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A B S T R A C T   

As one of the most successful nonvolatile phase change materials (PCMs), Ge2Sb2Te5 (GST) can be reversibly 
switched between amorphous and crystalline phases by nanosecond laser pulses, which enables its applications 
in optical disks and various emerging reconfigurable photonic devices. Instead of simply inducing temperature 
rising of GST thin film via light absorption, high-energy laser irradiation leads to modifications of molecular 
bonds, forming different local structures. We employed a nanosecond pulse laser with different pulse duration, 
energy and pulse numbers to induce multi-level switching of GST thin films. By employing Raman spectroscopy, 
we illustrated that GeTe4–nGen (n = 0, 1, 2) subsystem plays a decisive role in laser-induced crystallization of 
GST. Different from isothermal annealing, where SbmTe3 (m = 1, 2) subsystem contributes as well. This is evi
denced by the suppression of SbmTe3 structure of an isothermally annealed film treated with additional laser 
crystallization. In addition, our investigations indicated that in GeTe4–nGen subsystem, Joule heating promotes 
the formation of Te-rich tetrahedral components. These findings provide more insights into the structural 
characteristics of GST.   

1. Introduction 

Chalcogenide-based PCMs, a unique group of materials featuring 
rapid and reversible phase switching as well as the large contrast in 
electrical and optical properties between amorphous and crystalline 
states, have found widespread adoption in data storage [1–5], photonic 
switches and routers [6,7], reconfigurable meta-optics [4,8], electri
cally- or optically- driven intelligent displays [4,9], sensors [10], and 
optical neuromorphic computers [2,5], etc. Among numerous phase 
change materials, Ge1Sb2Te4, Ge2Sb2Te5 (GST), Ge1Sb4Te7, Ge8Sb2Te11 
and other pseudo binary alloys on GeTe-Sb2Te3 tie-line were widely 
studied and employed [5,11–13]. Particularly, the typical GST material 
successfully combines the merits of fast phase switching speed, large 
contrast and high thermal stability [3,5]. The phase transition of GST 
can be triggered by thermal annealing, laser irradiation and electrical 
pulses, among which the last two allow reversible phase changes be
tween amorphous and crystalline states. The reversible phase switching 
is very important to PCMs-based devices, as this allows reconfigurable 

operation of the device functionality. During the reversible phase 
switching process, a high-power short electrical or laser pulse can lead to 
melt-and-quench amorphization in phase change material, while a 
relatively lower-power and longer pulse (or a pulse train) can result in 
crystallization. 

Laser-induced switching is of great interest to photonic and optical 
devices due to the simplified device structure and its significant role in 
all-optical photonic circuits and flat optical components. The amorph
ization process of GST typically occurs in tens of nanoseconds, while 
crystallization process is extended to tens to hundreds of nanoseconds, 
due to the minimum time required for the nuclei to form and grow 
[14,15]. Considerable amount of works have been focused on the study 
of the amorphization and crystallization behavior of laser-induced phase 
change in GST. Depending on the differences in pulse duration, laser 
energy, repetition rates, and numbers of laser pulses, GST films could 
end up in partially crystallized intermediate states. These intermediate 
states exhibit multiple different optical properties (optical constants or 
reflectivity) and electrical properties (resistivity or conductivity), thus 
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leading to multi-level response in phase-change-involved devices 
[2,4,16–20]. Therefore, controlling the PCMs to change among multiple 
intermediate states is so called multi-level switching [16–17,21]. In
termediate phase change states were usually simply considered as the 
mixing states of amorphous and crystalline phases with different ratio. 
However, in fact, laser-induced multi-level switching was found to result 
in changes of chemical bonds and electronic polarizability of GST [19]. 

Raman spectroscopy is a powerful tool in detecting the local vibra
tion mode of the material, and therefore offers a powerful means for 
observing atomic bonding and structures of GST thin film during the 
multi-level switching process. Wang et al. [22] analyzed the evolution of 
micro-Raman spectra of metastable phase to identify the power 
threshold of phase transformation. Wei et al. [19] investigated the 
changes of chemical bonds and structural evolution of GST film induced 
by the different laser fluence via Raman spectra analysis. Fan et al. [23] 
indicated that the dominant characteristic peaks were sensitive to the 
size of nanocrystal in GST films with accumulated laser pulses irradia
tions. Zhou et al. [24] investigated the crystallization of GST thin films 
induced by an excimer laser, and formation of Te crystal due to high 
photon energy at ultraviolet wavelength was confirmed via Raman 
spectroscopy. It is worth pointing out that although some work has been 
done on Raman study of laser-induced multi-level switching, our work 
has systematically evidenced the evolution of the bonding state of GST 
phase transition intermediate states that supplements state-of-the-art. 

