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«MarepuaJjbl 1 YCTPOMCTBA AKTUBHOM (DOTOHUKN)

Hay‘lHO-HCCJIeIIOBaT CJIbCKasd .Haﬁoparopml

IlepecTpanBacMble WHTerpanbHbie
3JIEMEHTBI (OTOHHBIE 3JIEMEHTBI
(hoToHUKHN

HNuxenepust
TMOBEPXHOCTH, Marepuaisl,
nazepHas (ha3oBBIE MPEBpAIICHNUS,
MouuKamms MOJIEJINPOBAaHHE

Laboratory

Active Photonic
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IlepecTpanBaeMbie SJHEProHe3aBUCUMBbIE

MCTAIIOBCPXHOCTH

JlocTOMHCTBA DJIEMEHTOB:

* PeBepcuBHOE MEpPEKITIOYEHNUE;
" DHEProHe3aBUCUMOCTh COCTOSHUM; ;
» Maioe suepromnorpebnenue (MJIx/cm?); i
» Marepuajibl  TTOIXOMST

IS CO3/IaHUs
ANIEMEHTOB, PabOTAIOUIMX Ha Pa3TUYHbBIX
JUIMHAX BOJH, B TOM YHUCIIE B BUINMOM
JMana3oHe CIEeKTPa;

Contrast ratio

p.'.....A.._.
e es 680 BE. S

= BbricTpoe nepeximouenus (Menee 100 He);
* MHOTOypOBHEBOE YIpaBICHUE CHUTHAIOM

Pucynok 1 — ®opmupyeMble aKTUBHBIE AUAIEKTPHUECKUE METATIOBEPXHOCTH HA OCHOBE
3a CYET YaCTUYHOM KpucTaJuiu3aluu.

narorapnrBacMbix B HUY MUDT xanbKoreHUIHBIX TOHKOILICHOYHBIX TOKPHITHIA: (2) U3MEHEHHE
OINITUYECKHX IIAPaMETPOB CTPYKTYPBI IIpU H3MeHEeHHH (ha30Boro coctosiaust; (0) POM uzobpaxenue
M3rOTaBJIMBAEMOr0 3JIEMEHTA; (B) BH] C(HOPMHPOBAHHBIX JIEMEHTOB B ONTHYECKHI MUKPOCKOI.

Optical vortex
converter

Pucynok 2 — Ha ocaoBe popmupyembix B HIY MUIT xanbKoreHnHBIX TOHKOIUICHOYHBIX TOKPBITHIA TPOJEMOHCTPUPOBAHA BO3MOKHOCTH M3T OTOBJICHHS
PEKOH(UTYPUPYEMBIX FOJOrpaduueCKUX IEMEHTOB Il CUCTEM JOMOJHEHHOH peabHOCTH: (a) 00Ul Buj 3neMenTa; (0) CreKTp MpoIycKaHus TOHKON

TJICHKH; (B) IEMOHCTpAIKs pab0Ta 3aiCaHHbIX TOJIOTPaMM.
MIET.RU

[1] V. Borisov, et al. Chalcogenide thin films — holographic media for augmented reality devices // Applied Sciences (2022) in print. -



Laser-induced Periodic Surface Structures ggﬁ‘«‘
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The scheme of the experimental setup and (b) formation of the binary grating on
the GST surface by a scanning femtosecond beam

e results of the microscopy studies. E is the light field
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vector of the laser beam.

Result of the investigation using AFM

The results of the electron microscopy analysis: a) te SEM
image; b,c) TEM images of the ripples profile at different scales.

[1] S. Kozyukhin, et al. Laser-induced modification and formation of periodic surface structures
(ripples) of amorphous GST225 phase change materials // Optics and Laser Technology 113 (2019) 87-94
[2] S. Kozyukhin and et al. Specific Features of Formation of Laser-Induced Periodic Surface Structures on Ge,Sh,Te; Amorp

hous
Thin Films under IHlumination by Femtosecond Laser Pulses // PSS:B 257 (2020) P. 1900617 -



(a) The image of the stripes obtained by scanning with a fluence of = 3.4 mJ/cm? at a speed = 0 04 mm/s
(b) Zoomed structure of rippled Vector s indicates the direction of scanning, E shows the polarlzatlon of the light beam
(c) The scheme of the formation of the binary gratmg (d) Large-scale quality of GST phase gratings.

700 T 1
a °
600 P | -
94 .-’//
300 { ", /
’l
l"
200 1 S 0
e® @ AFM data ,’,- /
— A=Nng, g

100 ’ Mest | | .

