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Abstract: Ge2Sb2Te5 based devices attract the attention of researchers due to wide opportunities
in designing phase change memory. Herein, we studied a possibility to fabricate periodic micro-
and nanorelief at surfaces of Ge2Sb2Te5 thin films on silicon oxide/silicon substrates under multi-
pulse femtosecond laser irradiation with the wavelength of 1250 nm. One-dimensional lattices with
periods of 1250 ± 90 and 130 ± 30 nm were obtained depending on the number of acted laser
pulses. Emergence of these structures can be explained by plasmon-polariton generation and laser-
induced hydrodynamic instabilities, respectively. Additionally, formation of the lattices whose spatial
period is close to the impacted laser wavelength can be modelled by considering the free carrier
contribution under intensive photoexcitation. Raman spectroscopy revealed both crystallization
and re-amorphization of the irradiated films. The obtained results show a possibility to fabricate
rewritable all-dielectric data-storage devices based on Ge2Sb2Te5 with the periodic relief.

Keywords: femtosecond laser irradiation; phase change memory; Ge2Sb2Te5; thin films; surface
periodic structures; surface plasmon-polaritons

1. Introduction

Chalcogenide alloy Ge2Sb2Te5 (GST225) is well-known as a basic material for non-
volatile and rewritable memory applications (DVD-RW or Blu-Ray) [1], as well as recon-
figurable nanophotonic devices [2]. This medium exhibits a large difference between the
optical or electrical properties of the amorphous and crystalline states. Usually, rapid and
reversible phase switching is achieved under optical pumping [3] or resistive heating [4],
which allows for the design of so-called phase change memory devices.

In the case of femtosecond laser treatment, the rate and energy efficiency of triggered
crystallization [5–7] and amorphization [8–10] might be increased up to several times
compared with the impact by nanosecond or longer laser pulses. This increase is usually
explained by the non-thermal nature of melting and quenching processes precisely at the
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femtosecond laser treatment [11,12]. Under such consideration features and kinetics of the
phase transitions depend on the GST225 film thickness and substrate type [7].

An additional feature of femtosecond laser treatment of GST225 and other semiconduc-
tors, as well as metals and dielectrics, is the formation of anisotropic laser-induced periodic
surface structures (LIPSS or “ripples”) [13–16]. The period of these one-dimensional lattices
is comparable with or less than the wavelength of incident radiation. The ripples forma-
tion is caused by photoexcitation of surface electromagnetic waves (SEW) or scattering of
evanescent waves [17]. Formed structures induce giant birefringence and dichroism [18], as
well as anisotropy of electrical properties of irradiated material [19]. These LIPSS promise
wide applications in polarization optics [18,20] and photovoltaics [19,21]. Additionally, the
presence of periodic modulation on the surface or inside the bulk of the material opens
new prospects on data storage [18,22,23] when several bits can be written within one
anisotropically nanostructured voxel. In this case, data storage and subsequent encoding in
the same voxel are achieved by direct laser writing of LIPSS with appropriate orientations
and optical birefringence values [24]. Furthermore, laser-induced gratings can be used as
antireflective [25] and hydrophobic [26] coatings for solar cells.

Previously, LIPSS with the wavelength period were fabricated on amorphous GST225
thin films deposited on conductive substrates [14–16]. In addition, it was revealed that
the treatment by near-infrared femtosecond pulses facilitates the effective penetration of
radiation into the used material, which exhibits relatively small absorbance and reflection
in this spectral range [27]. However, any quantitative explanation of ripple formation in
these films has not been made yet.

In the present paper, we perform and theoretically analyse experiments on multi-
pulse femtosecond laser irradiation, which lead to LIPPS fabrication, as well as direct and
reversible phase transitions in amorphous as-deposited GST225 thin films. An oxidized
monocrystalline silicon wafer was chosen in our experiments as a base substrate to demon-
strate the possibility of ripples formation on all-dielectric samples and easy integration of
contemporary planar silicon technologies.