Here, we realized multi-level switching of GST thin films using a 
nanosecond pulse laser with different pulse duration, energy and pulse 
numbers. Intermediate states generated by laser-induced multi-level 
switching were characterized with reflection measurement and Raman 
spectroscopy. The similarities and differences of laser-induced phase 
changes and isothermal annealed ones were first analyzed. The effect of 
nanosecond-laser-induced multi-level switching on GeTe4–nGen (n = 0, 
1, 2) tetrahedral components and SbmTe3 (m = 1, 2) structural units in 
GST thin films were analyzed in detail. 

2. Experiment 

Amorphous GST (AM-GST) thin films with a thickness of 35 nm were 
deposited on Si(100) wafers via thermal evaporation with a base pres
sure of 1.2 × 10-4 Pa and a deposition rate of ~ 10 Å/s. To isothermally 
crystallize the as-deposited GST thin films, a temperature controlling 
stage (Instec.inc) with a temperature stability of ± 0.05 ℃ were used to 
anneal the AM-GST films at various temperature between 100 ℃ and 
300 ℃ in nitrogen atmosphere for 30 min. The stoichiometry of GST thin 
films was measured via energy disperse spectroscopy (EDS) and the 
phases and lattice structure of GST thin films were confirmed by the X- 
Ray Diffraction (XRD). 

Laser-induced multi-level switching of GST thin films was achieved 
via a customized 532 nm nanosecond pulse laser with tunable repetition 
rate up to 100 kHz and pulse width varying from 5 to 250 ns. The drive 
current of the laser varies from 0 to 10A. While driven by a certain 
current, the single pulse energy gradually decreases from 300(10A & 5 
ns) to 0 nJ ± 3 nJ with the increase of pulse width. The laser beam was 
coupled into a 40 × objective lens (0.6NA), and focused on the film 
surface vertically with a spot diameter of about 12 μm. To guarantee the 
repeatability of measurements among samples, another low-power 
continuous-wave laser with the wavelength of 852 nm was irradiated 
on the GST thin film and its reflectance was monitored as reference. 

The irradiation spot reflection spectra were measured by a home- 
built micro-area reflection system. The reflection light source was 
either a 532 nm CW laser or a halogen tungsten lamp. The light beam 
was focused on a 50 × inverted objective lens, and the focusing spot on 
the samples surface had a diameter of about 5 μm, which was signifi
cantly smaller than the laser-annealed area. The position of the probe 
light spot on the samples was observed via a CCD camera and aligned via 
multi-axis motorized stages. The reflection spectra of the corresponding 
irradiation spots were collected by a spectrometer (iHR550 HORIBA). 

Each measurement was repeated for 3 to 5 times. 
The Raman spectra of GST films were measured using a Raman 

spectrometer (HORIBA, LabRAM Xplora Plus). The power of the 638- 
nm-wavelength excitation laser that reached the surface of GST films 
was kept below 3 mW to avoid laser-irradiated changes in GST during 
measurement, and the spot size was smaller than 1 μm. For each Raman 
spectrum, the measurement was repeated for 3 times, and the average 
spectrum was ultimately employed. 

3. Results and discussion 

3.1. Isothermal-annealing-induced crystallization 

Before other experiments, the thermal-evaporated GST thin films 
were characterized. The atomic ratio of each element in the as-deposited 
GST films is shown in Table 1. 5 measurement points were randomly 
chosen on a 1.5 × 1.5 cm2 GST film and showed a good homogeneity. 
The films exhibited a composition of 
Ge22.504±1.164Sb23.032±1.365Te54.464±1.193 that is close to ideal stoichi
ometry. This guarantees that the amorphous (AM) GST films were able 
to crystallize into correct face-centered cubic (FCC) metastable state 
(when annealed at 150 ℃) and hexagonal-close-packed (HCP) equilib
rium state (when annealed at 250 ℃), as shown in the XRD patterns in 
Fig. 1a. The optical constants of AM and FCC (150 ℃ & 30 min) films 
were measured and fitted using ellipsometry, as shown in Fig. 1b. The 
huge contrast of optical constants after the phase transition in the GST 
thin films ensures the multiple reflectivity of intermediate states during 
multi-level switching. 

