 down to 35 nm. An increase in the mean size of CsPbl3 nanocrystals is also
accompanied by an increase in the size of the laser exposure modified region. The appearance of CsPbl3 after
irradiation with without additional heat treatment indicates the prospects for using this material for the repeated
optical information recording.
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Introduction

Cesium lead halide (CsPbX3) quantum dots (QDs) have attracted big attention because of their
remarkable optical properties, such as size-dependent emission wavelengths, narrow
emission spectra and high photoluminescence quantum yields [1-5]. They possess great
potential applications in light-emitting diodes, lasers, solar cells and photodetectors. The
propensity of lead-cesium halide nanocrystals to atmospheric air oxidation and low-
temperature phase transitions led to the idea of their stabilization in a polymer [6—8] or glassy
matrix [9—12]. Traditionally for glass-ceramics, isothermal heat treatment at temperatures
exceeding glass transition temperature is a favorable way to realize controllable nucleation
and volume nanocrystal growth in glass greed. This is the way when the optical properties of
QDs can be guaranteed for a long-term period. On the other hand, femtosecond laser [13,14],
due to its short pulse width and high peak power, can induce high transient temperature field,
which is enough for the nuclei formation of QDs. Nonlinear absorption process happens while
the fs laser interacts with the glass matrix, leading to the destruction of the glass network and
the redistribution of atoms at the laser focal area, which is beneficial for ion migration to form
nanocrystals and for the reduction in crystallization temperature. A promising application of
laser crystallization of a glass matrix is the optical recording and storage of information with
the spatial selectivity up to nanoscale [15-17]. However, in most studies [13,14], to obtain
perovskite nanocrystals in a glass matrix after femtosecond irradiation, it is necessary to carry
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out additional heat treatment, which makes this method unsuitable for single-stage
information recording.

Here, the luminescent properties of CsPbls nanocrystals, obtained by laser-induced
crystallization in borogermanate glass, are demonstrated.

Materials and Methods

The initial glass matrix had the following composition: 6.67 ZnO-5.81 Na,0-31.3 B,03-50.53 GeO, mol. %.
The synthesis was carried out in air atmosphere at a temperature of 950 °C for 30 min using
closed quartz crucibles [18,19]. For the subsequent nucleation of CsPbls perovskite nanocrystals,
CsCOs3, PbO and KI were added to the batch composition. The luminescence spectra were
studied with a Renishaw inVia Raman Microscope of 100-7000 cm™ working range at room
temperature with the excitation wavelengths of 633 and 514 nm and 20x build-in lens. Laser-
driven crystallization was obtained by ANTAUS femtosecond laser (AVESTA, operating
wavelength of 1030 nm, pulse duration of 224 fs, pulse repetition rate of 50 and 100 kHz, pulse
energy from 0.58 to 2.57 uJ, the pulse quantity in the irradiated region from 500 to 500,000).
The laser beam was focused by the microscope objective lens with an N.A. of 0.4.

Results and Discussion

Insert in Fig. 1 shows photograph of the patterns obtained by femtosecond laser irradiation
of glasses under study, whose ring-shaped prints are quite characteristic [20,21]. An optical
breakdown zone is observed in the center of the ring: in the region of the laser beam waist,
nonlinear multiphoton absorption occurred, due to which the local volume of glass was
intensely heated, and thus expanded, creating stresses and leading to the destruction of the
material [20]. The dark region, the size of which is designated as d, determines the
temperature zone within which color centers were formed in the glass matrix due to the
breaking of O-Ge-O bonds [22]. Due to the high contrast of this area with the neighboring one,
using a Carl Zeiss microscope and built-in software, we determined the size d. Based on this
size, we calculated the area of the modification zone S (Fig. 1), taking it to be ideally spherical
as a first approximation. Further studies of the luminescent properties showed that CsPbls
nanocrystals were formed at the edges of this region. The largest light modified area indicated
a change in the density and refractive index of the material without the formation of
nanocrystals. Figure 1 shows the dependence of the modified area S, within which the
nanocrystals were formed, on the number of pulses at different pulse energies Ep,. When the
number of pulses was less than 50,000, the modified area increased significantly; with a
further increase in the number of pulses up to 500,000, the modified area increased only
twofold. If we trace the dependence of the modified area on the pulse energy, it will be close
to a linear function, in which the proportionality coefficient will depend on the exposure time
(that is, the number of pulses).

