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Laser ablation of Ga-Sb-Te chalcogenide thin films prepared by radio-frequency magnetron cosputtering was monitored with quadrupole ion trap time of flight mass spectrometry (QIT TOF MS). The mass spectra of eleven thin films of various composition (Ga: 0-53.1, Sb: 0-52.0, and Te: 0-100.0 at. %) were recorded. Several series of unary (Ga x , Sb y , and Te z ) binary (Ga x Sb y , Ga x Te z , and Sb y Te z ), and ternary Ga x Sb y Te z clusters were identified in both positive and negative ion modes. Stoichiometry of observed clusters was determined. Up to 18 binary clusters (positively and negatively charged) were detected for thin film with low Sb content of 6.5 at. %.

The highest number (4) of ternary clusters was observed for thin film with high Te content of 66.7
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at. %. The number of generated clusters and their peaks intensity varied according to the chemical composition of thin films. Altogether, 41 clusters were detected. The laser ablation monitoring shows laser-induced fragmentation of thin film structure. The relation of clusters stoichiometries to the chemical composition of thin films is discussed. The fragmentation can be diminished by covering a surface of thin films with paraffin's, glycerol, or trehalose sugar thin layers. The stoichiometry of generated clusters shows partially structural characterization of thin films.

| INTRODUCTION

During the last decades, Ge-Sb-Te thin films have attracted attention due to their ability to transition quickly and reversibly between their amorphous and crystalline phases. Hence, they have wide applications in phase change memories, [START_REF] Raoux | Phase change materials and their application to nonvolatile memories[END_REF][START_REF] Lencer | Design rules for phase-change materials in data storage applications[END_REF][START_REF] Deringer | Microscopic complexity in phase-change materials and its role for applications[END_REF][START_REF] Zhang | Designing crystallization in phase-change materials for universal memory and neuro-inspired computing[END_REF] thermal energy storage, [START_REF] Nazir | Recent developments in phase change materials for energy storage applications: A review[END_REF] photonics, [START_REF] Yang | Breakthroughs in photonics 2014: Phase change materials for photonics[END_REF] holography, [START_REF] Lee | Holographic image generation with a thin-film resonance caused by chalcogenide phase-change material[END_REF] and so forth.