Subsequently, the GST thin films, which were isothermally annealed 
at various temperature from 100 ℃ to 300 ℃, were characterized by 
Raman spectroscopy, see Fig. 1c. Both the as-deposited and 100 
℃-annealed GST thin films had a large envelope peak at ~ 145 cm− 1 

which was related to Sb-Te vibrations in SbmTe3 (m = 1, 2) pyramidal 
units [13,25–27]. Another peak at ~ 125 cm− 1, which resulted from the 
A1 mode of GeTe4–nGen (n = 0, 1, 2) corner-sharing tetrahedral units 
[13,25–28] was weaker than the above-mentioned peak at ~ 145 cm− 1, 
due to lower polarizability of GeTe bonds compared to Sb2Te3 compo
nent [13,28]. These two broad peaks verified the amorphous phase of 
GST. 

With a further increase of the annealing temperature to 150 ℃ where 
GST crystallized into FCC phase, the Raman spectra started to show 
three peaks at ~ 105 cm− 1, ~135 cm− 1, and ~ 160 cm− 1. Among them, 
first two peaks evolved from the Raman peak at ~ 125 cm− 1 in AM GST 
(GeTe4–nGen vibration modes). The peak at ~ 105 cm− 1 was attributed 
to softened A1 modes of corner-sharing GeTe4 tetrahedra [13,22,29], 
and the peak at ~ 135 cm− 1 was ascribed to the A1 mode of corner- 
sharing GeTe4–nGen (n = 1, 2) tetrahedra [13,26]. In other words, the 
peak at 105 cm− 1 could be attributed to the Te-rich units, while the peak 
at 135 cm− 1 could be associated with Ge-rich units [28,30]. Meanwhile, 
the peak at ~ 160 cm− 1 corresponded to the vibration of SbmTe3 (m = 1, 
2) subsystem (namely SbTe3 pyramids or crystalline Sb2Te3 [13,21,30]). 
After that, annealing at 200 ℃ (where GST also presented FCC lattice) 
led to an enhancement of the Raman peak at ~ 105 cm− 1, similar to 
previously reported results [19,29]. 

As the annealing temperature increased to 250 ℃ and 300 ℃, the 

Table 1 
Atomic ratio of as-deposited GST thin films measured by EDS.  

Points Ge (at.%) Sb (at.%) Te (at.%) 

1 21.28 22.22 56.50 
2 22.73 23.42 53.85 
3 24.25 21.19 54.56 
4 22.65 23.58 53.77 
5 21.61 24.75 53.64 
Average(at.%) 22.504 ± 1.164 23.032 ± 1.365 54.464 ± 1.193  
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GST film transformed into the HCP phase. The vibration of GeTe4–nGen 
tetrahedra and A1g(2) modes of hexagonal Sb2Te3 led to Raman peaks at 
~ 112 cm− 1 and ~ 170 cm− 1, respectively [13,26,31]. 

Hence, in a thermally crystallized GST, both GeTe4–nGen (n = 0, 1, 2) 
subsystem (marked with red dot in Fig. 1c) and SbmTe3 (m = 1, 2) 
subsystem (marked with blue dot) of GST alloys contributed to the phase 
transition under isothermal conditions. Also, for a certain lattice struc
ture, higher annealing temperature led to stronger Raman peak in lower 
frequency. 

3.2. Laser-induced multi-level switching 

In this section, both as-deposited and thermally crystallized GST thin 
films were employed to demonstrate laser-induced multi-level switch
ing. The effect of pulse number, pulse width and pulse energy on in
termediate states was investigated. 

3.2.1. Multi-level switching with varying pulse number 
Fig. 2a shows an optical image of phase change dots on an AM-GST 

background film induced by nanosecond laser pulses with the pulse 
width varying from 5 to 60 ns and the pulse number varying from 1 to 16 
(drive current fixed at 8A). When switching via multiple pulses, the 
interval between two pulses was set to 1 ms to ensure the material was 
thermally relaxed. Thus, the crystallization level of the GST film depends 
only on the total number of incident pulses. Overall, laser fluence was 
varied from 20.9 to 78.8 mJ/cm2 (8A & 60 ns ~ 8A & 5 ns). As shown in 
the optical image, the size and brightness of the irradiation dots grad
ually increases with the increase of the exposure dose (i.e. more pulse 
number and/or higher fluence of the laser). 

