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The paper presents the results of a study on an approach for sample preparation from bulk
gallium oxide crystals using ablation laser cutting. The study was carried out using a «Mi-
croSet» setup based on a fiber laser source with a wavelength of 1.064 um and a power of

30 W. The possibility of processing material using a laser beam has been shown, the opti-
mal trochoid width and pulse duration were selected, as well as the energy characteristics
of the laser source and focusing optical system. The fundamental possibility of cutting
gallium oxide crystals in different directions, regardless of the internal structure, the orien-
tation of atoms and their bonds in the crystal lattice, has been shown.
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1. INTRODUCTION

Today, gallium oxide, primarily its most stable phase
B-Ga,0,, is a relatively new and promising material in the
field of micro- and power electronics. In scientific litera-
ture, there are some works describing the process of creat-
ing MOSFET transistors with a breakdown voltage more
than 2000 V [1-3] and high voltage Schottky diodes [4].
This is possible due to the unique physical properties of the
B-Ga,O, material, such as a large band gap (about 4.8 €V),
a high breakdown electric field (8 MV/cm), a relatively
high electron mobility (about 150 cm?/V-s) [5,6] and trans-
parency in the visible and UV spectral ranges [7-9]. One of
the advantages of gallium oxide is the possibility of man-
ufacturing its own substrates [10] and, as a consequence,
the possibility of autoepitaxy, which ensures the high per-
fection of device epitaxial structures based on B-Ga,0,.
However, serial production of substrates is currently
limited not only by the amount of bulk crystalline material
produced, but also by the complexity and high require-
ments of its further processing. This is due to the peculiar-
ities of the crystal lattice of gallium oxide B-Ga,O,. The
beta phase of gallium oxide belongs to the monoclinic
system, space group C2/m [11] with lattice parameters

a=12214 A, b=3.0371 A, ¢ =5.7981 A, p = 103.83°.
The unit cell of the crystal has three different oxygen sites,
designated O(1), O(2), and O(3), and two Ga sites, Ga(1)
and Ga(2), as shown in Fig. 1.

The O(1) and O(3) nodes have the lowest coordina-
tion number of 3, which leads to weak interplanar bonds
in the (100) and (001) planes (the so-called cleavage
planes [12]). When subjected to mechanical action, the
samples easily delaminate into thin plates parallel to the
(100) plane, which significantly complicates mechanical
processing, especially cutting of the material. Especial-
ly when processing small (up to 10 mm) samples. Fig. 2
shows a gallium oxide crystal after mechanical cutting. To
solve this problem, a method of fixing the sample in ep-
oxy resin is used [13] in order to minimize delamination
of the samples along the (100) plane. However, the use of
this method requires the introduction of an additional pro-
cessing stage associated not only with fixing the sample in
epoxy resin, but also its next release and cleaning.

A more promising and effective method of processing
gallium oxide crystals to prepare experimental samples
for research and analysis is laser cutting. The use of laser
radiation, as well as cutting along a complex curvilinear
contour, allows to exclude contact of the material with the

* Corresponding author: P.A. Bogdanov, e-mail: pashabogdanov99@mail.ru

© 2025 ITMO University. This is an open access article under the terms of the CC BY-NC 4.0 license.


https://doi.org/10.17586/2687-0568-2025-7-3-198-202
mailto:pashabogdanov99@mail.ru
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-8715-9505
https://orcid.org/0000-0001-5751-8597
https://orcid.org/0009-0004-8485-8991
https://orcid.org/0000-0002-5762-5920
https://orcid.org/0000-0003-3738-408X

D.I. Panov et al.: Laser processing of gallium oxide crystals in the preparation of samples for microelectronics 199

Fig. 1. Unit cell of B-Ga,O,. Cleavage plane (100) is shown in red,
the thin black line indicates the bond of the unit cell. Image cre-
ated in VESTA software (K. Momma and F. Izumi, Japan), lattice
model obtained from the open electronic database The Materials
Project (https://next-gen.materialsproject.org/).

