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Abstract. Femtosecond laser structuring opens for chalcogenide semiconductor Ge,Sb,Te;
new perspectives in photonics applications due to wide change of its structural and optical
properties in such processing. We studied laser-induced modification of amorphous Ge,Sb,Te,
thin films on silicon substrates. The investigations show that periodic relief formation is
accompanied by phase transitions to the fcc crystalline phase and back. Furthermore, the
irradiated Ge,Sb,Te, samples demonstrate optical transparency in the near infrared region. The
examined structures are interesting for further studies as a base of new memory devices which
may possess optical anisotropy and be integrated into fiber optics applications.
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AnHoramua.  ®PeMTOCEKyHOHOE  JIa3epHOE  CTPYKTYpPUPOBAaHME  OTKPBIBACT IS
XaJnbKOreHnaHoro mnonynposogHuka Ge,Sb,Te, HOBbIE MNEPCIEKTUBBI UCTONL30BAHUA B
MPUIOXKEHUX (DOTOHUKM OJiaromaps IMPOKOMY U3MEHEHUIO er0 CTPYKTYPHBIX M ONTUYECKUX
CBOICTB IIpM Takoit o6padoTke. Hamu ncciaenoBaHa ga3epHO-MHAYLIUPOBAHHAS MOIUMUKALIMS
TOHKHMX aMopdHbix miaeHok Ge,Sb,Te, Ha KpeMHMEBBIX MomIoXKax. WMccaenosanus
MOKa3bIBAIOT, YTO MepuoanYecKoe (OopMUpOBaHUE pesbeda COMmpoBOXIACTCS (ha30BbIMU
nepexogamu B ['IIK-kpucrannuueckyto dazy u oopatHo. Kpome Toro, obaydeHHbIe 00pasiibl
Ge,Sb,Te; 1eMOHCTPUPYIOT ONITUYECKYIO MPO3PAYHOCTh B OJNIMXHEN MH(paKpacHON 001acTH.
PaccMoTpeHHBIE CTPYKTYphI TMPENCTABISIOT MHTEpeC ISl JajdbHEWIIUX MCCIeI0BaAaHUN B
KauyecTBEe OCHOBBI HOBBIX 3alIOMMHAIOIIMX YCTPOMCTB, KOTOPbIE MOTYT 00JlafaTh ONTUYECKOM

AHWU30TPOITMENH W OBITh MHTETPUPOBAHBI B BOJJOKOHHO-ONTUYECKNE TTPHIIOXKEHHUSI.

Kmouesbie cmosa: Ge,Sb,Te,, demTocekynnHaa nasepHasd o00OpabOTKa, Ja3epHO-
WHAYLIMPOBAaHHBIC ITOBEPXHOCTHBIC MEPUOAUYECKHE CTPYKTYpbl, oOpaTuMblie (pa3oBbIe
TePEXObI
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Introduction

The laser-induced periodic surface structures (LIPSS or “ripples”) based on Ge,Sb,Te,
(GST225) promise large perspectives in the development of novel memory technologies and
reconfigurable nanophotonic devices [1]. Usually, LIPSS have the period which is comparable
to the wavelength of acted radiation and is significantly less than the laser spot diameter. Optical
anisotropy in the visible and near-infrared ranges may emerge in such structures [2]. This is a
promising way to encode information, especially in the case of GST225 processing via femtosecond
laser irradiation when rewritable phase transitions to the crystalline phase are possible [3]. The
significant difference between the optical properties of amorphous and crystalline phases of this
material [4] makes a considerable contribution to optical anisotropy. Therefore, currently of great
interest is the simultaneous LIPSS formation and phase transitions in amorphous GST225 thin
films induced by femtosecond laser irradiation, including reversible phase transitions.

Thus, in this work we have irradiated thin GST225 films by femtosecond laser pulses to
simultaneously fabricate LIPSS on the surface and achieve crystallization of GST225 and then
investigated structural and optical properties of the modified samples.