In order to more effectively illustrate the effect of multi-level 
switching, the normalized reflectivity of irradiation dots induced by 
varying numbers of laser pulses was shown in Fig. 2b. With increasing 
pulse number, the reflectivity gradually increases, due to the increasing 
refractive index of GST. This is a typical phenomenon of multi-level 
switching. Note that the error bars were about ± 10%, which resulted 
from the alignment errors between the irradiation dots and the focused 
spot. 

Due to the Gaussian energy distribution of the laser beam, toroidal 
shell could be observed in the irradiation area with relatively short pulse 
width (high energy). Fig. 2d shows the optical images of three typical 
phase change dots (corresponding to A ~ C respectively marked in 
Fig. 2a). In these irradiated marks, ablated region, melt-quenched- 
amorphous (M− amorphous) region, and crystallized region on AM- 
GST background film could be distinguished from Raman spectra in 
the bottom panel. The ablated region was darker under optical micro
scope due to comparatively lower reflectivity of Si than that of GST film. 
And in M− amorphous region, evidenced by a remarkable broad peak at 
~ 145 cm− 1 with a weak shoulder at ~ 125 cm− 1 on Raman spectra, the 
film was melted and then rapidly quenched into AM state due to short 
pulse width. With regards to the laser-induced crystallized region, 
Raman peaks at ~ 105 cm− 1 and ~ 135 cm− 1 were both observed, but 
the peak at ~ 160 cm− 1 in the Raman spectra of thermally annealed GST 
films was very weak here. 

More than 8 pulses with a pulse fluence higher than ~ 78.8 mJ/cm2 

could lead to ablation of GST at the center of the spot (marked by the 
black arrow in region A of Fig. 2d), followed by a M− amorphous 
annulus (marked by the red arrow) and a crystallized one (marked by 
the blue arrow). This kind of irradiated dots were categorized as ablated 
marks. With longer pulse width (lower fluence) of the laser, the center of 
irradiated dots became M− amorphous (namely M− amorphous mark), 
and a crystallized annulus encircled it on the AM-GST background 
(shown in region B). A further decrease of laser fluence to 50.9 mJ/cm2 

(pulse widths larger than 20 ns) led to crystallized marks (typically 
shown in region C). Finally, as the laser fluence decreased below ~ 20.9 
mJ/cm2, the crystallized dots almost disappeared. 

It is very interesting to notice that among the multi-level switching, 
the intensity of different Raman peaks was changing. Fig. 2c shows the 
Raman spectra of crystallization dots induced by varying numbers of 
laser pulses with the pulse width fixed at 30 ns. With the increase of 
pulse number, the intensity of Raman peak at ~105 cm− 1 gradually 
increased and the intensity at ~135 cm− 1 decreased. That means more 
pump pulses may lead to the forming of more Te-rich tetrahedral com
ponents in GeTe4–nGen structural units of GST films. 

Fig. 1. (a) XRD patterns of GST films; (b) optical constants of AM and FCC GST 
films; (c) the Raman spectra of GST film annealed at various temperatures (the 
red dots marked peaks related to vibration of GeTe4–nGen (n = 0, 1, 2) structural 
units, and the blue dots marked the peaks resulted from vibration of SbmTe3 (m 
= 1, 2) structural units). 
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3.2.2. Evolution of Raman peaks ascribed to GeTe4–nGen tetrahedra in 
laser-induced multi-level switching 

In order to know if there is any other parameter of laser other than 
pulse number that also have influences on the formation of the above- 
mentioned Te-rich component, pulse number of the nanosecond laser 
was fixed to 10 with a repetition rate of 100 kHz in the following 
experiment. Fig. 3a shows an optical image of irradiation dots on AM- 
GST background film with the pulse widths varied from 5 to 70 ns as 
the drive current increases from 7.6 to 8.8A. Correspondingly, laser 
fluence approximately varied from 10.8 to 90.6 mJ/cm2 (7.6A & 65 ns 
~ 8.8A & 5 ns). Similarly, the irradiation dots also exhibited ablated, 
M− amorphous and crystallized areas. Although the ablated region of 
GST thin film itself is hard to analyze due to the laser damage, the 
material evaporation was evidenced by the Si peak of the Raman spec
trum (see Fig. 3b). Severer ablation leads to more GST evaporation and 
stronger Si(100) peak at ~ 520 cm− 1 in Raman spectra, which helped 
semi-quantitatively characterize the degree of laser damage to the film. 

