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Effects of thermal and laser annealing on the structure of Ge;Sb:Tes thin films
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In this study, we used Raman spectroscopy to compare the local structure of Ge2Sb2Te5
(GST) thin films with thicknesses of 90 nm and 271 nm that were crystallized through
thermal annealing and laser radiation (laser annealing) during the recording of Raman
spectra in situ. We found that for all crystallized films, the position of the main peaks in
the Raman spectra was almost the same, and their structure corresponded to a hexagonal
close packed state. It is noteworthy that the full width at half maximum (FWHM) of the
main peaks varies considerably depending on the crystallization method used.
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1. Introduction

Alloys within the Ge-Sb-Te system, notably the Ge2Sb2Te5 (GST) compound, are
garnering increased interest due to their potential application in the development of advanced non-
volatile phase change random access memory (PCRAM) cells for both micro- and nanoelectronics
[1]. PCRAM cells stand out as promising candidates for next-generation memory devices, poised
to replace existing memory technologies [2,3].

These devices operate on the principle of swiftly altering the optical and electrical
characteristics of chalcogenide material during a phase transition between its amorphous and
crystalline states [4-6]. This transition is triggered in chalcogenide semiconductors either by laser
irradiation or through the application of an electrical pulse. Rapid heating above the melting point
followed by quick cooling induces the amorphous state, whereas sustained heating just below the
melting point restores the crystalline structure. The reliability of phase change memory (PCM)
devices hinges largely on the stability of the properties of the chalcogenide semiconductor
employed. It's projected that PCM will offer significantly enhanced reliability in terms of both
information storage durability and cyclability, compared to flash memory. However, this aspect
hasn't been thoroughly explored, as evidenced by the wide range in estimated data for PCM
devices [7,8]. This variability may stem from numerous influencing factors on PCM reliability [9-
16].

The crystallinity degree of GST film structures holds significant importance in this
context. Film crystallization can be achieved via thermal annealing or laser irradiation methods.
Raman spectroscopy serves as a pivotal tool for monitoring the transition between amorphous and
crystalline states, particularly when film thickness exceeds the limits of transmission electron
microscopy (TEM) (>50-70 nm) and falls below those of X-ray diffraction (XRD) (<400 nm). In
the case of studying the structural changes induced by laser irradiation, in situ Raman spectroscopy
is employed to gradually crystallize amorphous films while continuously recording spectra until a
stable crystalline state is attained. The extent of similarity between the crystal structures of films
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formed through thermal annealing and laser irradiation using the in situ method remains an
important yet underexplored area of research.

2. Experimental methods

Thin films of GST were fabricated via direct current (DC) ion-plasma sputtering at room
temperature, employing a stoichiometric target [4,17]. The key parameters of the film preparation
process were adjusted to yield films with an amorphous structure and a composition matching that
of the initial target. Specifically, the working gas consisted of argon (99.998%) at a pressure
ranging from 0.8 to 1.0 Pa, while the plasma discharge power varied from 50 to 70 W. The
distance between the target and the substrate was maintained at 7 cm. Films with thicknesses of 90
nm and 271 nm were deposited onto substrates at room temperature, with quartz and single-crystal
silicon (c-Si) serving as the substrates, fixed onto a substrate holder. The average size of the
substrates was 1x1.5 cm. To assess the elemental composition, morphology, and thickness of the
thin films, energy-dispersive analysis (EDA) and scanning electron microscopy (SEM) were
employed using a Quanta 3D 200i complex. Film thickness was determined by scanning of a
transverse cleavage of a GST film deposited on a crystalline silicon substrate.

Subsequently, isothermal annealing of the as-prepared GST films was conducted in an
argon atmosphere. The temperature of the samples was monitored using a copper-constantan
thermocouple (accuracy: +0.5 °C) at a heating rate of 2°C/min, and maintained constant at
T=350°C for 30 minutes.

As an alternative to thermal annealing, GST films underwent annealing via laser
irradiation. Laser treatment was carried out utilizing a He-Ne gas laser with a wavelength of 633
nm. Signal acquisition was conducted in the 180° reflection mode via the excitation channel
employing a 100x lens. A 1800/500 diffraction grating with a spectral resolution of 1 cm™ was
employed, and the CCD detector was cooled to -65°C to minimize noise. The diameter of the laser
spot on the sample was approximately 2 pm, with a frequency registration error of +1 cm™.
Spectral analysis was performed using the OriginPRO 9.1 software.

3. Results and discussion

Figures 1 and 2 display the energy dispersive spectra, the composition of GST films, and
SEM images of the transverse cleavage of c-Si/GST film structures. The composition of the as-
deposited GST films is presented in the table adjacent to the energy-dispersive spectra. The almost
stoichiometric ratio of atoms in the as-deposited GST films with thicknesses of 90 and 271 was
confirmed by EDX analysis.
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Fig. 1. The energy-dispersive spectrum and chemical composition of a GST film with a thickness of 90.3 nm
(a), SEM image of a transverse cleavage of a GST film deposited on a crystalline silicon substrate (b).
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Fig. 2. The energy-dispersive spectrum and chemical composition of a GST film with a thickness of 271 nm
(a), SEM image of a transverse cleavage of a GST film deposited on a crystalline silicon substrate (b).