‘ B
Fig. 2. An image of the end face of a mechanically cut B-Ga,O,
plate, illustrating the delamination of the sample along the (100)

plane under mechanical action. The cut was made perpendicular
to the (100) plane.

cutting tool and to divide the material without mechanical
impact. The stability and variability of the range of laser
radiation modes allows local action both on the entire
thickness of the material and on the surface layers. This
makes it possible to prepare samples of precise shape and
size for various experiments.

The essence of the laser cutting method consists of
transferring the energy of a laser radiation to the crystal
lattice of a semiconductor, as well as the absorption of
energy by free carriers and impurity atoms. Due to the
received energy, local heating and evaporation of the ma-
terial occurs (including bypassing the liquid phase when
using ultra-short laser pulses), after which it is removed
by a flow of gas or liquid [14]. This process is called laser
ablation or ablative laser cutting [15].

Analyzing literary sources, one can notice that the is-
sues of processing semiconductors, in particular silicon,

gallium arsenide, gallium nitride, silicon carbide, etc., as
well as crystals such as quartz, sitall, sapphire, in most
cases are solved using various laser systems. Laser radia-
tion can be used to manufacture a silicon anode for use in
lithium-ion batteries [16]. The paper [17] shows the use
of laser radiation for cutting sapphire (Al,O,) substrates.
And the authors of the paper [18] not only separated epi-
taxial layers of gallium nitride into separate chips using
laser action, but also scrubbed the epitaxial layer of galli-
um nitride.

Analyzing the work of the last decade on the interac-
tion of laser radiation with matter, one can detect a tenden-
cy to shift the characteristics of the laser towards short and
ultrashort pulse durations (pico- and femtosecond). So,
the authors of the works [19,20] compared micro-, nano-,
pico- and femtosecond laser radiation sources taking into
account the rate of material removal during microperfo-
ration and came to the conclusion that laser systems with
nanosecond pulse duration provide the highest ablation
efficiency per unit of energy. In Ref. [21] the authors ob-
tained surface diffraction structures using nanosecond ra-
diation with a wavelength of 1.064 pum. This effect was
achieved by controlling the melt in micron-sized areas. In
works [22-24] the authors report on the successful selec-
tion of parameters for laser modification of the gallium
oxide surface using femtosecond lasers

In this article, the authors provide the results of study-
ing the cutting of bulk gallium oxide samples by using
laser radiation and the possibility of using this method
to obtain instrument-quality samples, which will subse-
quently allow the process of separating substrates with
deposited structures into individual chips. This work is
the authors' first experience in laser processing of gallium
oxide. The task facing the authors in these experiments
was to select the main parameters of laser radiation and
cutting, ensuring a high-quality visual difference between
laser and mechanical cutting.

2. MATERIALS AND METHODS

For laser processing experiments, bulk B-Ga,O, crystals
grown by the edge-defined film-fed growth (EFG) method
were used. The crystal growing procedure is described in
more detail in our previous publications [25,26]. To evalu-
ate the technology of laser cutting from a bulk gallium oxide
crystal using the method of chipping the sample along the
cleavage plane (100), samples with a thickness of 0.8 mm
and linear dimensions of about 70x15 mm were prepared.
The «MicroSet» installation (access to the installation
was provided by the company «Laser Center», St. Peters-
burg, Russia) was used for laser cutting in the experiment
with a laser radiation wavelength of 1.064 um. The quan-
tum energy of such radiation is 1.17 eV. The scanning sys-
tem is equipped with a telecentric lens with a focal spot
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Fig. 3. Optical photographs of a laser-cut groove on the surface
of a gallium oxide plate: (a) view of the back wall, (b) view from
above, (c) view of the front edge.

H » >
o
A

Laser beam path
(trochoid)

Cutting direction
D |a—m

Fig. 4. Beam motion diagram, where D is the distance between
the loops, V is the beam speed, H is the trochoid width (loop
diameter).

|

Fig. 5. Cracking of the material along the cut with increas-
ing pulse duration. Pulse duration: (a,d) 100 ns, (b,e) 150 ns,
(c,f) 200 ns. [llumination of the sample from below (a,b,c) and
from above (d,e,f). For all cuts, the loop diameter / = 0.2 mm
was used.

diameter of 30 pm. The scanning speed of the system is
15,000 mm/s. More detailed information about the instal-
lation can be found on the manufacturer's website [27].