Similarly, to confirm the realization of multi-level switching, 
reflection spectra of the irradiation spots (in the purple dotted box in 
Fig. 3a) that crystallized by laser pulses with different laser fluence were 
measured. The normalized reflectivity at 532 nm wavelength were 

extracted and plotted in Fig. 4a, manifesting a typical multi-level 
switching process. The measurements were repeated for 3 times and 
the standard deviation was within ± 6%. 

In Fig. 4b, Raman spectra of crystallized dots (marked with the 
purple box in Fig. 3a) induced by laser pulses with a drive current of 8A 
and a pulse width varying from 20 to 55 ns was shown. Note that for a 
certain pulse number, the enhancement of Raman peak at ~105 cm− 1 

with the increase of pulse energy for laser-crystallized GST film was also 
observed. The typical Raman peaks of laser-crystallized GST at ~105 
cm− 1 and ~ 135 cm− 1 resulted from GeTe4–nGen (n = 0, 1, 2) tetrahedra 
were illustrated by the blue triangles. Dominant peaks that were 
enhanced by high energy laser pulses were marked with dark-color tri
angles and relatively weaker peaks marked with light ones. Apparently, 
for laser pulses with a fluence of 26.4 mJ/cm2 (@ 50 ns pulse width) and 
lower, there was no obvious difference between the intensity of Raman 
peaks at ~105 cm− 1 and ~ 135 cm− 1. However, increasing the laser 
fluence before reaching the amorphization state (fluence of 50.9 mJ/ 
cm2 @ 20 ns pulse width) resulted in the dominant peak at ~ 105 cm− 1 

with a weaker one at ~ 135 cm− 1. This indicated that more Te-rich 
tetrahedra in GeTe4–nGen (n = 0, 1, 2) units tend to form when GST 
was crystallized by laser pulses with higher energy. 

Fig. 2. (a) The irradiation marks on an AM-GST background film induced by nanosecond laser pulses with different pulse numbers and pulse widths; (b) normalized 
reflectivity of the irradiation marks induced by laser pulses with a pulse width of 30 ns and varying pulse numbers; (c) Raman spectra at the center of the irradiation 
marks induced by laser pulses with the pulse width of 30 ns and varying pulse numbers; (d) the enlarged one from A to C irradiation marks in Fig. 2a, with cor
responding Raman spectra in bottom panel. 

J. Du et al.                                                                                                                                                                                                                                       



Optics and Laser Technology 144 (2021) 107393

5

To clearly present the role that GeTe4–nGen (n = 0, 1, 2) tetrahedra 
plays in the laser-induced multi-level switching of GST, Fig. 5 compar
atively shows typical Raman spectra of cubic-phase GST resulted from 
isothermal annealing and laser irradiation. Obviously, as illustrated by 
the vertical dash line in Fig. 5, the Raman peak at ~ 160 cm− 1 for 
isothermal annealed GST was absent from the spectra of laser- 
crystallized one. In other words, the GeTe4–nGen (n = 0, 1, 2) compo
nent of GST alloys is mainly responsible for the laser-induced phase 
transition [22,32]. It is more interesting to further investigate why more 
Te-rich tetrahedral components formed than Ge-rich components did in 
GeTe4–nGen subsystem for higher-level of laser-induced multi-level 
crystallization (indicated by increase of the intensity of Raman peak at 
~105 cm− 1 over the peak at ~135 cm− 1). Fig. 5 shows that the 
enhancement of the intensity of the Raman peak at ~105 cm− 1 is found 
in both higher-temperature isothermal annealing and higher-energy 

laser irradiation (marked with dark blue triangles). This manifests that 
the forming of Te-rich tetrahedra may originate from the heating effect 
of the incident laser, and more Te-rich tetrahedra in GeTe4–nGen units 
form as the crystallinity of GST increases. 

3.2.3. The suppression of the Raman peak related to SbmTe3 subsystem 
As mentioned above, the as-deposited GST crystallized by nano

second laser pulses shows a very weak Raman peak of SbmTe3 (m = 1, 2) 
subsystem compared with the one crystallized by isothermal annealing. 
It reasonably rises a question that whether it would be the same situation 
when an FCC phase GST film (resulted from isothermal annealing) is 
further crystallized by nanosecond laser pulses. Therefore, to further 
verify the influence of nanosecond laser, an as-deposited GST thin film 
was first isothermally annealed at 200 ℃ for 30 min in N2 atmosphere, 
and then switched by nanosecond laser pulses with different energy to 

Fig. 3. (a) The irradiation marks on an AM-GST film induced by 10 laser pulses with varying drive current and pulse widths; (b) the variation tendency of Si(100) 
peak in irradiation marks with black dotted line region in Fig. 3a. 