600 800 1000 1200 1400 1600 1800 2000

Wavelength A, nm

Fabricated Two-Phase Binary Diffraction Gratings

[1] P.I. Trofimov and et al. Rewritable and Tunable Laser-Induced Optical Gratings in Phase-Change Material Films
/I ACS Appl. Mater. Interfaces 13, 27 (2021) P. 32031-32036
[2] M. Smaev and et al. Direct Single-Pass Writing of Two-Phase Binary Diffraction Gratings in a Ge,Sh,Te; Thin Film
by Femtosecond Laser Pulses// Apl. Surf. Sci. (2021) (submitted)
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JIOCTOUHCTBA JJIEMEHTOB:

= PeBepcuBHOE NEPEKIIOYEHUE;

" DHEpProHe3aBUCUMOCTh COCTOSTHUI;

» Majoe suepromnorpednaenue (MJ[x/cm?);

= PaOouas mimHa BoiHBL 1550 HM;

= JlnurensHOCTH NiepekmtoueHust menee 100 He;

» KommuecTBO OUT B suciike Oomee 3 OuUT;

* B03MOXXHOCTh MHTETPAILHOTO MCTIOTHEHUS,

* [IoMex0oyCTOMYHNBOCTE;

= Pabounii quamna3on ot -50 mo 100 C;

* COBMECTUMOCTh C TIpOlleCCaMU KPEMHHUEBOMN
MUKPOIIEKTPOHUKH.
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Pucynok 1 — [lepcrieKTHBBI MCITOIE30BAHUS U3TOTABINBAEMBIX JIIEMEHTOB
HWHTErpaibHON (POTOHMKH (), a TAKXKE CXEMAaTHYHOE H300paKEHHE OTHOTO U3
popabaThIBAEMbIX BApUaHTA INIAHUPYEMOM K U3TOTOBJICHHUIO JJOTUYECKON (DOTOHHOH
HMHTETrPabHON CXEMBI ISl TOJTHOCTHIO ONTHYECKUX HEUPOMOP(HBIX BHIYHCICHUN

A PCM

crystalline

LV - NS -
headackoodod

amorphous

v T T -
500 1000 1500 2000
Wavelength, nm

5i0,
c-GST

=

PCM

= =TT .
= 0.9+
[a~1
S 4
A é 0.8 1
‘ &
g il
S A a] Sog = Mf
X m@:i - e
T. = ‘.p = b (\:—Jr) 0.6 crystallline—ﬁ//”, —
pimp [ 2 0 10 70 80

Time, s

Pucynok 2 — OnTudeckue napaMeTpbl TOHKUX INIEHOK C pa3HbIM (a3oBbIM cocTossHuEM (a) u 3D MmoaenupoBaHue pacpeaeaeHie MHTEHCUBHOCTH U3Ty9EHHS
B 3JIEMEHTaX Ha UX OCHOBE (0-T). I3roTOBJICHHbIE KOJUIEKTUBOM €MHUYHbBIE SJIEMEHTHI Pa3JINYHOr0 HA3HAUYEHUS], @ TAKXKE JEMOHCTPALHSI BO3MOKH OCTH HX

PEBEPCUBHOIO [IEEPKIIIOYEHHS MEXK Y 9 pa3IMUHbIMU JOTUYECKUMH COCTOSIHUSIMU.

MIET.RU

[1] P. Lazarenko, et al. Size effect of the Ge,Sh,Te; cell atop the silicon nitride O-ring resonator on the attenuation coefficient / APL Materials, vol. 9 (2021)
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Phase change memory

"SET" "RESET"
logical “r" |0g|Ca| 0"
crystalline amorphous
® 00 @
—> @
O
low resistivity high resistivity
high reflectivity low reflectivity
GefIn,Ag,Sn) 1990 First product (PCR: S00GB)

1994 Powerful phase-change disk (PD:650 MB)
1998 DVD-RAM ver.1 (2.6 GB)

2000 DVD-RAM ver.2 (4.7 GB)

2004 Single layer Blu-ray disk (BD:23.3GB)

\
/ 1997 CO-RW (650 MB)
1999 DVD-RW (4.7 GB)