The initial glass did not possess luminescence but contained all the components necessary
for the formation of CsPbls crystals. After femtosecond irradiation along the inner edge of the
dark modified region, the size of which is shown in Fig. 1, red luminescence was detected.
Figure 2 shows the luminescence spectra obtained after different laser exposure time (a) and
with different pulse energy (b). Luminescence spectra were recorded under 514 nm laser
excitation through the optical system of a microscope with a lens x50. The luminescence
maximum located in the region of 660—695 nm and the FWHM varied within 35-60 nm, which
is typical for CsPbls perovskite nanocrystals in glass [23,24]. As the pulse energy and their
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number decreased, the luminescence spectrum shifted towards short wavelengths and widens.
The luminescence intensity increased with increasing exposure time and pulse energy, however,
since the optical design of the microscope is not intended for absolute measurement of
intensity, but only relative, all spectra in Fig. 2 are shown normalized.
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Fig. 1. The area of the modified region with nucleated CsPbls QDs (S) vs. number of fs laser pulses at different
pulse energy Ep; the insert: determining the size d of the modified area
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Fig. 2. Luminescence spectra of CsPblz QDs in borogermanate glass obtained after fs laser exposure with
different duration at £,=2.57 W (a), and at different pulse energy for duration of 10 s (b)

While using the maximum pulse energy (Fig. 2(a)), during the exposure time decrease
from 10 to 0.01 seconds, the luminescence band maximum shifted from 695 to 666 nm, and
the luminescence FWHM increased from 37 to 59 nm. Such transformations of the
luminescence spectrum of semiconductor crystals indicate the presence of a size effect: with
an increase in the mean size of QDs, the luminescence spectrum shifted to long wavelengths
and vice versa [25—-27]. The peculiarity of the crystal nucleation in glass meant that with a
decrease in the mean size of crystals’ ensemble, its size dispersion broadened, along with
which the luminescence band width increased [25]. This means that with an increase in the
laser exposure energy, the mean size of the crystals increased. For the shortest exposure time,
the second luminescence band appeared near 610 nm. Figure 3 shows that the main changes
in the luminescence spectrum occurred in the pulse number range up to 50,000, as in the case
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of the modified area in Fig. 1. When the number of pulses was exceeded, the FWHM and the
luminescence maximum location remained practically unchanged.

When the pulse energy changes (Fig. 2(b)), the transformation of the luminescence
spectrum turned out to be more complicated. Quantitative changes (of location and FWHM)
had the same range as in the first case. However, when small pulse energies were used,
additional bands clearly appeared in the luminescence spectrum: at 610 and 560 nm. Their
appearance may indicate that, in this case, the total radiation energy transferred to the material
was insufficient for the formation of large crystals; therefore, instead of them, small crystals and
clusters were formed in the glass structure, which can play a role of the nuclei of the crystalline
phase [25-27] and can have luminescence in shorter wavelengths, but with bigger FWHM.
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Fig. 3. Dependence of the maximum location (a) and FWHM (b) of CsPbls QDs’ luminescence on the number of
fs laser pulses (Ep=2.57 W)

An increase in laser exposure energy led to an increase in the size of the glass modified
zone and the volume of the material, from which diffusion of cesium, lead, and iodine ions
occurred for the subsequent formation of crystals during the cooling after laser exposure. It
has been shown [28-30] that perovskite crystals precipitated only during the femtosecond
laser exposure and the subsequent heat treatment of glass. This was since, during laser
irradiation, perovskite crystals were formed in the glass matrix; however, a large number of
defects in them led to nonradiative transfer of excitation and hence luminescence quenching.
Subsequent heat treatment led to the relaxation of defects, the reduction of the nonradiative
channel, and the appearance of luminescence of perovskite crystals. In our case, luminescence
of perovskite CsPbls nanocrystals was observed immediately after laser exposure, which is
more promising for repeated recording and storage of information in glass using principles of
local crystallization.