The normalized Raman spectra of GST films, recorded in situ under laser radiation, are
presented in Figure 3. For films with an amorphous structure, the spectrum typically features a
single peak at 153-155 cm™'. This peak originates from the vibrations of the homopolar Sb—Sb
bonds within the Sb,Te; units [18,19]. After 30 seconds of exposure to laser irradiation at a power
of 0.81 mW, the 90 nm thick GST film remains entirely amorphous, as shown by the blue line in
Figure 3a. In contrast, the 271 nm thick GST film transitions to an fcc state, indicated by the red
line in Figure 3b, and exhibits a distinctive peak at 124 cm'. This peak is likely due to the
vibrations of the polar covalent bonds in the GeTes and SbTes units [20-25]. The Raman spectra of
the 90 nm film also shows a slightly noticeable peak at 124 cm™ when the laser intensity hits 1.1
mW, which suggests the formation of a fcc state in it. Further increasing the laser power to 1.27
mW and its exposure time to 30 s leads to an increase in the intensity of this peak, as well as to
shift to shorter wavelengths. Two other, less intense peaks can be observed in the films' Raman
spectra at 138 cm™ and 160 cm™. The (Te2)Sb(Te2) complex's Sb-Sb bond vibrations are
responsible for the peaks. [18,19].
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Fig. 3. GST films' Normalized Raman spectra under laser radiation with different power and duration.
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The Raman spectra is characteristic of the metastable fcc structure of GST films. Finally,
when the laser power reaches 1.60 mW, in the Raman spectrum the intensity of the hexagonal
peak increases significantly and takes a stable position at 123-124 cm™, and an additional low-
intensity peak is observed in the region of 138-140 cm™ (Fig. 3 a,b brown lines). The GST films
structure transforms from the metastable fcc state to the crystalline hep state. The similar structural
transitions of GST films under laser irradiation were observed in a number of works [26,27].

It was not possible to trace the dynamics of changes in the local structure during thermal
annealing using Raman spectra measurements. Thus, for thermally annealed films, measurements
of Raman spectra were carried out only in the initial amorphous and final crystallized states. In
order to compare, Raman spectra of thin GST films, subjected to thermal and laser annealing, are
combined on Fig. 4 a)b. Two distinctive peaks at 121 cm™ and 141 cm™ in the films' Raman
spectra indicate that the as-prepared GST films have completely crystallized after 30 minutes of
isothermal annealing at T = 350°C. (Fig. 4a,b green line).

From Figures 4 a,b it is clear that the width and intensity of the peaks subjected to laser
annealing for both films with thicknesses of 90 and 271 nm are different from those for thermally
annealed films of the same thicknesses.
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Fig. 4. A comparison between the GST films' Raman spectra with thicknesses of a) 90 nm and b) 271 nm
crystallized using thermal and laser annealing.

Raman spectra were subjected to peak fitting via Gaussian deconvolution. The resulting
approximation are shown in Fig. 5 and 6, their full width half maximum (FWHM) are listed in
Table 1.
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Fig. 5. The Raman spectra of crystalline (hcp state) GST thin film with different thickness (laser annealing):
black line, the film's Gaussian distribution-corresponding Raman spectrum: red line.
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Fig. 6. The Raman spectra of crystalline (hcp state) GST thin film with different thickness (thermal
annealing): black line; the film's Gaussian distribution-corresponding Raman spectrum: green line.

Table 1. Fitting results.

Sample Peak Index FWHM, (cm™)
90 nm, Amorphous - 33
90 nm, Laser annealing 1 12
2 13
90 nm, Thermal annealing 1 8
2 13
271 nm, Amorphous - 32
271 nm, Laser annealing 1 13
2 14
271 nm, Thermal annealing 1 9
2 13

Table 1 illustrates that the FWHM of the main first peak of GST films significantly
decreases upon heat and laser annealing, which causes the films to crystallize. Thus, the FWHM of
amorphous films with thicknesses of 90 nm and 271 nm was 33 cm™ and 32 cm™, respectively. As
a result of laser annealing, the first FWHM peak value became approximately 12 cm™ and 13 cm’
for 90 nm and 271 nm films, respectively. Thermal annealing reduced the first FWHM peak value
to 8 cm™ and 9 cm™ for films with thicknesses of 90 nm and 271 nm, respectively.

Raman spectra offer plenty of information on the sample's phase and chemical
composition, cluster sizes, and other characteristics. While the FWHM of Raman spectra peak is
an indicator of crystallinity degree of samples [28-31]. GST films crystallinity degree dropping
under laser irradiation (method of spectrum registration in situ) with an increase in their thickness
can be associated both with the chemical disorder of the structure under laser irradiation [32] and
with the edge effect of laser radiation scattering in the films [33]. The latter assumption is
supported by the values of optical transmittance (T) and the effective depth to which laser
radiation penetrated into as-prepared films (des=1/a, here a equal to absorption coefficient). At a
laser radiation wavelength of 633 nm, T is 24 and 7%, and d.s is 66 and 40 for the films with
thickness of 90 and 271 nm, respectively. It should be noted that different values of d.s correspond
to the size effect on the optical characteristics of less than 100 nm-thick GST films, as indicated in

[4].
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4. Conclusions

Comparative studies of the structure of crystalline thin films of different thickness of
phase-alternating composition GST, crystallized by thermal annealing and laser radiation in the
process of recording Raman spectra in situ (laser annealing), have been carried out. Using direct
current ion-plasma sputtering, films with thicknesses of 90 and 271 nm were produced.

It was found that the crystalline state of all annealed films corresponds to a hexagonal
close-packed structure; however the degree of crystallinity of their structure depends on the
crystallization method. Moreover, in thermally annealed films, the degree of crystallinity of the
structure does not depend on their thickness and is noticeably higher than that in films annealed by
laser radiation. While the degree of crystallinity of the film structure during laser annealing
noticeably decreases with increasing film thickness. The differences in the GST films' crystallinity
degree annealed by different methods are apparently associated with the edge effect of laser
radiation scattering in laser annealed films, as well as with the chemical disordering of the films
structure.
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