2003 Single/dual layer Blu-ray disk (BD:23.3GB)

GeTe

1971
Teg,Ge, 55055, 1987

GeTe-Sb,Te,

1991 (GeSbMnSn
Te%Ge j Ag'I)SbTe Ge”s{)gg
- AN Shi(Bi Au,As)
AuTe, Sb,Te, Sbyle

Phase diagram of Ge-Sb-Te system

The chalcogenide Ge,Sh,Te; (GST225) is one of
several functional materials which has already been in
wide use for different purposes, in particular, for
optical discs (DVD, Blu-Ray) and electrical memory
(PRAM). Also it is one of the best materials for non-

volatile memory and neuro-inspired
computing chips.
T
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4 Temperature 3D-model for writing
PCM cell structure operation of logical “0”
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The writing and erasing operations
in PCM devices




Electrical properties

o A The advantages of Ge-Sh-Te (GST) materials:
g 1. Rapid phase transitions (< 50 ns).
DC bl Hexagonal 2. Sufficient stability of phase state (> 10 years).
: ;z """""""" : 3. Significant change of the properties
O (>10° Ohm-cm).
103 £ - - — -
Y I S——— T 4. High radiation resistance .
J T ... I
0 50 100 150 200 250 300 350 5. Small cell size (4F).

Annealing temperature T (°C)
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Results of DC and impulse measurements for GST225 thin films.

[1] P. Lazarenko Electrical properties of the Ge,Sh,Te; thin films for phase change memory application /
AIP Conference Proceedings, 172721 (2016) P. 020013




How does 1t work?

Cructal ctate

100 200 300 400 500 600 800

Programming Current (p:A)
b PPV TTTTTTE
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T ; xample, Conductance (1) S a
write latency of 150 ns, and a write cyclic endurance of more than 10°.

102 . . b Non-volatile memory (3D XPoint)
10° . Non-vaolatile |
0 D volatiie

Access Time [sec]
o

10
10"
o Storage-Class
10 Memory
1 0 B -2 ‘ -1 * 0
10 10 10

Cost [$/GB] Storage capacity

[1] G.W. Burr, et al. Recent Progress in Phase-Change Memory Technology, IEEE 6(2), (2016) P. 146-162. -




Flexible PCM devices

10% = = U vclic endurance test, . 105 - . . . ' 17 1
at high temp. (90 °C) B o
107 ! -
O =] 8
| ®
10° o
s

ing
radius of 4 mm

Cell resistance (ohm)

10 —
c
m { Q
104 Y 4 Flat condition @ Bent
10 1 i 1 i ! ,I,I 2 1
» = - - - — 0 200 400 600 800 1000 1001 1100
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Number of cycles = Cycles
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1stG. 2nd G.
128Gb 256Gb

teristics of non-volatile memory (NVM) technologies in comparison with dynamic

I |nemory (DRAM) and NAND flash memory.

M from Samsung and Micron

DRAM STT-MRAM PCM NAND Flash
Maturity Product Prototype Product Product
Read latency 10 ns 10 ns 20-50ns 25 us
Write latency 10ns 10 ns 80-500 ns 200 us
Erase latency N/A N/A N/A 200 ms
Energy per bit access (r/w) 2p] 0.02 pJ 20pJ/100 pJ 10 n]
Static power Yes No No No
Endurance (writes/bit) 1016 1016 10°-108 10°
Cell size 6-8 F >6 F* 5-10 F* 4-5F
MLC N/A 4 bits/cell 4 bits/cell 4 bits/cell

Cho H. Implications of NVM Based Storage on Memory Subsystem Management (2020)/ 10.3390/app10030999




Non-volatile optical devices

Laboratory




Memory to processor link

—————————————————— 1 Read data

<

Optical

RISC-V processor

amplifier

Laser 50/50 power splitter

b

Memory controller

Single-mode fibre

Optical

amplifier

:

B D>

Command, address and write data

Processor to memory link

Interface
1 MB memory bank

The system uses one chip acting as the processor and the other acting as memory, connected by
a full-duplex optical link with a round-trip distance of 20 m by fibre.

[1] Sun, C. etal. Single-chip microprocessor that communicates directly using light // Nature, 528 (2015) 534-538 -




Technological features:

__________________________________________________________________________________________________

c Nonvolatile

Transmission

Power

||I
|:| :I
.|:|.|
[ |
1
l|||
—_—
t

Lattice coherency;
Adhesion strength;
Electrical contact type;

Temperature processing
compatibility,

Avoiding interfacial defects;
CMOS compatibility.

The performance parameters:

Retention time and stability;
Programming speed;
Modulation depth;
Cyclability;

Footprint,

Power consumption;

[1] N.Youngblood et al. Integrated optical memristors // Nature Photonics (2023)

Cost.