3. RESULTS AND DISCUSSION

During the experiments it was found that the groove ob-
tained after evaporation of the material has a prismatic

Table 1. Processing modes.

P,% V,mm/s F,kHz N Az,ym  H,mm D, mm
100 40 99 37 4.75 0.4 0.01
100 40 99 37 4.75 0.35 0.01
100 40 99 37 4.75 0.3 0.01
100 40 99 37 4.75 0.25 0.01
100 40 99 37 4.75 0.2 0.01
100 40 99 37 4.75 0.1 0.01

shape (Fig. 3). The profile (section) of the cut is clearly
visible in Fig. 3c. The obtained result differs from the pre-
diction of the model, where the groove is obtained in the
form of a cone.

To obtain the required quality of the cut, a special laser
beam trajectory was selected, which has an uneven dis-
tribution of the laser radiation power density in relation
to its coordinate position to prevent local overheating and
cracking of the sample. A schematic representation of the
trajectory is shown in Fig. 4.

During the experiment, the trochoid (loop) diameter
varied in the range from 100 um to 400 pm. The optimal
loop diameter (H), which ensures minimal overheating
and, as a consequence, minimal visually observable crack-
ing along the cut at a given beam speed (V' = 40 mm/s),
was 200 pm. Table 1 presents data on the radiation power
P, beam speed V, pulse repetition rate F, number of passes
N, laser head displacement Az per pass along the Z axis,
loop diameter H and the distance between the loops D.

When studying cutting modes, it was found that at
high pulse durations, cracking of the material along the cut
occurs due to uneven heating and, as a result, uneven ex-
pansion of the material. Visually observable cracking was
reduced to dimensions comparable to the cutting width by
reducing the pulse duration to 100 ns. Images of the cuts
and the accompanying cracking for pulses of different du-
rations are shown in Fig. 5.

Thus, because of selecting the optimal parameters of
the laser beam trajectory and pulse duration, samples of
gallium oxide in the form of a circle and a square with
geometric dimensions of 3x3 mm were obtained (Fig. 6).
As can be seen in the photographs, with these parameters
it is possible to cut the samples, and thermal cracking of
the samples does not occur. Visually, the quality of the
laser cut (Fig. 6b) is significantly higher than that of a sim-
ilar mechanical cut (Fig. 2): there is no delamination or
cracking near the cut, the edge (end) of the cut is much
smoother.

4. CONCLUSIONS

The paper presents the results of an experiment on laser
cutting of bulk gallium oxide and proves the fundamen-
tal possibility of using laser cutting technology to prepare
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Fig. 6. Photographs of gallium oxide samples with dimensions
of 3x3 mm and thickness of 0.8 mm prepared by laser cutting:
(a) top view, (b) end view of the cut.

small-sized plane-parallel samples. The parameters of
laser radiation and the trajectory of the laser beam were
experimentally studied to prevent thermal cracking during
the preparation of gallium oxide samples.

Further experiments aim to increase the cutting speed
without loss of quality. It is also planned to conduct ex-
periments to find suitable parameters for cutting crystals
using pico- and femtosecond lasers.

ACKNOWLEDGEMENTS

This research was supported by the Russian Science Foun-
dation (grant Ne 24-12-00229). A.E. Romanov was sup-
ported by Foreign Experts Key Support Project (Northeast
Special Project), Grant No. D20240015 for his work in
China on theoretical analysis of cracking induced by ther-
mal stresses.

REFERENCES

[1] A.Bhattacharyya, P. Ranga, S.Roy, C. Peterson, F. Alema,
G. Seryogin, A. Osinsky, S. Krishnamoorthy, Multi-kV
class B-Ga,0; MESFETs with a lateral figure of merit up
to 355 MW/cm?, IEEE Electron Device Letters, 2021,
vol. 42, no. 9, pp. 1272-1275.