Fig. 4. (a) The increase of the normalized reflectivity of corresponding irradiation dots with the increase of nanosecond laser energy; (b) the enhancement of Raman 
peak of Te-rich components in GeTe4–nGen units of crystallized GST at ~ 105 cm− 1 with the increase of fluence of the laser. 
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write a dot array, as shown in Fig. 6a. 10 pulses with a repetition rate of 
100 kHz was employed for each dot. Pulse widths of laser varied from 15 
to 27 ns and the drive current increased from 6.5 to 8A, which led to 
laser fluence between approximately 22.5 and 58.6 mJ/cm2 (6.5A & 27 
ns ~ 8A &15 ns). The isothermally annealed GST film could also be 
amorphized or crystallized again by laser pulses (confirmed by Raman 
spectra, typically as shown in Fig. 6b). The switching energy threshold 
was obviously lower due to higher absorption of crystallized GST thin 
film than AM-GST. 

Dot D in Fig. 6a is a typical laser-crystallized mark on isothermally 
annealed GST background. A comparison between the Raman spectra of 
dot D and isothermally annealed FCC-GST background are shown in the 
Fig. 6b. Note that the Raman peak of isothermally annealed GST at ~ 
160 cm− 1 is also weakened after crystallized once more by nanosecond 
laser pulses (marked by the dash line). This confirms that the GeTe4–nGen 
subsystem largely contributes to phase transition in GST resulted from 
laser irradiation no matter what state GST was at before laser exposure, 

while the effect of SbmTe3 subsystem may be suppressed to some extent. 
Another interesting finding is the blue shift (shown in blue arrow) of 

Raman peaks at ~ 105 cm− 1 and ~ 135 cm− 1 after the isothermally 
annealed GST is laser crystallized again. This shift is considered to be 
related to the changes in the bond length [33] of GST film caused by the 
stress due to rapid local temperature changes in the film. Typically, 
isothermal annealing that maintains a steady environment and atomic 
structures of the whole film can be re-arranged in a long-enough time 
duration. However, for laser-induced switching, steep heating profile is 
generated within a local area on the film. Laser beam with a Gaussian 
distribution even intensifies the non-uniform local heating, and the 
thickness of the film in this area is abruptly changed in a very short pulse 
duration. Hence, the thickness difference between laser-irradiated area 
and background may lead to tensile stress. This may result in longer Ge- 
Te bond in GeTe4–nGen units in laser-induced crystallized area compared 
to the annealed GST background, thus leading to a blue shift of Raman 
peaks. 

4. Conclusions 

In summary, we achieved multi-level switching in GST thin films 
induced by a 532 nm nanosecond pulse laser with different pulse 
duration, energy and pulse numbers. The changes of bonds and struc
tural features resulted from laser irradiation were compared with the 
isothermal annealing one by Raman spectroscopy. It is found that the 
Raman peak ascribed to SbmTe3 subsystem is suppressed by laser pulses. 
Meanwhile, GeTe4–nGen (n = 0, 1, 2) tetrahedra plays a decisive role in 
laser-induced crystallization of both as-deposited and annealed- 
crystallized GST background thin films. Laser pulses with higher en
ergy or more shots lead to the forming of more Te-rich tetrahedral 
components rather than Ge-rich ones in GeTe4–nGen subsystem of GST 
film for higher-level laser-induced crystallization. This is attributed to 
the heating effect of laser pulses on GST thin films, since similar trend is 
also observed for GST films annealed at higher temperature. This may be 
associated with distortion, stress and vacancy ordering resulted from 
locally and partially crystallization in laser-induced multi-level switch
ing, which can be further studied with in-situ HRTEM imaging. Our 
findings provide a possible structure evolution to GST phase change 
dynamics. 

Fig. 5. Comparison of Raman spectra of crystallized GST resulted from 
isothermal annealing and laser irradiation (dominant peaks marked with dark- 
color triangles and weaker peaks marked with light ones). 

Fig. 6. (a) Irradiation marks induced by laser pulses (with different drive current and pulse widths) on an isothermally annealed cubic phase GST film; (b) com
parison of Raman spectra of crystallized and M− amorphous GST resulted from isothermal annealing and laser irradiation (the peaks showed with the red dots 
ascribed to vibration of GeTe4–nGen (n = 0, 1, 2) structural units, and the peaks marked by the blue dots resulted from vibration of SbmTe3 (m = 1, 2) structural units). 
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