2. Materials and Methods
2.1. Samples and Experimental Techniques

Amorphous GST225 films with a thickness of 130 nm were deposited by direct current
(DC) magnetron sputtering of a crystalline target (ACI alloys) on thermally oxidized crys-
talline silicon substrates. The residual pressure in the chamber before the deposition was
3 × 10−3 Pa, and the pressure of Ar during the process was 5.7 × 10−1 Pa. The sputtering
power was 100 W. The thickness, composition, and structure of the fabricated films were
controlled by atomic force microscopy (AFM), as well as Auger electron spectrometry and
X-ray diffraction analysis, respectively [28].

The samples were irradiated by femtosecond laser pulses with an Avesta laser sys-
tem [29,30] in air (central wavelength λ = 1250 nm, repetition rate ν = 10 Hz, pulse duration
τ = 135 fs, fluence F = 0.1 J/cm2). The pulses were linearly polarized, and the beam incident
angle was normal (Figure 1a). The scanning mode during processing was realized by
moving the films in the horizontal plane along a meandering trajectory (Figure 1b) at a
scanning rate from 2 to 500 µm/s (Table 1).

Each treated track with the length of 0.5 mm was scanned along the Y-axis by a focused
laser beam with 150 µm in diameter (D). The number of overlapping laser spots Ns was
determined by the following equation:

Ns = ν·D/V, (1)

where ν is the laser pulse repetition rate, and V is the scanning rate. Therefore, the resulting
value of Ns varied from 3 to 750 (Table 1).
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Figure 1. The scheme of multi-pulse processing of amorphous GST225 thin films on dielectric sub-
strates by femtosecond laser irradiation (a). The scanning mode of femtosecond laser treatment (b).

Table 1. The scan speed and the number of overlapping laser spots used for modification of amor-
phous GST225 thin films.

Sample Scan Speed, µm/s Number of Overlapping Laser Spots

1 500 3
2 250 6
3 100 15
4 50 30
5 25 60
6 10 150
7 5 300
8 2 750

The images and profiles of modified areas were obtained by the scanning electron
microscope (SEM, Carl Zeiss Supra 40) and AFM (NT-MDT SolverPro), respectively. The
phase composition was analyzed by Raman spectroscopy using a Horiba Jobin Yvon HR800
spectrometer with He–Ne laser excitation source (633 nm), Olympus MPlan N objective
with a 100× lens, numerical aperture of 0.9 and waist of 1 µm in diameter. The used Raman
edge filter cut-off was 100 cm−1. The Raman spectra accumulation times were 5 s and
the accumulation number for each spectrum was 10, respectively. We chose the excitation
power of 0.1 mW, which provided the reproducibility of repeated measurements at the
same area, and correlated well with the simple estimation proposed in this paper [31].

2.2. Theoretical Simulation of Surface Photoexcitation and LIPSS Formation

The period of LIPSS might be comparable with the wavelength of acted laser pulses
or sufficiently smaller than them. In the first case, these structures are called low-spatial-
frequency LIPSS (LSFL), while in the second case—they are called high-spatial-frequency
LIPSS (HSFL) [13]. The occurrence of one or the other type of LIPSS depends on both
the parameters of laser pulses (polarization, fluence, and pulse number) and the relation
between ε1 and ε2—dielectric permittivities of ambient medium and irradiated material,
respectively. Therefore, both factors must be analyzed to explain the fabrication of LIPSS in
our experiments, as described below.

The femtosecond-assisted fabrication of one-dimensional LIPSS oriented perpendicu-
larly to the incident radiation polarization and with a period close to the wavelength of the
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incident radiation is usually described by surface plasmon-polaritons (SPPs) generation
caused by intensive photoexcitation [17,32,33]. The conditions of this excitation at the
near-surface layer between two media are:

ε1 > 0, Re ε2 < 0, |Re ε2| > ε1, (2)

where ε1 = 1 denotes the air dielectric permittivity, and the negative real part of ε2 corre-
sponds to the photoexcited near-surface layer of GST225 during irradiation.