[2] Y. Zhang, S. Luan, Design of lateral $-Ga,0, MOSFET
with PFOM of 769.42 MW cm >, Engineering Research
Express, 2024, vol. 6, no. 1, art. no. 015060.

[3] P. Kachhawa, Sk. Masiul Islam, N. Chaturvedi, Gallium
Oxide-Based Field Effect Transistors, Physica Status
Solidi A, 2025, vol. 221, no. 16, art. no. 2400400.

[4] S.Zhang,Z.Liu, Y. Liu, Y. Zhi, P. Li, Z. Wu, W. Tang, Elec-
trical Characterizations of Planar Ga,O, Schottky Barrier
Diodes, Micromachines, 2021, vol. 12, no. 3, art. no. 259.

[5] S.L Stepanov, V.I. Nikolaev, V.E. Bougrov, A.E. Romanov,
Gallium oxide: Properties and applications - a review, Re-

views on Advanced Materials Science, 2016, vol. 44, no. 1,
pp. 63-86.

[6] S.J.Pearton,J. Yang, P.H. Cary, F. Ren, J. Kim, M.J. Tad-
jer, MLA. Mastro, A review of Ga,O, materials, process-
ing, and devices, Applied Physics Review, 2018, vol.5,
no. 1, art. no. 011301.

[7] D.I Panov, V.A. Spiridonov, D.A. Zakgeim, A.V. Kremle-
va, D.A. Bauman, A.E. Romanov, V.E. Bougrov, Growth
technology and characterization of bulk crystalline galli-
um oxide, Journal of Physics: Conference Series, 2020,
vol. 1695, no. 1, art. no. 012024.

[8] Z. Galazka, B-Ga,0O, for wide-bandgap electronics and
optoelectronics, Semiconductor Science and Technology,
2018, vol. 33, no. 11, art. no. 113001.

[9] D.A. Zakgeim, D.I. Panov, V.A. Spiridonov, A.V. Krem-
leva, A.M. Smirnov, D.A. Bauman, A.E. Romanov, M.A.
Odnoblyudov, V.E. Bougrov, Volume Gallium Oxide
Crystals Grown from Melt by the Czochralski Method
in an Oxygen-Containing Atmosphere, Technical Physics
Letters, 2020, vol. 46, no. 11, pp. 1144-1146.

[10] S. Lee, K. Kaneko, S. Fujita, Homoepitaxial growth of
beta gallium oxide films by mist chemical vapor deposi-
tion, Japanese Journal of Applied Physics, 2016, vol. 55,
no. 12, art. no. 1202B8.

[11] S. Geller, Crystal Structure of B-Ga,O,, The Journal of
Chemical Physics, 1960, vol. 33, no. 3, pp. 676-684.

[12] E.G. Villora, K.Shimamura, Y. Yoshikawa, K. Aoki, N.
Ichinose, Large-size B-Ga,O, single crystals and wa-
fers, Journal of Crystal Growth, 2004, vol. 270, no. 3,
pp. 420-426.

[13] J1.D. Blevins, K. Stevens, A. Lindsey, G. Foundos, L.
Sande, Development of Large Diameter Semi-Insulating
Gallium Oxide (Ga,O;) Substrates, /EEE Transactions
on Semiconductor Manufacturing, 2019, vol. 32, no. 4,
pp- 466—472.

[14] G.G. Gladush, Y. Smurov, Fizicheskiye osnovy lazernoy
obrabotki materialov (Physical Fundamentals of Laser
Processing of Materials), Fizmatlit, Moscow, 2017 (in
Russian).

[15] F. Ullmann, U. Loeschner, L. Hartwig, D. Szczepanski,
J. Schille, S. Gronau, T. Knebel, J. Drechsel, R. Ebert,
H. Exner, High-speed laser ablation cutting of metal,
Proceedings of SPIE 8603, High-Power Laser Materials
Processing: Lasers, Beam Delivery, Diagnostics, and Ap-
plications 11,2013, art. no. 860311.