Materials and Methods

Initial thin amorphous GST225 films with the thicknesses of 130 nm were deposited on di-
electric substrates by magnetron sputtering of a crystalline target (ACI Alloys). Subsequent irradi-
ation was provided by femtosecond laser system Avesta (wavelength A = 1250 nm, pulse duration
T = 135 fs, repetition rate v = 10 Hz). The laser fluence F varied from 0.05 to 0.15 J/cm?. The

© Komuun A. B., 3a6otnoB C. B., llyneiiko . B., Ipecuos [. E., ®enanuna M. E., Kyspmun E. B., Kamkapos I1. K.,
2022. Uznatenn: Cankr-IleTepOyprckuii moantexumyeckuii yaupepceutet [letpa Bemmkoro.

238



4 Physical materials technology >

focused laser spot diameter was D = 120+10 um. The samples were irradiated at normal incidence
while moving continuously in one direction along the laser polarization at various speeds. As a re-
sult, single scanlines with the number of overlapping laser spots N from 3 to 750 were formed on
the sample surface. Additionally, based on the results obtained for the single scanlines, a square
3x3 mm?’ area was fabricated in a raster mode for the pulse number N = 150 and step between
scanlines I' =100 um, for optical properties investigation.

The structural properties of initial and modified samples were studied by scanning electron
microscopy (SEM; Carl Zeiss Supra 40) and Raman spectroscopy (Horiba Jobin Yvon HR800)
at 488 nm excitation, as well as energy-dispersive X-ray (EDX) spectroscopy (Tescan Vega 3).
Optical properties were defined via ellipsometry data analysis in the range 300—2000 nm (Horiba
Uvisel 2). The type of phase transitions observed in the modified film was analyzed via the
two-temperature model (TTM) calculations [3].

a) b)

Fig. 1. SEM images of GST225 thin film, irradiated
by the N=150 (a) and N=750 (b) laser pulses

Results and Discussion

According to SEM data the LIPSS formation on the samples irradiated with F=10.10 = 0.02 J/cm?
occurs at N=150 and higher values. Observed ripples period A varied from 1150 to 1350 nm,
which is close to the wavelength of modifying laser pulses A (Fig. 1,a). In all cases the gratings
are directed orthogonally to the laser polarization. Such characteristics of the surface relief com-
monly indicate its formation mechanism as a result of interference between surface plasmon-po-
laritons and incident laser radiation [6]. In case of semiconductors such as GST225, the surface
electromagnetic waves can be excited due to the transition of the near-surface layer to metal-like
state, which means the dielectric permittivity of the irradiated material changes the sign from the
positive to the negative one due to the intensive photoinduced generation of free charge carriers.

With the further increase of the N > 300 another LIPSS type was observed on the irradiated
surface, in a form of ordered elongated clusters with the period A = 130 + 30 nm (Fig. 1,b). The
orientation of obtained clusters is also perpendicular to the laser polarization. The clusters possess
the longitudinal size in the range of 50—200 nm and the transversal size about 50 nm. The for-
mation of such LIPPS is most likely explained by the thermo-capillar effects at the times which
exceed pulse duration [7].

Raman spectroscopy indicated that surface modification of amorphous GST225 thin films
induced by femtosecond laser pulses is accompanied by reversible phase transitions (Fig. 2). The
Raman spectra of non-irradiated GST225 areas (/V=0) shows the wide broadband at the range of
110—200 cm™! due to the short-range crystallographic order of the amorphous phase (Fig. 2,a) [8].
The band consists of several lines near 125, 140, 158, 190 and 270 cm™' which correspond to the
A, GeTe, ,Ge, (n = 1,2) corner-sharing tetrahedra Sb Te, pyramids, A, hexagonal GeTe, ,Ge,
(n =1 2) A GeTe .Ge_ (n = 1,2) edge-sharing tetrahedra and F, GeTe mode V1brat10ns [8]