Performance metrics

a 100 5 b e
3 /;:.f 60 - Technology S b
o PCM S
10 § g MEMS <
a Charge trapping
£ Magneto-optic
3 14 [75] Charge —_ Ferroelectric
Q B o Electronic memristor
o trapping =) [91]
@o 1 \ o 40 Switching type
o 013 N\ b= O Electrical ®
> 1  Electronic 3.6 - <> Optical
g 0.01 1  memristors [36] ko)
k 3 =
3 D £ 7]
Q ] = O
@ 0.001 - = 291 17y
2 ] 591 ¢ ®
w ] @ [12]
1E-4 [75] ® [69]
] (671 41
' [95] o9®, © 43
1f 10f 100f 1p 10p 100p 1n  10n 100m 1g  10p 100p 1m 1 10 100 1k 10k 100k ™ 10M 100M
Switching energy (J) Switching speed (Hz)

Technology (E/O switched) Switching speed® Switching energy® Bitsstored Footprint(um?) ER®(dB) Insertionloss(dB) Max.cycles:

MEMS (O) 4kHz 0] 1bit 400 20 1 >30
MEMS (E) 0.1-1MHz 0.5-1pJ 1bit >10,000 60 >0.025 10
Memristor (E) TMHz 12.5f) 1bit 2 9.2 25 >10°
MO (E) TMHz 100n)J >3 bits 8,000 21 25 >7
Ferroelectric (E) TMHz 30pJ >3 bits >20,000 12 >0.07 300
Trapped charge (E) THz 30pJ 4bits 315 13 2 >30
PCM (E) 1-T0MHz 4nJ-10pJ Abits 1-500 0.5-15 >0.4 5x10°
PCM (O) 1-T0MHz 0.1-1nJ 6 bits 1-310 0.7-16 >0.75 108

[1] N.Youngblood et al. Integrated optical memristors // Nature Photonics (2023) -



Optical memory devices

OneproHE3aBucumbie HEPro3aBUCHMBIC
A Frequency B Frequency
(A) (GHz) (B) (GHz)
10° 110°

Multilevel Cyclability Multilevel Cyclability
(bits) < > (x10°) (bit) y (x10)
8 s il 8 A
\ .
AR 4\—-
[ ] Al-optical rcm : SOA
[ | Elactrical PcM 7/ Photonic Crytal
|ﬁ Ferroelectric Qy Acousto-Optic (SBS)
Charge trapping \.\ Optomechanic
\ ,‘;// \.\\ /
J/v ‘\\ '—'/ \\
1/Energy (nJ) Areal Density 1/Energy (nJ) Areal Density

(um?) (um’?)

[1] C. Lian, et al. Photonic (computational) memories: tunable nanophotonics for data storage and computing // Nanophotonics 2022. - P. 3823-3854



Optical properties of GST225 thin films

Amorphous State (b) Crystalline State
(200) (a) EA gﬁ“
s (i g 5
= ‘ (220) o o
o /J.J (222)
* A S
amorphous
20 30 40 50 60
20, dcg Density of States > Density of States >
The XRD spectra of the as-deposited and Simplified band gap diagrams for
annealed Ge,Sh, Te; films amorphous and crystalline GST films
I 5 , 701 11.0
7] crystalline (b) § { crystalline = (C) 650 O
% 6 =4 : ) £ i
S <] ] 5 6.0 < 5
S ah § 34 i 2 . 8 10 6%
-5 41 amorphous 2.1 z el o4 2
£ = 52 S 5.0k B S
& ] = 2 = 2
§ 2"' ‘3 l 2 asl —U.Z.E
l 2 -~ amorphous o—1p “
75 A, - S Pl 4.0_—9__. I < R b
500 1000 1500 2000 500 1000 1500 2000 030 100 150 200 230
\\"avclcnglh. nm \\"avclcnglh. nm Annealing temperature, °C

(b) The spectra of the refractive index for the amorphous and crystalline GST films; (c) The spectra of

the extinction coefficient for the amorphous and crystalline GST films. -
MIET.RU



Optical properties of GST225 thin films
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[1] A. V. Kiselev et al. Dynamics of reversible optical properties switching of Ge,Sh,Te;
MIET.RU Il Optics & Laser Technology (2022) -




