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TOHKWE TJ1IEHKW/

MpuMeHeHwMe: U3rotosneHue: Llenn moaenupoBaHus:
MobunbHble  TenedoHbl, HanbineHue B BakyyMHOMN 1, Paspaborka METO/I0B
BUAEO-(POTOKaMEPH, Kamepe Ha Moarnoxky MaTEMAaTHYECKOTO MOJETNPOBAHUS

apXMTEKTyYpHOe  CTeKno,

Ipolecca HalbUICHUS TOHKUX IUICHOK,
O4KU, PUNbLTPLI, 3epKana,

OPUCHTHUPOBAHHBLIX Ha  HCIIOJb30BAHUC

NMUH3bI. .. 5
TEXHOJIOTUH CYIIEPKOMITBIOTEPHBIX

BBIYMCJICHUH.

[lpocBeTneHne onTuku 2
i i ol 2. Pa3pabotka YUCIIEHHBIX
METOI0B pacyera CTPYKTYPHBIX U
i Fl flc o

g ! & MEXAHUYECKHUX CBOUCTB TOHKHUX IIJICHOK C
UCIIOJIL30BAHUEM ATOMUCTHYECKHUX

N4 =100 HM  k;macTepoB, NONYYEHHBIX B PE3YNLTATE
MOJIETUPOBAHUS TIPOLECCOB HANBUICHUS.

- - [IporpammHuas peanusanus
T pa3pabOTaHHBIX METOIOB.
L - 3. UcciaenoBanne  3aBUCHUMOCTEM

CTPYKTYPHBIX M MEXAHUYECKHUX CBOMCTB
2 TOHKUX IUICHOK OT TEXHOJIOTHYECKUX
T R, IIapaMETPOB MPOILECCA HAITBIICHUS.
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HaneuieHue mieHoK. Metoa MoaeInpoBaHus
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Classical MD simulation:

force field, periodic boundary condition,
thermodynamic ensembles - NPT (constant
number of particles, pressure and
temperature), NVT constant number of
particles, volume and temperature)
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The goal of simulation: to achieve an understanding of influence of
fabrication parameters on the properties of films in the scale of ~10-100 nm
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[Tovemy Ta205? Hu3kaa wepoxoBaToCTb, aMopdHasa CTPyKTypa

Chun Guo et al, Opt. Continuum 3, 1679-1687 (2024)

Ta,Oc: optical coatings in near-UV (300 nm) to IR (10um) spectral range owing to its
high chemical, thermal, and mechanical stability, high refractive index and high
transparency; used in high-power lasers, gravitational wave detection, optical

communication, and space optical systems, self-cleaning coatings.
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Fig. 4. (a) RMS roughness of PIAD prepared TapOs film as a function of APS bias voltage.

3D surface topography of TapO5 films deposited with an APS bias voltage of (b) 80 V and
(c) 120 V, respectively. 4
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Temperature (mK)

Ta205: nokasatenb npenomnenusi, HanPsKeHUs!, NOTMOLLEHNE

26

Chun Guo et al, Opt. Continuum 3, 1679-1687 (2024)
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Co3manue 1Mo UI0KKHA
—

Generation of the substrate structure
Melting - Quenching
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Heating from room temperature to 5 - 10° K during
500 ps;

Simulation of the structureats - 10° K during 1 ns;

Cooling from 5 - 10°K to room temperature during
500 ps;
Equilibration of the obtain structure during 100 ps.
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PannanbHas GyHkius pacupeneneHus a- 1 a,0Oc
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Fig. 3. Radial distribution functions of the amorphous Ta,Os;
results of the MD simulation.

F. V. Grigoriev, V. B. Sulimov, D. C. Kutov, and A. V. Tikhonravov, "Structural properties of Ta,O¢
deposited films using atomistic modeling," Appl. Opt. 64, 369-376 (2025)
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[ Ipodunu mIoTHOCTH THIEHOK a-Ta,0c
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Fig. 5. Density profiles of the low-energy deposited Ta,O5 films;

results of the MD simulation, E(Ta) =0.1eV; T is the substrate
temperature. The profiles differ in the sets of random numbers used
to specify the initial coordinates of the deposited atoms. The vertical
black line marks the boundary of the substrate.
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Fig. 6. Density profiles of high-energy deposited Ta,Os films for

two values of deposited Ta atom energies; MD simulation results.
The substrate temperature is equal to 300 K. For each energy value,
two profiles are shown, differing in the sets of random numbers used
to specify the initial coordinates of the deposited atoms. The vertical
black line marks the boundary of the substrate.
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MogpenupoBanue oTkura. [Ipodpunu mioTHOCTH

Annealing of the deposited films begins after the deposition 1s completed. The
annealing sumulation consists of the following steps:

1. Heating of the deposited film cluster from the room temperature 300 K
to the value T,,. The temperature increases linearly over 300 ps;

2. MD simulation of the cluster at temperature T, over 300 ps:

3. Cooling of the cluster from the T,, to room temperature. The tempera-
ture decreases linearly over 300 ps;
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BiausgHue oTxura Ha NopucTOCTh MIEHOK

E=0.1eV E=1eV
0.35 0.2
Teup = 300K
0.3 —— as deposit.
0.25 - veeeeee 2500 K 0.15
— 0.2 Teup = 500K
E b as deposit. 0.1
4w, 0.15
0.1 0.05
0.05
0 0
0 0.2 04 06 0.8 0 01020304
R, nm R, nm

Fig. 3. Porosity of the “as deposited” and annealed Ta,Os thin films: f{R) is the pore distribu-
tion function, Tgyp 1s the substrate temperature, E is the energy of deposited Ta atoms.
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KoopauHaiimoHHbIE YMCIa aTOMOB B INICHKAX
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Fig. 4. Fractions of n-coordinated atoms of “as deposited” and annealed films, N 1s the coordi-
nation number, left and right sides show results for tantalum and oxygen atoms correspondent-
ly, Tap 1s the annealing temperature.
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Yucnennas 3¢ (HeKTUBHOCTh MOACIIMPOBAHUS

a = (t(N)/E(8))(8/N),
where t(8) and t(IN) are the simulation tumes when 8 and N cores are used
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Fig. 5. Dependencies of the length of the MD trajectory (left side) and efficiency of parallel
computations, a_(Eq. (3). on the number of cores N.
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3aKJIr0OUcHUE

. Annealing at relatively low temperatures does not have a noticeable
effect on the density profiles of the films. Increase in the annealing
temperature results in smoothing of density profiles, including the
low density region between the substrate and the films.

. The porosity of film deposited on cold substrate at low energy of
iIncoming Ta atoms reduces significantly, especially for the pores with
characteristic dimension more than 0.4 nm. Thus, annealing affects the
ability of Ta,O¢ films to absorb molecules from the atmosphere.

. Annealing changes the distribution of atoms by coordination number: the
fractions of five-coordinated Ta atoms and one-coordinated oxygen
atoms grows, the fractions of six-coordinated Ta atoms and three-
coordinated oxygen atoms reduces.

. Using of GPU accelerates calculations by three to five times. The
efficiency remains relatively high when the number of cores does not
exceed 64, but then sharply reduces.

Coacu00 3a BHuUManue!
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