[16] M.G. Berhe, H.G. Oh, S. Park, D. Lee, Laser cutting of
silicon anode for lithium-ion batteries, Journal of Materi-
als Research and Technology, 2022, vol. 16, pp. 322-334.

[17] T. Sakai, A. Fujisaki, K. Kashiwagi, T. Kayahara, T. Shi-
gematsu, High quality and high speed cutting of AlLO;
substrate with single mode fiber laser, Proceedings of
the ICALEO 2012: 31st International Congress on Laser
Materials Processing, Laser Microprocessing and Nano-
manufacturing, ASME, 2012, pp. 1277-1280.

[18] O.S. Medvedev, O. Khait, S.Yu. Kurin, A.S. Usikov, B.P.
Papchenko, H. Helava, Yu.N. Makarov, Laser cutting of
GaN/Al O, structures, Journal of Physics Conference Se-
ries, 2015, vol. 643, art. no. 012129.

[19] K. Leitz, B. Redlingshofer, Y. Reg, A. Otto, M. Schmidt,
Metal Ablation with Short and Ultrashort Laser Pulses,
Physics Procedia, 2011, vol. 12, pp. 230-238.

[20] B. Neuenschwander, B. Jaeggi, M. Schmid, From fs to
Sub-ns: Dependence of the Material Removal Rate on
the Pulse Duration for Metals, Physics Procedia, 2013,
vol. 41, pp. 794-801.

Reviews on Advanced Materials and Technologies, 2025, vol. 7, no. 3, pp. 198-202


https://doi.org/10.1109/LED.2021.3100802
https://doi.org/10.1109/LED.2021.3100802
https://doi.org/10.1109/LED.2021.3100802
https://doi.org/10.1109/LED.2021.3100802
https://doi.org/10.1109/LED.2021.3100802
https://doi.org/10.1088/2631-8695/ad1fb5
https://doi.org/10.1088/2631-8695/ad1fb5
https://doi.org/10.1088/2631-8695/ad1fb5
https://doi.org/10.1002/pssa.202400400
https://doi.org/10.1002/pssa.202400400
https://doi.org/10.1002/pssa.202400400
https://doi.org/10.3390/mi12030259
https://doi.org/10.3390/mi12030259
https://doi.org/10.3390/mi12030259
https://www.ipme.ru/e-journals/RAMS/no_14416/06_14416_stepanov.pdf
https://www.ipme.ru/e-journals/RAMS/no_14416/06_14416_stepanov.pdf
https://www.ipme.ru/e-journals/RAMS/no_14416/06_14416_stepanov.pdf
https://www.ipme.ru/e-journals/RAMS/no_14416/06_14416_stepanov.pdf
https://doi.org/10.1063/1.5006941
https://doi.org/10.1063/1.5006941
https://doi.org/10.1063/1.5006941
https://doi.org/10.1063/1.5006941
https://doi.org/10.1088/1742-6596/1695/1/012024
https://doi.org/10.1088/1742-6596/1695/1/012024
https://doi.org/10.1088/1742-6596/1695/1/012024
https://doi.org/10.1088/1742-6596/1695/1/012024
https://doi.org/10.1088/1742-6596/1695/1/012024
https://doi.org/10.1088/1361-6641/aadf78
https://doi.org/10.1088/1361-6641/aadf78
https://doi.org/10.1088/1361-6641/aadf78
https://doi.org/10.1134/S1063785020110292
https://doi.org/10.1134/S1063785020110292
https://doi.org/10.1134/S1063785020110292
https://doi.org/10.1134/S1063785020110292
https://doi.org/10.1134/S1063785020110292
https://doi.org/10.1134/S1063785020110292
https://doi.org/10.7567/JJAP.55.1202B8
https://doi.org/10.7567/JJAP.55.1202B8
https://doi.org/10.7567/JJAP.55.1202B8
https://doi.org/10.7567/JJAP.55.1202B8
https://doi.org/10.1063/1.1731237
https://doi.org/10.1063/1.1731237
https://doi.org/10.1016/j.jcrysgro.2004.06.027
https://doi.org/10.1016/j.jcrysgro.2004.06.027
https://doi.org/10.1016/j.jcrysgro.2004.06.027
https://doi.org/10.1016/j.jcrysgro.2004.06.027
https://doi.org/10.1109/TSM.2019.2944526
https://doi.org/10.1109/TSM.2019.2944526
https://doi.org/10.1109/TSM.2019.2944526
https://doi.org/10.1109/TSM.2019.2944526
https://doi.org/10.1109/TSM.2019.2944526
https://doi.org/10.1117/12.2006205
https://doi.org/10.1117/12.2006205
https://doi.org/10.1117/12.2006205
https://doi.org/10.1117/12.2006205
https://doi.org/10.1117/12.2006205
https://doi.org/10.1117/12.2006205
https://doi.org/10.1016/j.jmrt.2021.11.135
https://doi.org/10.1016/j.jmrt.2021.11.135
https://doi.org/10.1016/j.jmrt.2021.11.135
https://doi.org/10.2351/1.5062422
https://doi.org/10.2351/1.5062422
https://doi.org/10.2351/1.5062422
https://doi.org/10.2351/1.5062422
https://doi.org/10.2351/1.5062422
https://doi.org/10.2351/1.5062422
https://doi.org/10.1088/1742-6596/643/1/012129
https://doi.org/10.1088/1742-6596/643/1/012129
https://doi.org/10.1088/1742-6596/643/1/012129
https://doi.org/10.1088/1742-6596/643/1/012129
https://doi.org/10.1016/j.phpro.2011.03.128
https://doi.org/10.1016/j.phpro.2011.03.128
https://doi.org/10.1016/j.phpro.2011.03.128
https://doi.org/10.1016/j.phpro.2013.03.150
https://doi.org/10.1016/j.phpro.2013.03.150
https://doi.org/10.1016/j.phpro.2013.03.150
https://doi.org/10.1016/j.phpro.2013.03.150

