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Light-induced modification of thin Ge,Sb,Tes chalcogenide films using femtosecond laser radiation in the near-
IR range (1030 nm) was studied. By means of two-coordinate (XZ) scanning, a modification stripe was recorded
on the surface of the film. When the sample was shifted along the beam axis, the parameters of the acting
radiation changed due to a change in the size of the irradiated area, which ensured a consistent change in the
characteristic modes of modification: the formation of periodic two-phase surface structures, crystallization, pre-
ablation structures, and ablation. The location of modification zones on the recorded stripe correlates with the
radiation energy density, which makes XZ-scan a convenient way to determine both the radiation parameters

necessary for film modification and the beam geometry.

Keywords: laser modification, femtosecond pulses, thin films, amorphous chalcogenides, optical microscopy.

DOI: 10.61011/E0S.2024.01.58286.7-24

Introduction

Thin-film phase-change chalcogenide-based materials
have unique electrical and optical properties that cause
research and applied interest in these compounds [1-3].
Vivid example is a triple compound Ge,SbyTes — a
promising material widely used for data storage, light beam
modulation, creation of microphotonics and nanophotonics
components, and integral optics [4-6]. As a result of external
impact, Ge,Sb,Tes thin films are able to switch quickly (tens
of nanoseconds) and reversibly between crystalline and
amorphous states that differ considerably in their properties,
in particular, conductivity, extinction coefficient, refraction
index, etc.

Switching between phase states may be implemented
by various methods (thermal, electrical, optical) with
laser-beam switching having a special place among them.
For crystallization of amorphous surface, heating is re-
quired above the crystallization temperature that is about
130—180°C for Ge,Sb,Tes and may be achieved by means
of optical exposure [7-9]. For a reverse process (induced
amorphization), heating above the melting temperature
and quick cooling (about 10ns) are required and may be
provided at short exposure times, for example, during short
laser pulse irradiation [10-12].

When Ge;Sb;Tes is exposed to femtosecond and pi-
cosecond light pulses, more complex surface processes
may occur resulting, for example, in formation of laser-
induced periodic surface structures (LIPSS) in the form of
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alternating crystalline and amorphous lines [13-16] or in for-
mation of pre-ablation periodic modification [15,17]. LIPSS
occurrence is generally associated with formation of a plas-
mon polariton at the exposed film boundary and plasmon
polariton interference with the incident emission [13,14,18].
Multiple studies are devoted to the investigation of laser-
beam modification of thin-film structures, where film forma-
tion methods, composition, doping components, availability
of protective and functional layers, spatial, polarization,
energy properties of the affecting emission are varied. With
such wide variety of approaches, it becomes important to
provide a simple way of characterization of the exposed
samples in terms of various physical effects.

As shown in [13,16,19], femtosecond emission param-
eters (at A = 1030nm) resulting in formation of contrast
two-phase LIPSS perpendicular to beam polarization on the
surface of Ge,SbyTes film are in a quite narrow energy
range(maximum energy flux density Fpa, = 4—8 mJ/cm?),
require many pulses (> 250) and are weakly dependent
on frequency within 10—1000 kHz. Such features not only
determine the importance of search for the best laser emis-
sion parameters for modification, but also allow considering
the laser modification of Ge,Sb,Tes chalcogenide film as
a kind of indicator of spatial properties of laser emission.
Crystalline and amorphous regions of Ge,SbyTes differ
considerably in refraction and extinction indices resulting in
different visible reflection from the film [20] and providing
the opportunity to use optical microscopy for modification
region analysis.
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Generally, to determine emission parameters needed
for occurrence of various modification modes, dots array
recording experiments are conducted with variable waist,
energy, duration, repetition rate and pulse count, which is
quite a labor-consuming operation. Herein, we offer a two-
axis scanning method where sample movement along the
light beam axis ensures the variation of beam size, energy
density and pulse count, while the movement in the sample
plane allows scanning and recording of these changes in the
form of a long modification zone. Such long trace recording
demonstrates a full set of possible occurrence of laser
modification of Ge,Sb,Tes film: periodic surface structures,
continuous crystallization zones, pre-ablation structure and
full ablation zones are formed. By comparing the spatial
distribution of laser emission with the recorded trace shape
and structure, you can determine parameters at which
each of the zones typical for femtosecond modification of
Ge,Sb,Tes was manifested.

Materials and experimental procedure

As atest sample, 130 nm, amorphous Ge,Sb,Tes film was
used. The film was applied to the surface of a 470 um silicon
plate by polycrystalline target magnetron sputtering above
the 1um SiO, layer. The temperature range of transition
from amorphous to crystalline state was measured by the
temperature dependence of resistivity. It has been found
that the phase transition takes place from 160°C to 180°C.