After femtoseeond laser irradiation, the Raman spectra demonstrate the next transformations.
The intensity of narrow peak near 125 c¢cm™', which corresponds to Ge Te,_ Ge (n=1,2),
increases with the growth of N from 3 to 15 (Fig. 2, a, ¢) while the line at 158 cm decreases
in intensity (Fig. 2,d). Such behavior may indicate transition to the face-centered cubic (fcc)
crystalline phase [8]. The TTM calculations for the F = 0.1 J/cm? confirm this hypothesis (Fig.
3,a). According to the calculations the temperature of electron gas achieves ~1.4-10* K during single
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Fig. 2. Raman spectra of non-irradiated GST225 thin film (N=0) and samples for N=6
and N=15 (a). Raman spectra of non-irradiated GST225 thin film (N=0) and samples
for N 150 and N =750 (b). Dependencies of integrated intensities of 125 cm™ "(¢)
and 158 cm™! (d) line for center and edge of the scanlines on N,

pulse treatment. The lattice temperature then increases due to the electron-phonon relaxation,
and 2 ps after the laser pulse end exceeds the temperature of transition to fcc crystalline phase,
which is 410 K. The peak temperature the GST225 lattice achieves during such heating is 480 K.

Additionally, at the values of N > 75, the 125 cm™" Raman line decreases in intensity compared
to the scan line edge (Fig. 2, b, ¢). Consequently, in the scan line center the Raman spectra
become similar to non-irradiated GST225 thin films for N = 300 and higher. Such behavior
can indicate re-amorphization of GST225. Such reversible phase transition is possible due to
metastability of fcc crystalline GST225 [9] or rapid quenching of the melted material [10]. The
cooling velocity more 10'° K/s and heat removal to the surface substrate contribute to the second
mechanism of re-amorphization. It should be noted that the stoichiometry of GST225 film is
not changed by femtosecond laser irradiation, which is confirmed by EDX spectroscopy data
(Table 1).

Table 1
Concentration of Ge, Sb and Te atoms in initial amorphous
GST225 thin film (N=0), as well as irradiated for the N =3,
N.=150 and N, =750, defined by EDX spectroscopy

N Atomic concentration, %
s Ge Sb Te
0 18.9+1.5 2543 56+3
3 17.1£1.0 25+1 58+5
150 19.5+1.2 262 5542
750 18.9+0.7 27+1 5443
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Fig. 3. Simulated surface temperature of GST225 during pulse treatment (a); reflectance
and absorption spectra of irradiated GST225 sample, defined by ellipsometry data (b)

The reflectance and absorption spectra of irradiated GST225 sample are presented in Fig. 3,5.
The reflectance coefficient grows from the 0.1 to 0.35 with the wavelength increase from 300 to
800 nm. Additionally, it demonstrates oscillations in the range of 800—2000 nm. Such behavior
can be caused by the interference in GST225 thin film. On the other hand, the absorption
coefficient decreases from 3.5-10° cm™! to 10° cm™' with the wavelength increase from 400 to 1800
nm. Thus, the studied GST225 films are transparent in the near-infrared range after femtosecond
laser treatment and look promising for further studies and the development of new memory
devices which may be compatible with the fiber optics applications, among other things.

Conclusion

We observed that surface modification of amorphous GST225 thin films induced by femtosecond
laser pulses is accompanied by phase transitions to the fcc crystalline phase and back which is
confirmed by Raman analysis and TTM simulations. Additionally, LIPSS with the period close to
the laser wavelength were formed on GST225 surface at such treatment and the irradiated films
are transparent in the near-infrared range. Therefore, the examined structures are interesting for
further studies as a base of new memory devices which may possess optical anisotropy and be
integrated into fiber optics applications.

Acknowledgments

The initial amorphous GST225 thin films fabrication, as well as ellipsometry measurements
of the modified samples were provided at the MEMS and Electronic Components Core facilities
centers, National Research University of Electronic Technology. SEM analysis was performed in
the Educational and Methodical Center of Lithography and Microscopy, Lomonosov Moscow State
University. Authors are grateful to L.A. Golovan, P.I. Lazarenko and S.A. Kozyukhin for fruitful
discussions.