D.I. Panov et al.: Laser processing of gallium oxide crystals in the preparation of samples for microelectronics

202

(21]

[24]

L.K. Wlodarczyk, M. Ardron, J.A. Waddie, A. Dunn,
D.M. Kidd, J.N. Weston, P.D. Hand, Laser microsculpt-
ing for the generation of robust diffractive security mark-
ings on the surface of metals, Journal of Materials Pro-
cessing Technology, 2015, vol. 222, pp. 206-218.

K. Zhang, Z. Xu, H. Wang, S. Zhang, B. Dong, Patterning
the surface structure of transparent hard-brittle material
-Ga,0O, by ultrashort pulse laser, Ceramics International,
2022, vol. 48, no. 19, pp. 27650-27657.

M. Ahn, A. Sarracino, A. Ansari, B. Torralva, S. Yal-
isove, J. Phillips, Unique material modifications of
Ga,0; enabled by ultrafast laser irradiation, Proceeding
of SPIE 11281, Oxide-based Materials and Devices X1,
2020, art. no. 1128100.

K. Zhang, Z. Xu, B. Dong, S. Zhang, Process exploration
of B-Ga,O; blind hole processing by water-assisted fem-
tosecond laser technology, Journal of Alloys and Com-
pounds, 2023, vol. 939, art. no. 168769.

[25]

(26]

D.A. Bauman, D.Iu. Panov, V.A. Spiridonov, A.V. Krem-
leva, A.E. Romanov, On the successful growth of bulk
gallium oxide crystals by the EFG (Stepanov) method,
Functional Materials Letters, 2023, vol. 16, no. 07, art.
no. 2340026.