The experimental setup for optical modification of the
film (Figure 1) was based on a femtosecond laser sys-
tem with TETA-20/200-HE-SP feedback amplifier (Avesta,
A =1030nm, minimum pulse duration 7 = 250fs, max-
imum mean power P =20W) and hurrySCAN III 14
galvanometric scanner (SCANLAB) with LINOS F-Theta
Ronar lens (focal distance 70 mm). Such system forms a
beam with waist spot diameter 2w = 27 um (by intensity
level 1/€?). Laser beam geometry and power were defined
using BP209-VIS (ThorLabs) profilometer and Nova II
(Ophir) meter. Measurement of the beam profile in
movement along the optical axis (profilometer movement
along the Z axis) was used to determine the offset between
the waists in ZX and ZY planes: Aexp = 300—400 um.

Irradiation parameters. For Ge,Sb,Tes film irradiation,
the mean laser emission power was P=100mW, pulse
duration was 7 =250fs, light beam polarization was parallel
to the scanning direction (along the X axis). To record
the modification band, the best parameters were selected
preliminary (with normal light beam incidence without
sample movement along the Z axis) to fit the formation of
a maximum wide band in the pre-ablation mode with laser-
induced two-phase periodic surface structures with even
borders, but without solid crystallization zone. In our case,
this was achieved in a diverging beam (2mm rom the focal
plane) and during scanning at a rate of Vx = 400 um/s and
pulse repetition rate v = 100 kHz. The pulse count N, per
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Figure 1. Experimental setup based on the 1030 nm femtosecond
laser. Mirrors, Galvanoscanner for beam position control, Lens —
a focusing lens, Ge,SbyTes — a sample placed at 11° to the
horizontal plane. E shows the laser emission polarization direction.

surface point defined by

e (1)

as described in [21] where D = 2wy is the beam diameter
on the sample exceeding 10° that agrees well with known
data on the pulse count needed for the occurrence of
amorphous-crystalline LIPSS [16,19].

Two-axis XZ-scanning was implemented by placement of
the sample at an angle to XY plane (Figure 1) and beam
movement along the X axis. The sample inclination angle
and scanning start point were chosen such as to make the
irradiation point move by several millimeters along the Z
axis during beam movement, passing the waist position
Z =0 (moving from the converging beam to the diverging
beam). The corresponding change in the exposed region
dimensions ensured the emission parameter variation range,
in particular, energy density, that is sufficient for occurrence
of various modification modes. The sample inclination angle
was equal to 11°, offset in scanning along the X axis
was 3 cm.

Analysis of the modified region, its dimensions and shape
was conducted using BiOptic SM-300 polarization optical
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(a) Recorded modification band image, (b) the same image extended by a factor of 20 along Y, and (c) corresponding
(d) Numerical simulation of distribution of emission energy density F in plane YZ. Colored lines show the

constant energy density regions (isolines /) fitted by experimentally measured modification zone widths (vertical segments). The bars
show positions of waists wox and wey of the calculated astigmatic beam, corresponding energy density distributions in plane XY are given
near them. (e) Superimposition of energy density isolines on the image Figure 2, b.

microscope (Opto-Edu) outfitted with SIMAGIS TC-63CU
12 megapixel CMOS camera. Reflectance

(=12 +kdy
R= i i, @

where n is the refraction index, and K.y is the extinction
coefficient that for the visible range is equal to 0.43 (for
amorphous film) and 0.61 (for crystallized film). N = 4.2,
k3, =0.5 and n°®=6.5, ki, =2 for the amorphous and
crystalline phases of Ge,SbyTes were taken from [22].
Considerable difference in reflectances gives an opportunity
to highlight modification zones on the image produced
using the optical microscope in reflection mode. It can
be believed that the reflectance is linearly correlated with
crystallinity x (as described in [23]), therefore, this quantity
may be assumed proportional to the image brightness in the
regions where the brightness is higher than the background
brightness (the background corresponds to the reflection
from the non-modified amorphous surface of Ge,Sb,Tes
film).

Findings and discussion

XZ-scanning reflects the modification result with various
emission parameters (that vary as a result of irradiation
point movement along the Z axis) to the X axis in the
form of modification line. The line recorded in such way
makes it possible to compare the emission parameters such
as beam size, energy density and pulse count per point
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with the shape of recorded local modification. It should
be noted that the change in scanning direction (movement
from the diverging beam to the converging beam and vice
versa) did not affect the type of recorded modification band
and location of typical zones.