Phase change memory

Write/
Erase

1 Amorphous !
C l'If E
o
g .
é .
e
Writ 3
S e ©Ge/sb | |53
)
= Erase O Te
S 2
=
& |
lof
Crystalline o

[1] Z. Cheng,. C. Rios Device-Level Photonic Memories and Logic Applications Using Phase-Change
Materials// Advanced Materials. VVol. 30, Is. 32 (2018) P.1802435




c Efield Vim) | Onepanysi YMHOKeHHs1 BeKTopa Ha marpuny B PCM

X
[An Alz] [x;] = by

Matrix elements Vector elements
mapped to GST mapped to input
transmission pulse power

P '
(G 612][];1]:171
2

E = " b L 1.360E+07
T
/‘ -
| P
1% 300 x 300 nm?
&
Rt 0.000
E-field (W/m)
A A [} 1.380E+07
SisN, GSTeay GSTyy
L
GST ,
‘\\W\ \w('\‘e,::; -
A (@
‘ H -
08 I 300 = 300 nm*
W \)‘mor\'\‘oﬂ
GA
we® 0.000

Ipunuun padorel: OOparnmoe u3MeHeHHe (Ha30BOro COCTOSHUS
TOHKOW  TuieHKH  (asomepemenHoro  marepuasnia  (PCM),
MOKPBIBAIOIICH TOHKOTUIEHOYHBIM BOJHOBOI, COIPOBOXKIIAETCS
3HAYUTETHHBIMU  HM3MEHEHHEM  ONTHYECKUX  CBOMCTB, 4YTO
MO3BOJISIET 00ECTIEUUTh yIpaBiIeHUE MPOITYCKAaHUEM DJIEMEHTA, T.C.
WHTCHCUBHOCTBIO TIPOXOJIAIIETO Yepe3 BOTHOBOJl CHTHAIA.

[1] Rios C. et al. In-memory computing on a photonic platform // Science Advances, 2019. - P. 1-9.




Optical memory (512 6uT)
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[1] C. Lian, et al. Photonic (computational) memories: tunable nanophotonics for data storage and computing // Nanophotonics 2022. - P. 3823-3854
[2] J. Feldmann, et al. Integrated 256 cell photonic phase-change memory with 512-bit capacity // IEEE J. Selected Topics in Quantum Electron, 2019. - P. 1-7.
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Microcomb-based vector generation and multiplexing

On-chip MAC unit

Demultiplexing, DSP

coupling waveguides [2]
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[1] J. Feldmann, et al. Parallel convolutional processing using an integrated photonic tensor core
/I Nature, 2021.- Vol. 589, P. 52-58.
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Comparison of the various PCMs
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Sn doped Ge,Sh, Te; (GST255)
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Fundamental task

Properties of as-deposited
Sn-doped Ge,Sh, Tec thin films




@ Sn doped GST225 (TEV)

Initial bulk alloy Thin film O The peak D has disappeared at 300 cm, while

peaks B and C have shifted to lower wavenumbers
0 -1 1

(GesSbTes)oo sSnos  (GesSbaTes)oo S0 for 0,5wt.% Sn (to 117 and 145 cm™, respectively).

(GesSbaTes)ooSn, (GeaSbsTes)os 1Stios O This shift is even more pronour_lced (108 and 140
cmt) for 3 wt. % tin concentration (see also peaks

(Ge,SbyTes)97Sn; (Ge,SbaTes)osr Sns g of B2 and C2).
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2. Magnetron sputtering.

Thin films of Ge,Sb, Te.
were prepared by two deposition methods:

1. Thermal evaporation in

TEV vacuum.

Residual pressure in the chamber was 104 Pa.
The maximum temperature during evaporation
was not more than 630 ©°C, substrate
temperature < 50°C.

Monolithic polycrystalline Ge,Sb,Te; (5N)
was used for DC sputtering. The pressure of
Ar during the process was 2-10-3 Torr.




Sn ion implantation

y y

The Sn ion implantation was done on the Multipurpose
Test Bench (MTB) at “Kurchatov Institute”- ITEP

Combined target where 1 —target, 2 —
suppressor ring, 3 — defending ring

Beam current, 107°A

The beam profile (vertical plane)
Uinj = 27,0 kV
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(Ge,Sb, Tes) ., Sn,

The uniformity of the elemental distributions across the film thicknesses was determined by
Time-of-Flight secondary ion mass and Auger electron spectrometries.
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lon mass spectrometry spectroscopy (Sn* and Sn?*) in the

GST225 film

Results of Auger electron spectrometry showed that 7-10'4 and 2.8-10'* p/cm? fluences provide
the average Sn concentration 5 and 2 at. % in GST225, which corresponds to the calculated

concentrations. -
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So, tin ion implantation in GST225 films leads to the effective replacement of the Ge by Sn

Q Samples were preliminarily etched by Argon-ion plasma in
order to achieve clean surface as samples were exposed to

O During measurements, samples were cooled down to liquid

Nitrogen temperature to avoid any heating originating
from X-ray source exposure.