Conclusions

Femtosecond-laser-induced crystallization of CsPbls perovskite nanocrystals in
borogermanate glass with no additional heat treatment was demonstrated. With an increase
in the laser radiation energy, the mean size of the precipitated crystals increased, which led
to the luminescence redshift from 660 up to 700 nm and FWHM decrease from 60 down to
35 nm. The absence of subsequent heat treatment to obtain the luminescence of crystals was
promising for the development of materials for repeated optical recording of information.



Effect of femtosecond irradiation on the luminescence of CsPbls perovskite crystals in borogermanate glass 80

References

1. Protesescu L, Yakunin S, Bodnarchuk MI, Krieg F, Caputo R, Hendon CH, Yang RX, Walsh A, Kovalenko MV.
Nanocrystals of Cesium Lead Halide Perovskites (CsPbX3, X = Cl, Br, and I). Nano Lett. 2015;15(6): 3692—3696.

2. Kovalenko MV, Protesescu L, Bodnarchuk MI. Properties and potential optoelectronic applications of lead
halide perovskite nanocrystals. Science. 2017;358(6364): 745-750.

3.Li X, Cao F, Yu D, Chen J, Sun Z, Shen Y, Zhu Y, Wang L, Wei Y, Wu Y, Zeng H. All Inorganic Halide Perovskites
Nanosystem: Synthesis, Structural Features, Optical Properties and Optoelectronic Applications. Small. 2017;13(9): 1603996.
4. Swarnkar A, Marshall AR, Sanehira EM, Chernomordik BD, Moore DT, Christians JA, Chakrabarti T, Luther JM. Quantum dot—
induced phase stabilization of alpha-CsPbl3 perovskite for high-efficiency photovoltaics. Science. 2016;354(6308): 92—-95.

5. Eperon GE, Paternd GM, Sutton RJ, Zampetti A, Haghighirad AA, Cacialli F, Snaith HJ. Inorganic caesium lead
iodide perovskite solar cells. J. Mater. Chem. A. 2015;3(39): 19688—-19695.

6. Xuan T, Xie RJ. Recent processes on light-emitting lead-free metal halide perovskites. Chem. Eng. J. 2020;393: 124757.
7.Llin YH, Qiu ZH, Wang SH, Zhang XH, Wu SF. All-inorganic RbxCs1-xPbBrl2 perovskite nanocrystals with
wavelength-tunable properties for red light-emitting. Inorg. Chem. Commun. 2019;103: 47-52.

8. Pathak S, Sakai N, Wisnivesky Rocca Rivarola F, Stranks SD, Liu J, Eperon GE, Ducati C, Wojciechowski K, Griffiths
JT, Haghighirad AA, Pellaroque A, Friend RH, Snaith HJ. Perovskite Crystals for Tunable White Light Emission.
Chem. Mater. 2015;27(23): 8066—-8075.

9. Ai B, Liu C, Wang J, Xie J, Han J, Zhao X. Precipitation and Optical Properties of CsPbBr3 Quantum Dots in
Phosphate Glasses. J. Am. Ceram. Soc. 2016;99(9): 2875-2877.

10. Yuan S, Chen D, Li X, Zhong J, Xu X. In Situ Crystallization Synthesis of CsPbBr3 Perovskite Quantum Dot-
Embedded Glasses with Improved Stability for Solid-State Lighting and Random Upconverted Lasing. ACS Appl.
Mater. Interfaces. 2018;10(22): 18918-18926.

11. Lin M, Zhang X, Guo L, Zhang Y, Song R, Xu S, Xu S, Zhu H, Cheng C, Cao Y, Wang Y, Chen B. Blue and green
light exciton emission of chloro-brominated perovskite quantum dots glasses. Opt. Mater. 2021;122(PB): 111654.
12.LiS, Nie L, Ma S, Yao G, Zeng F, Wang XY, Sun C, Hu G, Su Z. Environmentally friendly CsPbBr3 QDs multicomponent
glass with super-stability for optoelectronic devices and up-converted lasing. J. Eur. Ceram. Soc. 2020;40(8): 3270-3278.
13. Sun K, Tan D, Fang X, Xia X, Lin D, Song J, Lin Y, Liu Z, Gu M, Yue Y, Qiu J. Three-dimensional direct lithography
of stable perovskite nanocrystals in glass. Science. 2022;375(6578): 307-310.