Initially, without laser irradiation, the dielectric permittivity ε2 of the semiconductor is
positive. Under femtosecond laser irradiation, this value decreases according to the Drude
model. The photoinduced free charge carriers provide the following contribution to the
value of the dielectric permittivity:

ε2(ω) = ε∞ −
4πnee2

0
m∗ω(ω + iγ)

, (3)

where ω is the incident laser radiation frequency, γ = e0/(m*µ) is the carrier collision
frequency, e0 and m* are the electron charge and effective mass, respectively, as well
as µ = 52 cm2/(V·s) is the charge carrier mobility for GST225 [34]. The static dielectric
permittivity of ε∞ = 18.2 and ε∞ = 44.2 correspond [27] to the non-excited amorphous
and crystalline GST225, respectively. In this case, ne is the value of non-equilibrium charge
carrier density, which can be estimated from the following differential equation:

dne

dt
≈ α(1− R)I(t)

ћω
− γne, (4)

where the absorption and reflection constants of the amorphous GST225 thin films for the
wavelength of 1250 nm are taken as α = 24,500 cm−1 and R = 0.39 [27], respectively.

Laser pulse intensity I(t) is defined as follows [35]:

I(t) = I0·t·exp
(
−4t

τ

)
,
∫ ∞

−∞
I(t)dt = F. (5)

where t is the time, while τ and F are the laser pulse duration and the fluence, respectively.
In our work, to calculate the orientation and period of LIPSS we use the hybrid model

initially suggested by professor Sipe et al. [36] and later modified by Bonse J et al. (so-called
“Sipe–Drude theory”) [37]. This approach utilizes the so-called efficacy factor η(kx,ky),
which is the probability of ripples formation with the spatial period Λ and the specific
direction x or y in the sample surface plane. In our calculations, the surface wave vector
k with the projections kx and ky onto the irradiated surface is normalized to the incident
radiation wavelength λ:

|k| = λ/Λ. (6)

For the linear polarization as well as the irradiation parameters and specific materials,
the calculation of the efficacy factor η(kx,ky) is provided by the next set of Equations (7)–(18)
joined with Equations (3)–(5):

η
(
kx, ky

)
= 2π|v(k+) + v∗(k−)|, (7)

where
v(k±) =

[
hss(k±)(k±·y)2 + hkk(k±)(k±·x)2

]
γt|ts(ki)|, (8)

(k±·y) =
(
sin θ ± ky

)
k±

, (9)

(k±·x) =
kx

k±
, (10)
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k± =

√
k2

x +
(
sin θ + ky

)2, (11)

hss(k±) =
2i√

1− k2
± +

√
ε̃− k2

±

, (12)

hkk(k±) =
2i
√(

ε2 − k2
±
)(

1− k2
±
)

ε̃
√

1− k2
± +

√
ε2 − k2

±

0, (13)

ts(ki) =
2|cos θ|

|cos θ|+
√

ε2 − (sin θ)2
, (14)

γt =
ε̃− 1

4π{1 + (1− f )(ε2 − 1)[F(s)− R× G(s)]/2} , (15)

R =
ε2 − 1
ε2 + 1

, (16)

F(s) =
√

s2 + 1− s, (17)

G(s) =

√
s2 + 4 + s

2
−
√

s2 + 1. (18)

Here, ε2 is the complex dielectric permittivity value for the irradiated material, which
depends on the free charge carrier concentration, according to Equation (3). The two rough-
ness parameters–shape factor s and filling factor f encode the topological characteristics
of the surface [37]. The standard values of s = 0.4 and f = 0.1 correspond to surfaces with
spherically shaped islands acting as scattering centers for the incident optical radiation [17].
The laser polarization is oriented along the Y-axis on the distribution map for η(kx,ky).