Electrical properties
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Optical properties
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@ Surface oxidation




Elemental distributions
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Elemental distributions along the film thicknesses according to
TOF-SIMS for Sn-doped GST225 thin films: a — before
annealing; b — after annealing at 400 °C.




L_aser irradiation
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Laser Pharos SP (Yb:KGW, 6 W)
Wavelength: 1030 nm
Repetition rate: 1 kHz — 1 MHz (200 kHz)
Duration: 180 fs-8 ps
Diameter (1/€2): 65 um
Number of pulses: 500
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CCD camera Spiricon SP620U
HWP is the half wave plat
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Raman spectroscopy
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Threshold energies

of 5.1 and 12.8 mJ/cm?.

max

6) 12.0
D) 11.0-
F mJ/em™ «
—! =
= 10.0-
= 10.
g
C) The peak fluences: g 9.01 ~
24— 5.1 ml/em’ 12.8 mJ/em’ é 4.5 4 7
<
©
Z
8 4.0-
=
=~
3.5
S - . T T ° 1
40 20 O 20 40 00 05 10 1.5 20
Distance, um X, pm Y, um Sn concentration, at. %

The threshold energy of crystallization and amorphization processes, due to the pulse laser
influence, noticeably decreased from 4.2 to 3.8 mJ/cm? (9 %) and from 11.4 to 9.2 mJ/cm?

(19 %), respectively.



Applied task

Demonstration of the possibility of using
Sn-doped GST225 to provide reversible multilevel
switching in the integrated nanophotonic devices

Crystalline Amorphous Crystalline
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Fabrication process
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Nanophotonic devices

a) Sn-doped C)
( i reference A
’:\-:/\; C\:\-t/'c fundoped
™\ SN
A "
PCM
1)
a a
waveguide

The schematic view of two types of on-chip nanophotonic devices: Mach-Zehnder interferometers and balanced splitters (b) The
schematic of PCM cell. (c, d) Optical micrographs of the fabricated MZI and BS (e-g) SEM images of PCM cells with different
lengths. (i) TEM image and Fourier transform pattern (insets) for amorphous GST225.(j) Morphology of the one of the fabricated
PCM cells.

[1] S. Kozyukhin, et al. Laser-induced modification and formation of periodic surface structures
(ripples) of amorphous GST225 phase change materials // Optics and Laser Technology 113 (2019) 87-94

[2] S. Kozyukhin and et al. Specific Features of Formation of Laser-Induced Periodic Surface Structures on Ge,Sh,Te; Amorphous
Thin Films under IHlumination by Femtosecond Laser Pulses // PSS:B 257 (2020) P. 1900617



Absorption coefficient
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Attenuation coefficient (dB/pm)
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Size effect
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FIG. 5. (a) Optical transmission spectrum of the ORR without any GST (blue) and with the a-GST cell (black) measured in the C-range; (b) enlarged image of the optical
transmission spectrum of ORR, before (black) and after a-GST deposition (blue) near the wavelength of 1.55 um. The red line shows the Lorentz fit. The corresponding
values of the peak wavelength and the full width at half maximum before (A, W, ) and after (15, wa) GST deposition are marked. (d) and (e) Dependence of the attenuation
coefficient on the length of the a-GST and ¢-GST cells. The points are experimentally measured and calculated the data according to Eq. (1). The lines are the data of the
3D numerical calculation for films of different thicknesses: 20 nm (red solid line for c-GST and blue solid line for a-GST), 15 nm (gray dashed line), and 10 nm (black dashed

line).
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Multilevel reversible recording
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Types of PCM devices

a Evanescently coupled optical control b Plasmonic-coupled electrical and optical control
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PCM application
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(@) 3D-Xpoint electrical memory; (b) optical discs; (c) reflective displays; (d) hybrid metasurface; (i) racetrack
microresonators; (f) diffraction grattings; (g) electro-optical element based on plasmonic waveguide; (h) optoelectronic integrated
cell based on thin film waveguides; (i) waveguide switcher; (j) near-IR metasurfaces; (k) lenses, prisms and
other elements for the control of parameters of surface waves; (I) thermal camouflage. -
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