14. Teng Y, Zhou J, Lin G, Luo F, Zhou S, Qiu J. Recent Research Progress on Femtosecond Laser Induced
Microstructures in Glasses. Int. J. Optomechatronics. 2012;6(2): 179-187.

15. Lipatiev AS, Fedotov SS, Lotarev S V., Lipateva TO, Shakhgildyan GY, Sigaev VN. Single-Pulse Laser-Induced Ag Nanoclustering
in Silver-Doped Glass for High-Density 3D-Rewritable Optical Data Storage. ACS Appl. Nano Mater. 2022;5(5): 6750-6756.

16. Zhestkij N, Efimova A, Rzhevskiy S, Kenzhebayeva Y, Bachinin S, Gunina E, Sergeev M, Dyachuk V, Milichko
VA. Reversible and Irreversible Laser Interference Patterning of MOF Thin Films. Crystals. 2022;12(6): 846.

17. Veiko VP, Kudryashov SI, Sergeev MM, Zakoldaev RA, Danilov PA, lonin AA, Antropova TV, Anfimova IN.
Femtosecond laser-induced stress-free ultra-densification inside porous glass. Laser Phys. Lett. 2016;13(5): 055901.
18. Shirshnev PS, Spiridonov VA, Panov DI, Shirshneva-Vaschenko EV, Gafarova AR, Eremina RM, Romanov AE,
Bougrov VE. The influence of gamma rays radiation on optically induced luminescence of copper-containing
potassium-lithium-borate glass. Materials Physics and Mechanics. 2019;42(2): 198-203.

19. Shirshnev PS, Snezhnaia ZG, Shirshneva-Vaschenko EV, Romanov AE, Bougrov VE. Relation of the optical properties
of boron copper-containing glasses on the concentration of lithium. Materials Physics and Mechanics. 2018;40(1): 78-83.
20. Kostyuk GK, Sergeev MM, Yakovlev EB. The processes of modified microareas formation in the bulk of porous
glasses by laser radiation. Laser Phys. 2015;25(6): 066003.

21.Yu B, Chen B, Yang X, Qiu J, Jiang X, Zhu C, Hirao K. Study of crystal formation in borate, niobate, and titanate
glasses irradiated by femtosecond laser pulses. J. Opt. Soc. Am. B. 2004;21(1): 83-87.

22. Sigaev VN, Savinkov VI, Lotarev S V., Shakhgildyan GY, Lorenzi R, Paleari A. Spatially selective Au nanoparticle growth
in laser-quality glass controlled by UV-induced phosphate-chain cross-linkage. Nanotechnology. 2013;24(22): 225302.
23.Ke F, Wang C, Jia C, Wolf NR, Yan J, Niu S, Devereaux TP, Karunadasa HI, Mao WL, Lin Y. Preserving a robust
CsPbl3 perovskite phase via pressure-directed octahedral tilt. Nat. Commun. 2021;12(1): 461.

24.Sun C, Wang X, Xu'Y, Lu W, Teng X, Fu G, Yu W. Physical origins of high photoluminescence quantum yield in
a-CsPbl3 nanocrystals and their stability. Appl. Surf. Sci. 2020;508: 145188.

25. Ekimov A. Growth and optical properties of semiconductor nanocrystals in a glass matrix. J. Lumin. 1996;70(1-6): 1-20.
26. Gurevich S, Ekimov A, Kudryavtsev |, Gandaisb M, Wangb Y. CdS nanocrystal growth in thin silica films :
evolution of size distribution function. J. Cryst. Growth. 1998;184—-185: 360—364.