D.A. Bauman, D.I. Panov, V.A. Spiridonov, A.V. Krem-
leva, A.V. Asach, E.V. Tambulatova, A.V. Sakharov, A.E.
Romanov, High quality B-Ga,O, bulk crystals, grown by
edge-defined film-fed growth method: Growth features,
structural, and thermal properties, Journal of Vacuum Sci-
ence & Technology A, 2023, vol. 41, no. 5, art. no. 053203.
Laser Center is a leading Russian manufacturer of laser
equipment for cutting, engraving, marking, welding and
microprocessing. Technology development, laser integra-
tion, Electronic Resource, URL: https://newlaser.ru/en/
(last access: 10.09.2025).

VK 621.373.826

JlazepHasi 00pa0oTKa KPUCTANJIOB OKCH/IA TAJLUIMS NIPU MOATOTOBKE
00pa3uoB 115l MUKPO3JIEKTPOHUKHI
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AHnHOTanus. B pabote npecTaBieHbl pe3y/bTaThl HCCIICIOBAHUS MOAX0A K TOITOTOBKE 00pa3ioB 00bEMHBIX KPUCTAIUIOB OKCHJIA
rajuidsi METOZIOM aOJSIIIMOHHOW JIa3epHOM pe3ku. VccienoBaHue MPOBOAMIOCh Ha ycTaHOBKe «MicroSety Ha 0a3e BOJIOKOHHOTO
JIA3€PHOT0 UCTOYHUKA C JIHHOM BONHBI 1,064 MkM 1 MomrHOCTBIO 30 BT. [Toka3ana BO3MOKHOCTh 00pabOTKU Marepualia Ja3epHbIM
JIy4OM, BBIOpAHbI ONTHMAJIBHBIC IMUPHHA TPOXOUJIBI U JUTUTEIEHOCT UMITYJIbCA, & TAKIKE SJHCPIETUUCCKUE XapAKTEPUCTUKH JIa3ePHOTO
HCTOYHHKA U (POKYCUPYIOIICH ONTHUECKOM cucTeMbl. [loka3zaHa NpUHIMITHAIBHAS BO3MOXKHOCTh PE3KH KPUCTAIIOB OKCHIA TaJUIns B
Ppa3IMYHBIX HANPaBIEHUSIX, HE3aBUCUMO OT BHYTPEHHEH CTPYKTYpbI, OPUEHTALIUK aTOMOB M UX CBS3€H B KPUCTAJUITMUECKON peréTke.

Knrouesvie cnosa: okcnn rajuis; jasepHas 8.6J'IHI.II/I$I; TIOIJIOXKKH,; ITOATOTOBKA o6pa3u013

Reviews on Advanced Materials and Technologies, 2025, vol. 7, no. 3, pp. 198-202


https://doi.org/10.1016/j.jmatprotec.2015.03.001
https://doi.org/10.1016/j.jmatprotec.2015.03.001
https://doi.org/10.1016/j.jmatprotec.2015.03.001
https://doi.org/10.1016/j.jmatprotec.2015.03.001
https://doi.org/10.1016/j.jmatprotec.2015.03.001
10.1016/j.ceramint.2022.06.061
10.1016/j.ceramint.2022.06.061
10.1016/j.ceramint.2022.06.061
10.1016/j.ceramint.2022.06.061
https://doi.org/10.1117/12.2552922
https://doi.org/10.1117/12.2552922
https://doi.org/10.1117/12.2552922
https://doi.org/10.1117/12.2552922
https://doi.org/10.1117/12.2552922
https://doi.org/10.1016/j.jallcom.2023.168769
https://doi.org/10.1016/j.jallcom.2023.168769
https://doi.org/10.1016/j.jallcom.2023.168769
https://doi.org/10.1016/j.jallcom.2023.168769
https://doi.org/10.1142/S179360472340026X
https://doi.org/10.1142/S179360472340026X
https://doi.org/10.1142/S179360472340026X
https://doi.org/10.1142/S179360472340026X
https://doi.org/10.1142/S179360472340026X
https://doi.org/10.1116/6.0002644
https://doi.org/10.1116/6.0002644
https://doi.org/10.1116/6.0002644
https://doi.org/10.1116/6.0002644
https://doi.org/10.1116/6.0002644
https://doi.org/10.1116/6.0002644
https://newlaser.ru/en/