3. Results and Discussion
3.1. Structural Properties

LIPSS formation was revealed on the irradiated GST225 surface starting with the
overlapping pulses number Ns = 150. The gratings formed at these conditions are di-
rected orthogonally to the laser polarization and represent grain ridges with the period
Λ = 1250 ± 90 nm, which is close to the incident laser radiation wavelength (Figure 2a–c,f).
The ripples absent at edges of femtosecond laser beam spots where a local fluence of
the laser beam with a spatial gaussian profile is low to modify surface (Figure 2e). The
height (H) of the formed ripples increases from 4 ± 1 to 9 ± 2 nm with rising Ns values
(Figure 3a–c). This growth of the LIPSS height is caused by the feedback between laser
pulse absorption, scattering, and surface modification during irradiation [38]. These grat-
ings may be classified as LSFL [13]. In addition, their structural properties may indicate
SPPs generation during the intensive photoexcitation of free charge carriers [17,32,33].

When the pulse number exceeded Ns = 300, an additional type of LIPSS was observed
appearing at the center (Figure 2b) of the irradiated area. It represents elongated clus-
ters possessing a subwavelength period of Λ = 130 ± 30 nm (Figure 2d) and height of
H = 9 ± 3 nm (Figure 3d), and thus can be defined as HSFL. Moreover, these clusters are
directed perpendicularly to the polarization of the laser pulses. The formation of this
HSFL is generally explained by laser-induced hydrodynamic instabilities associated with
Marangoni convection and similar thermo-capillary effects, which manifest themselves
at the times that exceed the laser pulse duration [17,39]. Additionally, it was previously
shown that the multi-pulse treatment leads to the growth of scattering efficiency during
surface modification [17,38]. Consequently, this increases the light absorption and heat of
the surface, which causes stronger manifestation of the hydrodynamic instabilities.
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Figure 2. SEM images of areas irradiated by Ns = 150 (a,c,e) and Ns = 750 (b,d,f).

The Raman spectrum of the amorphous GST225 thin film (Ns = 0) demonstrates the
asymmetric broadband from 110 to 200 cm−1 with the maximum near 145 cm−1 (Figure 4a).
The wide band is explained by the short-range crystallographic order for the amorphous
phase [40]. In turn, the maximum at 145 cm−1 corresponds to the hexagonal Sb2Te3
mode [41].
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Figure 4. Raman spectra of initial samples (Ns = 0) and edges of treated area at the overlapping spots
from Ns = 3 to Ns = 15 (a). Raman spectra of initial samples (Ns = 0), central and edge (at the distance
of 50 µm from the center) regions of treated area at Ns = 750 (b). The maximum at 145 cm−1 was
chosen for normalization.

With regards to an area corresponding to the edge of the incident femtosecond laser
beam spots, the following changes after laser irradiation can be seen from the evolution
of the obtained Raman spectra (Figure 4a). With the Ns increasing from 3 to 15, the
intensity of the peak near 125 cm−1 grows in comparison with the rest of the spectrum.
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The peak value near 125 cm−1 in this band is associated with the GeTe4−nGen (n = 1, 2)
tetrahedra mode [40] and indicates the transition to the face-centered cubic (FCC) crystalline
structure [42]. The intensity of the peak near 125 cm−1 strongly depends on the state of
the phase [43]. Therefore, it might be assumed that the observed behavior is related to the
appearance and increase of the crystalline fraction in GST225 [7]. The crystallization can be
described by the simultaneous volume and surface nucleation processes [44].

In the case of Ns = 750, the Raman spectra showed that the intensity ratio of the
125 cm−1 line to the 110–200 cm−1 broadband maximum is smaller in the laser spot
center than at the periphery area (Figure 4b). This behavior may indicate a possible re-
amorphization occurring in the film exposed by the larger number of overlapping laser
pulses. This reversible phase transition is possible in GST225 due to the metastability of its
FCC crystalline lattice [45,46]. In the case of laser action on the GST225 film surface, the
FCC phase transformation into the amorphous one can probably be achieved during the
subsequent processes of material melting due to the strong light absorption of crystalline
GST225 (α ≈ 2× 105 cm−1 for the λ = 1250 nm) [27] and subsequent rapid quenching of the
melt [47]. In this case, the rapid cooling of the film, which is necessary for the amorphous
phase formation can be provided by the efficient heat removal to the substrate [48,49].