REFERENCES

1. Smayev M.P., Lazarenko P.I., Budagovsky I.A., Yakubov A.O., Borisov V.N., Vorobyov Y.V.,
Kunkel T.S., Kozyukhin S.A., Direct single-pass writing of two-phase binary diffraction gratings in a
Ge,Sb,Te;, thin film by femtosecond laser pulses, Optics and Laser Technology. 153 (2022) 108212.

2. Drevinskas R., Beresna M., Gecevi¢ius M., Khenkin M., Kazanskii A.G., Matulaitiene I., Niaura
G., Konkov. O.I., Terukov E.I., Svirko Y.P., Kazansky P.G., Giant birefringence and dichroism
induced by ultrafast laser pulses in hydrogenated amorphous silicon, Appl. Phys. Lett. 106 (2015)
171106.

3. Trofimov P.I., Bessonova 1.G., Lazarenko P.I., Kirilenko D.A., Bert N.A., Kozyukhin S.A., Sinev
I.S, Rewritable and tunable laser-induced optical gratings in phase-change material films, ACS Appl.
Mater. Interfaces. 13(27) (2021) 32031—32036.

4. Xu Z., Chen C., Wang Z., Wu K., Chong H., Ye. H., Optical constants acquisition and phase
change properties of Ge,Sb,Te, thin films based on spectroscopy, RSC Adv. 8 (37) (2018) 21040.

241



4St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2022 Vol. 15, No. 3.1

5. Rethfeld B., Ivanov D.S., Garcia M.E., Anisimov S.I., Modelling ultrafast laser ablation, J. Phys.
D.: Appl. Phys. 50 (2017) 193001.

6. Bonse J., Rosenfeld A., Kriiger J., On the role of surface plasmon polaritons in the formation
of laser-induced periodic surface structures upon irradiation of silicon by femtosecond-laser pulses, J.
Appl. Phys. 106 (2009) 104910.

7. Rudenko A., Mauclair C., Garrelie F., Stoian R., Colombier J.P., Amplification and regulation
of periodic nanostructures in multipulse ultrashort laser-induced surface evolution by electromagnetic-
hydrodynamic simulations, Phys. Rev. B 99 (2019) 235412.

8. Nemec P., Nazabal V., Moreac A., Gutwirth J., Benes L., Frumar M., Amorphous and crystallized
GeSbTe thin films deposited by pulsed laser: Local structure using Raman scattering spectroscopy,
Materials Chemistry and Physics 136 (2012) 935.

9. Yamada N., Ohno E., Nishiuchi K., Akahira N., Takao M., Rapid-phase transitions of GeTe-
Sb,Te, pseudobinary amorphous thin films for an optical disk memory, J. Appl. Phys. 69 (1991) 2849.

10. Huang H., Zuo F., Zhai F., Wang Y., Lai T., Wu Y., Gan F., Fast phase transition process of
film induced by picosecond laser pulses with identical fluences, J. Appl. Phys. 106 (2009) 063501.

THE AUTHORS

KOLCHIN Aleksandr V. FEDYANINA Maria E.
avkolchin@physics.msu.ru mfh.miet@gmail.com

ORCID: 0000-0003-3033-9083 ORCID: 0000-0001-9779-2574
ZABOTNOQOY Stanislav V. KUZMIN Evgenii V.
zabotnov@physics.msu.ru e.kuzmin@lebedev.ru

ORCID: 0000-0002-2528-4869 ORCID: 0000-0002-6322-6838
SHULEIKO Dmitrii V. KASHKAROYV Pavel K.
shuleyko.dmitriy@physics.msu.ru kashkarov@physics.msu.ru

ORCID: 0000-0003-3555-6693
PRESNOY Denis E.
denis.presnov@phys.msu.ru
ORCID: 0000-0002-9213-0165

Received 22.05.2022. Approved after reviewing 25.07.2022. Accepted 25.07.2022.

© Peter the Great St. Petersburg Polytechnic University, 2022

242