In our case, the recorded line length (Figure 2,a)
was 19.2mm (this corresponds to the movement along Z
from —2 to 1.6 mm). The extended (along Y) image of the
recorded band (Figure 2, b) shows several typical zones that
differ in reflectance and structure. Considerable differences
in reflectance are well illustrated by the color chart (Fig-
ure 2, ¢), where the image brightness was represented in the
form of a color sequence. This image was used to identify
the zone boundaries, for each of which the width vs. the
longitudinal position X was measured (Figure 3). A total
of eight zones qualitatively different in the image structure
were observed. A periodic surface structure zone consisting
of amorphous and crystalline phase lines (zone 1) was
the most outlying and had a constant crystallization band
(zone 2) in the center. With increasing power density this
region became fully crystallized (zone 3). Then, amorphous
and crystalline lines occurred again and could be associated
with periodic re-amorphization or with LIPSS reformation
above the re-amorphized region (zone 4). In zones 5, 6 and
7, pre-ablation processes occurred as described in detail
n [17]: formation of Ge , Sb , Te s nanospheres (zone
53), formation of ridges and dips due to mass transfer (zone
6) and formation of periodic structures (zone 7). The last
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Figure 3. Experimental dependences of various modification
zone sizes in the recorded line on position: [ — two-phase
amorphous-crystalline LIPSS zone; 2 — partial crystallization
zone; 3 — maximum crystallization zone; 4 — repeated two-phase
LIPSS zone; 5 — pre-ablation equidistant nanosphere formation
zone; 6 — zone of periodic structure formation due to mass
transfer; 7 — ablation LIPSS zone; 8§ — ablation zone. Dotted
line corresponds to the number of femtosecond pulses N, falling
on the surface point. The X axes show the beam movement relative
to the sample vertically (Z) and horizontally (X).

zone (8) corresponded to full failure of Ge,Sb,Tes film due
to ablation processes.

As shown in Figure 2, b and Figure 3, the recorded band
has pronounced asymmetry in the longitudinal direction
corresponding to scanning on X (and on Z, because the
sample is placed at an angle to the XY plane). The
shapes of modification regions are different in the diverging
and converging beams: maximum width of the recorded
region in the diverging beam achieved 84um, and in
the converging beam — achieved60 um. Such difference
is caused by beam astigmatism and, therefore, by beam
ellipticity. Considering this fact, we assessed the local
energy density of the affecting emission using the Gaussian
distribution with different waists and focal plane positions
for orthogonal components:

2

2 2y
2P Wox Woy — 25 ~ur

F(x.y.2) =~ e e . (3)
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where woyx, woy are waist radii,
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A — distance between waists, Z,x and Z;y, — Rayleigh
lengths along the corresponding axes. Calculation of F

used wox = 6um and wey = 8.5um corresponding to the
Gaussian mode parameters and matching well with exper-
imental energy density distribution at |Z| > Zy, Zry, but
considerably different from the measured wox and woy near
the waist. A =350um used for the calculations is within
the experimentally measured Aeyp. Location and width of
each of the modification zones within |Z| > Z;y, Z;y match
well with the lines with equal energy density (Figure 2,d),
which is demonstrated by superimposition of isolines onto
the zone boundaries (Figure 2,¢). Near the focal region
(1Z] < Zix, Zty) , the recorded zone width (30um) is
much larger than the calculated beam size, but matches
the experimentally measured value (27um). It should
be noted that energy density isolines calculated using (3)
may be superimposed only at particular woy, woy and A,
therefore the modified region image may be used to define
the properties of the affecting light beam with unknown
geometry.

With distance from the focus position the exposed
region size increases and, in accordance with relation (1),
the pulse count N, per sample surface point increases
(Figure 3, dotted line). In our case, Np varied several
times (from 6.5-10° to 33-10°), however, the zone
boundaries matched exactly with the energy density. Thus,
the pulse count in the given range has a low influence
on the modification process and the energy density is the
determining factor that corresponds to the results of [16,19].
As shown in Figure 3, curves / and 2 are close to each
other throughout the modification line length suggesting
an extremely narrow energy range of amorphous-crystalline
structure occurrence.