To improve the properties of Ge-Sb-Te phase change materials, their chemical composition can be altered using two approaches. First, the composition is modified. For example, Ge-Sb-Te compounds, along with the pseudo-binary GeTe-Sb 2 Te 3 tie line, which includes Ge 1 Sb 2 Te 4 and Ge 8 Sb 2 Te 11 , were investigated apart from the prototypical Ge 2 Sb 2 Te 5 composition. [START_REF] Yamada | Origin, secret, and application of the ideal phase-change material GeSbTe[END_REF][START_REF] Bouška | Pulsed laser deposited GeTe-rich GeTe-Sb2Te3 thin films[END_REF] In the other approach, they are doped or alloyed with other elements. For example, the Ge and Te in Ge 8 Sb 2 Te 11 material were partially replaced by Sn and Se, respectively. Such prepared thin films demonstrate high electrical and reflectivity contrasts between their crystalline and amorphous phases. [START_REF] Buller | Influence of partial substitution of Te by Se and Ge by Sn on the properties of the blu-ray phase-change material Ge 8 Sb 2 Te 11[END_REF] Apart from the Ge-Sb-Te system, the Ga-Sb-Te system has been studied bearing in mind applications in the field of phase change memories [START_REF] Kao | Ga 2 Te 3 Sb 5 -A candidate for fast and ultralong retention phase-change memory[END_REF][START_REF] Cheng | Characteristics of Ga-Sb-Te films for phase-change memory[END_REF][START_REF] Cheng | The crystallization behavior of stoichiometric and Accepted Article off-stoichiometric Ga-Sb-Te materials for phase-change memory[END_REF][START_REF] Lu | Crystallization process of amorphous GaSb 5 Te 4 film for high-speed phase change memory[END_REF][START_REF] Lee | Crystallization kinetics of amorphous Ga-Sb-Te films: Part II. Isothermal studies by a time-resolved optical transmission method[END_REF][START_REF] Bouška | GaTe-Sb 2 Te 3 thin-films phase change characteristics[END_REF] or infrared thermal detectors. [START_REF] Park | Infrared thermal detector and method of manufacturing the same[END_REF] Kao et al. 11 fabricated thin films composed of active Ga 2 Sb 5 Te 3 material using radio-frequency (RF) magnetron sputtering technique and suggested that the prepared thin films demonstrated the ability to make three-level resistance changes in a single memory unit to facilitate a higher memory capacity. Furthermore, the other authors have used the magnetron co-sputtering technique with GaSb and Sb 8 Te 2 , [START_REF] Cheng | Characteristics of Ga-Sb-Te films for phase-change memory[END_REF] GaSb, Sb, and Te, [START_REF] Cheng | The crystallization behavior of stoichiometric and Accepted Article off-stoichiometric Ga-Sb-Te materials for phase-change memory[END_REF] and GaSb and Sb 2 Te 3 [START_REF] Lu | Crystallization process of amorphous GaSb 5 Te 4 film for high-speed phase change memory[END_REF] targets for the fabrication of thin films and reported that such thin films present high crystallization speeds, high electrical contrasts between crystalline and amorphous phases and usually exhibit promising characteristics for novel phase change memories. Lee et al. showed that among the various composition of films studied in their work, [START_REF] Lee | Crystallization kinetics of amorphous Ga-Sb-Te chalcogenide films: Part I. Nonisothermal studies by differential scanning calorimetry[END_REF] the Ga 6.3 Sb 68.0 Te 25.7 film has the shortest crystallization time and it has been suggested for application as phase change optical-recording media. [START_REF] Lee | Crystallization kinetics of amorphous Ga-Sb-Te chalcogenide films: Part I. Nonisothermal studies by differential scanning calorimetry[END_REF] Recently, Bouška et al. [START_REF] Bouška | GaTe-Sb 2 Te 3 thin-films phase change characteristics[END_REF] fabricated Ga-Sb-Te thin films using RF magnetron co-sputtering with GaTe and Sb 2 Te 3 targets pointing out large values of optical contrast in fabricated layers, which might be in some cases even higher than those of the Ge-Sb-Te system. It is worth noting that apart from RF magnetron (co)-sputtering, chalcogenide thin films can be generally fabricated by a variety of deposition methods, such as pulsed laser deposition, [START_REF] Němec | GeSe/GeS nanomultilayers prepared by pulsed laser deposition[END_REF] chemical bath deposition, [START_REF] Mane | Chemical deposition method for metal chalcogenide thin films[END_REF] thermal evaporation, [START_REF] Garcıá-Garcıá | Optical properties of Ge:Sb:Te ternary alloys[END_REF] etc.
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After laser-induced crystallization, the phase change optical disks exploiting Ga-Sb-Te media with composition located along the Sb 7 Te 3 -GaSb and Sb 2 Te 3 -GaSb pseudo-binary tie lines have a single hexagonal phase. The values of lattice parameters of this phase are responsible for the writability and erasability capacities of optical disks. [START_REF] Lee | Performances of phase-change recording disks based on GaSbTe media[END_REF] Furthermore, amorphous Ga 4 Sb 6 Te 3 phase change alloy has been investigated using first-principles molecular dynamics simulations within the density functional theory framework to elucidate its structure. The most abundant bonds, such as Ga-Sb and Ga-Te, are observed, while only a few Sb-Te bonds contribute to the alloy network.

There are two different structural configurations, namely, a tetrahedral-like geometry formed by Ga and four-coordinated Sb atoms, and a pyramidal geometry formed by three-coordinated Sb atoms, in the Ga 4 Sb 6 Te 3 phase change alloy. [START_REF] Bouzid | First-principles study of amorphous Ga 4 Sb 6 Te 3 phase-change alloys[END_REF] Previous studies have shown that laser ablation time-of-flight mass spectrometry is a suitable technique for the generation and characterization of clusters formed from chalcogenide glasses or their thin films during interaction with laser pulses, which are present in plasma plume. [START_REF] Mawale | Amorphous Ge-Bi-Se thin films: A mass spectrometric study[END_REF][START_REF] Mawale | Mass spectrometric investigation of amorphous Ga-Sb-Se thin films[END_REF][START_REF] Pangavhane | Laser desorption Accepted Article ionization time-of-flight mass spectrometry of erbium-doped Ga-Ge-Sb-S glasses[END_REF] Houška et al. [START_REF] Houška | Laser desorption time-of-flight mass spectrometry of atomic switch memory Ge 2 Sb 2 Te 5 bulk materials and its thin films[END_REF] investigated Ge 2 Sb 2 Te 5 thin film and Sb 2 Te 3 bulk material using mass spectrometry and identified SbTe 2 , Sb 2 Te, and Sb 3 Te clusters for thin film and TeSb, TeSb 2 , and TeSb 3 clusters for bulk material. Mawale et al. [START_REF] Mawale | Mass spectrometric investigation of amorphous Ga-Sb-Se thin films[END_REF] studied Ga-Sb-Se thin film and reported various Ga x Se z , Sb y Se z , and Ga x Sb y Se z clusters. Interestingly, no Ga x Sb y clusters were detected in this work. However, the Ga-Sb-Te ternary system has not been studied via mass spectrometry as yet.