3.2. Modelling of LIPSS Formation

To satisfy the conditions (2) for SPPs generation in amorphous GST225, the free
charge carrier concentration should be larger than the threshold value, calculated as
ne0 = 4 × 1019 cm−3 from (3). The actual average free charge carrier concentration esti-
mated for radiation parameters by (4) and (5) is ne = 1022 cm−3 and exceeds the threshold.
Sipe−Drude calculations provided the dielectric permittivity as ε2 = −7.6 + 2.9i for the
last value. The corresponding efficacy factor η(kx,ky) achieves the local maxima if the
surface wave vector projections satisfy the following conditions: |kx| = 0 and |ky| = 1.05
(Figure 5). The obtained result corresponds to the formation of ripples with the period near
Λ = 1200 nm and the orientation orthogonal to the laser polarization. Structural properties
of the predicted LIPSS are consistent with features of experimentally observed surface
gratings. Therefore, this confirms the hypothesis regarding the SPPs generation mechanism
of the LSFL formation for the used radiation parameters [17,37].

Of note, the HSFL formation effect probably has a cumulative nature [38], as it starts
occurring with the number of laser pulses above Ns = 300. The formation of HSFL with a
period of about 130 nm can probably have an hydrodynamic mechanism (see Section 3.1),
outside of the Sipe−Drude and SPPs generation model. In this case, for future studies, we
will need to use other theoretical approaches and consider the time interval after the end
of the laser pulse [17,39]. Namely, relaxation of electron gas to lattice at the times longer
than the laser pulse duration may induce the thermal expansion of melted material and,
consequently, its extrusion and deformation. However, if the melt viscosity is insufficient,
the surface tension could inhibit this process. Therefore, the resulting relief may depend
on whether the modulation on the surface of the melt can be maintained by its viscosity
until solidification. Additionally, cracks formation during the cooling of the film may affect
HSFL formation.

The experiments also demonstrated that the formation of HSFL, as a rule, accompanied
the observed re-amorphization, which, as mentioned above, can be provided by rapid
solidification of the melt after exposure to a laser pulse. Therefore, both of these processes
are probably based on a common mechanism, which is associated with the fact that the
solidification rate in this case may be high enough to both preserve the liquid surface
modulation and provide the rapid transition of the melt into the amorphous phase, in the
absence of long-range order in the atomic structure.
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4. Conclusions

In conclusion, we observed the formation of two types of LIPSS during the femtosec-
ond laser treatment of amorphous GST225 thin films on dielectric substrates at the incident
radiation wavelength of λ = 1250 nm. The first type of gratings, whose spatial period is
close to the laser wavelength, can be induced by the SPPs excitation. This suggestion is
confirmed by the Sipe−Drude theory calculations. The structures of the second type have
a spatial period noticeably shorter than the laser wavelength and may be explained by
the hydrodynamic instabilities in the laser-induced melt and solidification at the times
longer than the laser pulse duration, when the cooling rate is sufficiently fast to preserve
modulations that emerge at the near surface melt. An additional confirmation of this
process is the reversible phase transition of GST225 observed under the same femtosecond
laser radiation processing conditions, when the crystallization of amorphous GST225 is
replaced by its re-amorphization. The latter can be explained by the rapid solidification of
the melt due to the effective heat dissipation into the substrate.

The observed results seem promising for the design of all-dielectric phase change
memory devices based on GST225, where one can realize a reversible phase transition
and anisotropic relief modulation simultaneously. The periodic relief may ensure artificial
anisotropy, which makes these structures sensitive to the polarization of incident light and
the direction of applied current in the plane of a sample.
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