Consider in greater detail appearance of various ef-
fects in the highlighted modification zones (Figure 4).
With movement towards the focus and corresponding
increase in the energy density, periodic objects around
defects on the film surface occur first (Figure 4,c), that
matches with the decrease in energy threshold of LIPSS
formation observed in [24]. Then, continuous zone of
regular periodic structures is formed from crystalline and
amorphous phase lines oriented perpendicularly to the
light field polarization and alternating in a period close
to the wavelength (Figure 4,d, e n0). Such surface
modification represents low spatial frequency-laser induced
periodic surface structures (LSF-LIPSS) [18], whose occur-
rence is generally associated with formation of a surface
plasmon polariton and further interference with incident
emission [14,16,18].  Local energy density K in the
regions of starting amorphous-crystalline LIPSS formation
was about 5mJ/cm?. Continuous zone of regular LIPSS
corresponded to F > 5.5mJ/cm? (Figure 4,d, ¢, 0) and also
was observed throughout the external boundary of the mod-
ified region (periphery Figure 4,f-n). Whole amorphous-
crystalline LIPSS zone falls within f = 5.5—6.5ml/cm?,
which matches well with the results of [13,16] (these studies
report the mean energy densities that are about two times
lower than the local values of /).
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Figure 4. (a) Image of the recorded band obtained using the optical microscope and (b) extended by a factor of 20 vertically. (c-0)
Magnified images and color charts of brightness for the modification areas shown by red lines and corresponding to various laser exposure
conditions: (c¢) amorphous-crystalline LIPSS near defects; (d, 0) beginning and end of the modification band; (e) regular amorphous-
crystalline LIPSS and corresponding Fourier transform; (fm) full crystallization regions against the LIPSS background; (g /) occurrence
of nanospheres against the crystallized zone background (maximum modification band width); (4, i) ablation LIPSS at the pre-ablation
region boundary; (/) ablation region (minimum band width); (k) ablation LIPSS and ablation start in the central area; (/) occurrence of
pre-ablation periodic structures due to mass transfer; (n) occurrence of partial crystallization against the LIPSS background. Image scale

(c-0) is shown in the lower right-hand corner.

Beginning from R > 6.5mlJ/cm?® LIPSS contrast starts
decreasing in the band center (Figure 4, m) suggesting that a
solid crystallized region starts forming. With further increase
in the energy density up to 14ml/cm? together with the
increase in the full crystallization zone width in the center,
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periodic structures occur again (Figure 4, ¢), which may be
due to reformation of LIPSS on the region re-amorphized by
a femtosecond beam or due to periodic re-amorphization.
Further increase in R results in occurrence of particular
pre-ablation and ablation effects (Figure 4,g—1). Here, we
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shall note a zone (Figure 4,g /) with i = 15—20mJ/cm?
where equidistant nanospheres of amorphous Ge,Sb,Tes
are formed. With increasing energy density
(R = 20—45ml/cm?), they become an ablation periodic
structure (Figure 4,4,i1) (these processes are described
in detail in [17]). Finally, in the maximum energy density
region near the beam waist, almost whole modification
region corresponds to material ablation from the substrate
surface (Figure 4, j, k).

Thus, the position of all typical zones recorded in
scanning matches well the energy density isolines. Since
many of the effects considered for Ge,Sb,Tes film appear
during the change in the lase emission energy density in
many other materials, then the offered two-axis scanning
method will be relevant for them.

Conclusion

The investigations of femtosecond modification of a thin
amorphous film have shown that the offered method od
simultaneous scanning along X and Z makes it possible
to form in one pass and then to analyze the main laser
exposure effects on the phase-change material surface:
formation of two-phase periodic structures, crystallization,
formation of pre-ablation periodic structures and ablation
film failure. XZ-scanning makes it possible to determine
energy boundaries of typical processes observed in laser
exposure. Thus, for Ge,Sb,Tes, the energy density range
for formation of two-phase LIPSS is i = 5—7 mJ/cmz, the
uniform crystallization range is F = 7-15 mJ/cm?, pre-
ablation periodic structures form at K = 15—45 mJ/cmz,
and ablation occurs at a higher value.

Beam shape distortion (astigmatism, ellipticity, etc.) does
not limit the method applicability. On the contrary, if it
is difficult to identify the beam parameters (for example,
due to high pulse energy or specific wavelength), then the
arrangement and shape of typical modification zones make
it possible to assess the distribution of the acting emission
energy density in longitudinal and transverse directions.
This feature seems promising for materials showing various
light-induced phenomena, and the case of structures forming
in a narrow energy range such as pre-ablation LIPSS is
of particular interest. Such materials include phase-change
materials, in particular, Ge,Sb,Tes film of interest. The
effect of ultra-short pulses (femtosecond and picosecond)
makes it possible to implement the highest amount of
Ge,Sb, Tes surface modification effects, however, the offered
approach is also applicable to longer optical pulses (up to
continuous emission).
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