Matrix free laser desorption ionization or laser ablation (LA) mass spectrometry may generally suffer from the fact that the original structure of glass or inorganic polymer is often substantially fragmented, and the clusters formed can undergo further fragmentation in plasma plume. We have found recently that this undesirable effect can be strongly minimized or eliminated using some inert materials or energy absorbers as a matrix. For example, when a diluted solution of parafilm in xylene was applied on the surface of thin films and dried, higher intensity of mass spectra or clusters of higher mass were observed. [START_REF] Mawale | Mass spectrometric investigation of amorphous Ga-Sb-Se thin films[END_REF][START_REF] Mandal | Laser ablation generation of bismuth selenide clusters from mixtures of elements, crystalline Bi 2 Se 3 , or thin films: Laser desorption ionization (LDI) and surface assisted LDI time-of-flight mass spectrometry using graphene and nanodiamonds[END_REF][START_REF] Mawale | Laser desorption ionization of As 2 Ch 3 (Ch = S, Se, and Te) chalcogenides using quadrupole ion trap time-of-flight mass spectrometry: A comparative study[END_REF] observed from bismuth selenide thin film coated with paraffin's. [START_REF] Mandal | Laser ablation generation of bismuth selenide clusters from mixtures of elements, crystalline Bi 2 Se 3 , or thin films: Laser desorption ionization (LDI) and surface assisted LDI time-of-flight mass spectrometry using graphene and nanodiamonds[END_REF] Similarly, trehalose sugar has also been reported as a fragmentation diminishing agent. [START_REF] Shahgholi | Sugar additives for MALDI matrices improve signal allowing the smallest nucleotide change (A:T) in a DNA sequence to be resolved[END_REF] Based on above-described facts we will also examine the effect of these materials or some other energy absorbers for the suppression of fragmentation.

Based on the information summarized above, we have studied in this work the stoichiometries of the Ga x Sb y Te z clusters generated from the Ga-Sb-Te thin films of different chemical
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composition and discussed the relationship between the observed clusters stoichiometries and their parent thin film composition. 

| Preparation of thin films

The RF magnetron co-sputtering of Ga-Sb-Te thin films was performed at room temperature using the MPE600 multi-chamber deposition system (Plassys-Bestek). The experimental conditions of the deposition process are described elsewhere. [START_REF] Halenkovič | Amorphous Ge-Sb-Se thin films fabricated by co-sputtering: Properties and photosensitivity[END_REF] The chemical composition of the thin films was tailored by varying the RF power (0-35, 0-23, and 0-15 W for the GaSb, GaTe, and Te cathodes, respectively).

| Sample preparation for mass spectrometry

The thin films were fixed on the target plates, i.e., small pieces of adhesive tape were used to affix the edges of the Si substrates with Ga-Sb-Te films. Afterward, the target with the samples loaded was introduced into the mass spectrometer, where the mass spectra were recorded when the vacuum level was below 4 × 10 -5 Pa. Eventually, before loading the samples to the mass spectrometer, the surface of thin films was covered with 0.5 µL solutions of some energy absorber materials like glycerol, paraffin's [1 cm 2 parafilm (13 mg) dissolved in 1 mL of xylene], or trehalose sugar saturated solution in acetonitrile. After drying the solutions on the surface of the thin films, the mass spectra were recorded as above.

| Mass spectrometry
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Mass spectra were measured using AXIMA Resonance mass spectrometer (nitrogen pulsed laser emitting at 337 nm) from Kratos Analytical Ltd. (Manchester, UK). The laser energy used ranged from 0 to 180 a.u. (arbitrary units). The repetition mode of experiments was performed at a frequency of 5 Hz and a pulse time width of 3 nanoseconds. The irradiated spot size was about 150 µm in diameter and the maximum laser power was 6 mW (180 a.u.). The resulting laser energy fluence was ~1 J.cm -2 . Mass spectra were acquired using at least 2000 laser shots in both reflectron positive and negative ion modes.

| Scanning electron microscopy with energy dispersive X-ray spectroscopy and X-ray diffraction