27.Yamanaka K, Edamatsu K, Itoh T. Quantum-size effects on the exciton states of CuCl nanocrystals. J. Lumin.
1998;76—77: 256-259.


https://doi.org/10.1021/nl5048779
https://doi.org/10.1126/science.aam7093
https://doi.org/10.1002/smll.201603996
https://doi.org/10.1126/science.aag2700
https://doi.org/10.1039/C5TA06398A
https://doi.org/10.1016/j.cej.2020.124757
https://doi.org/10.1016/j.inoche.2019.03.007
https://doi.org/10.1021/acs.chemmater.5b03769
https://doi.org/10.1111/jace.14400
https://doi.org/10.1021/acsami.8b05155
https://doi.org/10.1021/acsami.8b05155
https://doi.org/10.1016/j.optmat.2021.111654
https://doi.org/10.1016/j.jeurceramsoc.2020.02.056
https://doi.org/10.1126/science.abj2691
https://doi.org/10.1080/15599612.2012.688930
https://doi.org/10.1021/acsanm.2c00765
https://doi.org/10.3390/cryst12060846
https://doi.org/10.1088/1612-2011/13/5/055901
http://dx.doi.org/10.18720/MPM.4222019_6
http://dx.doi.org/10.18720/MPM.4012018_10
https://doi.org/10.1088/1054-660X/25/6/066003
https://doi.org/10.1364/JOSAB.21.000083
https://doi.org/10.1088/0957-4484/24/22/225302
https://doi.org/10.1038/s41467-020-20745-5
https://doi.org/10.1016/j.apsusc.2019.145188
https://doi.org/10.1016/0022-2313(96)00040-3
https://doi.org/10.1016/S0022-0248(98)80076-6
https://doi.org/10.1016/S0022-2313(97)89950-4

81 A.L. Losin, A.N. Babkina, R.D. Kharisova, et al.

28. Huang X, Guo Q, Kang S, Ouyang T, Chen Q, Liu X, Xia Z, Yang Z, Zhang Q, Qiu J, Dong G. Three-Dimensional
Laser-Assisted Patterning of Blue-Emissive Metal Halide Perovskite Nanocrystals inside a Glass with Switchable
Photoluminescence. ACS Nano. 2020;14(3): 3150-3158.

29. Sun K, Li X, Tan D, Jiang H, Xiong K, Zhang J, Xu B, Xiao Z, Li Z, Qiu J. Pure Blue Perovskites Nanocrystals in
Glass: Ultrafast Laser Direct Writing and Bandgap Tuning. Laser Photonics Rev. 2023;17(5): 2200902.

30. Huang X, Guo Q, Yang D, Xiao X, Liu X, Xia Z, F Fan, Qiu J, Dong G. Reversible 3D laser printing of perovskite

guantum dots inside a transparent medium. Nat. Photonics. 2020;14(2): 82—88.

About Author

Arthur L. Losin
Master Student (ITMO University, St. Petersburg, Russia)

Anastasiia N. Babkina
Candidate of Physical and Mathematical Sciences
Associate Professor (ITMO University, St. Petersburg, Russia)

Rufina D. Kharisova
PhD Student (ITMO University, St. Petersburg, Russia)

Ksenia S. Zyryanova
Lead Engineer (ITMO University, St. Petersburg, Russia)

Arthur D. Dolgopolov
PhD Student (ITMO University, St. Petersburg, Russia)

Maksim M. Sergeev
Candidate of Physical and Mathematical Sciences
Associate Professor (ITMO University, St. Petersburg, Russia)


https://doi.org/10.1021/acsnano.9b08314
https://doi.org/10.1002/lpor.202200902
https://doi.org/10.1038/s41566-019-0538-8
https://orcid.org/0009-0009-6544-3674
https://www.scopus.com/authid/detail.uri?authorId=58735249000
https://orcid.org/0000-0003-0784-1585
https://www.scopus.com/authid/detail.uri?authorId=55959164100
https://orcid.org/0000-0002-9146-8519
https://www.scopus.com/authid/detail.uri?authorId=57401959500
https://orcid.org/0000-0001-6733-1443
https://www.scopus.com/authid/detail.uri?authorId=57188876663
https://orcid.org/0000-0002-9548-791X
https://orcid.org/0000-0003-2854-9954
https://www.scopus.com/authid/detail.uri?authorId=55624732300