A scanning electron microscope (SEM, JEOL JSM 6400) was employed for the study of surface morphology and an energy dispersive X-ray analyzer (EDS) was used to determine the chemical composition of the fabricated thin films. The EDS measurements were done at 3 spots per sample and averaged. The uncertainty of EDS for the studied films was ±1 at. %. The X-ray diffraction (XRD) technique (Rigaku MiniFlex 600, Japan) was used to determine the structures of the deposited thin films via CuKα radiation. With respect to the incidence beam (6° below the horizontal direction), the sample was rotated by θ and the detector by 2θ. The diffraction angles were measured at room temperature from 5 to 90° (2θ) in 0.02° steps.

| Software and computation

Theoretical isotopic patterns were calculated using the Launchpad software (Kompact, version was used to estimate the stoichiometries of the clusters.

| RESULTS

The review and approach applied to manufacture and characterize Ga-Sb-Te thin films are given in the scheme below:

Fabrication of thin films via RF magnetron co-sputtering using GaSb, GaTe, and Te targets
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Characterization of thin films (SEM, EDS, XRD, and Mass spectrometry reflectron positive and negative ion modes)

Mass spectra analysis (clusters stoichiometry determination)

Scheme of thin films characterization

The chemical composition of the fabricated thin films A-K determined via EDS is visualized in the ternary phase diagram (Figure 1) and summarized in Table 1. The co-sputtered films covered a broad range of chemical composition: 0-53.1 at. % of Ga, 0-52.0 at. % of Sb, and 0-100.0 at. % of Te (Table 1). The surfaces of the Ga-Sb-Te thin films were characterized via SEM concluding that their surface morphology is of good quality. The thickness of thin films was in the range of ~140-180 nm (± 2 nm). The XRD patterns revealed that all the fabricated thin films, excluding tellurium layer, are amorphous in nature.

The mass spectra were recorded via LA for the obtained Ga-Sb-Te thin films of various composition in both positive and negative ion modes. Most of the Ga x Sb y , Ga x Te z , Sb y Te z , and Ga x Sb y Te z clusters were detected in the positive or negative ion modes in the 100-1000 m/z range.

The mass spectra recorded in the negative ion mode were more intense and had a slightly higher number of clusters than those recorded in the positive mode. Therefore, most of the results presented here are for the negative ion mode.

The effect of the laser energy in generating Ga x Sb y Te z clusters from the thin films A-K in both positive and negative ion modes was examined. For the positive ion mode, the "optimal" mass spectra with sufficient mass resolutions and the highest numbers of clusters were recorded for a laser energy range of 150-170 a.u. Similarly, in the negative ion mode, a 140-160 a.u. laser energy range was found to be optimal for recording well-resolved mass spectra with the highest numbers of clusters. For example, the effect of the laser energy is shown in Figure 2 for a mass range of 100-400 m/z. It was demonstrated that the intensity of the mass spectra increased up until a laser energy of 160 a.u. Subsequently, the intensity of mass spectra decreased with further increases in laser energy from 160 to 170 a.u., indicating that the clusters decomposed at high laser energy levels.

| Mass spectra of Ga-Sb-Te thin films measured in positive ion mode
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Several series of clusters were observed from thin films B-K with Te content of 11.5-100 at. % in positive ion mode. These series of clusters were Ga x Sb + (x = 1, 2), GaSb 
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Only one series of Te z + (z = 1-5) clusters was detected for thin film 'K' since it consisted of 100%

Te. The stoichiometry of the clusters was determined via the comparison of the experimental and theoretical isotopic patterns. For example, a comparison of the experimental and theoretical mass spectra recorded via LA for the thin films is shown in Figures 5A andB.

Similarly, the highest number of binary clusters (13 clusters) was detected for thin film 'E,' with a higher content of Te (41.6 at. %) than Sb (6.5 at. %), while the lowest number of binary clusters (4 clusters) was noticed for thin films 'B,' 'C' (GaTe (Te ≥ 24.7 at. %), respectively. In contrast to the positive ion mode, the peaks intensities of the clusters with the lowest masses for all thin films were higher than those of the clusters with the highest masses here.

| DISCUSSION

| Comparison of the stoichiometry of clusters detected in positive and in negative ion modes

The stoichiometries of the clusters generated via LA in positive ion mode are marginally distinct from those generated in negative ion mode. In negative ion mode, slightly higher numbers of clusters and more intensive mass spectra are observed, as compared to the positive ion mode.

Similar mass spectra resolution (~ 6000) was found for both positive and negative ion modes.

The overview of the Ga x Sb y Te z +/-clusters generated in the plasma plume of the eleven thin films A-K (with Te content in the range 0-100 at. %) consisting of various chemical composition is given in Tables S1A andB. Some minor (low-intensity) peaks of oxidized as well as hydrogenated or oxidized/hydrogenated clusters were also detected for the thin films (e.g., SbO For the sake of clarity, a summary of the Ga x Sb y Te z clusters generated via LA from the Ga-Sb-Te thin films 'A-K' (with Te content in the range of 0-100 at. %) in both the positive and negative ion modes is shown in Table 2. It shows that higher numbers of Ga x Te z and Ga x Sb y Te z clusters are detected in the positive ion mode than in the negative one, while higher numbers of Ga x Sb y and
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Sb y Te z clusters are observed in the negative ion mode compared to the positive one. The intensities of mass spectra recorded in negative ion mode are higher than those recorded in the positive one.

This trend prevails due to the electronegativity of the elements (Ga, Sb, and Te) present in the thin films.

Moreover, it was shown that the peaks intensities of the detected clusters vary according to the chemical composition of the thin films. To verify this, we selected some of the common clusters identified for thin films 'B-F' (Te content increased from 11.5 to 46.9 at. %) and assigned their chemical composition to line 1, then did the same for thin films 'G-J' (Te content increased from 12.4 to 100 at. %) and assigned their chemical composition to line 2 (Figure 1). Next, we plotted their peaks intensities versus chemical composition (or thin films), as shown in Figures S2A andB. The figure demonstrates that for the peak's intensities of the GaTe 2 -(for thin films B-F) and SbTe 2 -(for thin films B-E) clusters on line 1 (Figure 1), the chemical composition of the thin films increases as the Te content increases from 11.5 to 46.9 at. % (Figure S2A). Again, the peaks intensities increase for the thin films 'G-J' corresponding to line 2 (Figure 1) as the concentration of Te increases from 12.4 to 66.7 at. % (Figure S2B). Similarly, the peak intensity of the GaTe cluster increases for thin films 'C' and 'D' as the Te content increases from 11.5 to 31.4 at. % (Figure S2A). Its peak intensity also increases for the thin films 'G,' 'H,' and 'J' as the Te content increases from 12.4 to 66.7 at. % (Figure S2B). Naturally, the peaks intensities of the clusters GaTe -, GaTe 2 -, and SbTe 2 -increase when the Te concentration in thin films increases.

The determination of the structure of the Ga x Sb y Te z clusters is not possible from mass spectra itself. However, when looking for the relationship between the generated clusters and the structure of the thin films fabricated in this work, the results show that at least some of the structural units identified as clusters might correspond to the structural units of thin films reported for the crystalline Ga 4 Sb 6 Te 3 phase change compound and amorphous and crystallized Ge-Sb-Te thin films in the literature. [START_REF] Němec | Amorphous and crystallized Ge-Sb-Te thin films deposited by pulsed laser: Local structure using Raman scattering spectroscopy[END_REF][START_REF] Baratella | First-principles study on the crystalline Ga 4 Sb 6 Te 3 phase change compound[END_REF] For example, the SbTe 3 pyramidal structural unit has been identified for both the Ga 4 Sb 6 Te 3 phase change compound and Ge-Sb-Te thin films. This pyramidal structural unit corresponds to the SbTe 3 -cluster detected for the thin films fabricated in this work, thus confirming the presence of the SbTe 3 pyramidal unit in the original structures of fabricated thin films. Moreover, the structure(s) of the crystalline GaTe and/or Ga 4 Sb 6 Te 3 phase change materials have already been reported (Figure S3). [START_REF] Bouzid | First-principles study of amorphous Ga 4 Sb 6 Te 3 phase-change alloys[END_REF][START_REF] Baratella | First-principles study on the crystalline Ga 4 Sb 6 Te 3 phase change compound[END_REF] Here, the detected clusters appear to be the fractions

Accepted Article

of the structures of the parent thin films (Figure S3). Interferences of some reactions in the plasma plume are probably low and can be neglected. [START_REF] Mawale | Laser desorption ionization time-of-flight mass spectrometry of Ge x Se 1-x chalcogenide glasses, their thin films, and Ge:Se mixtures[END_REF] 

| Suppression of clusters fragmentation

Naturally, the clusters observed are formed by destruction of the thin film structure during laser ablation. As it was mentioned in the ''Introduction'' we have observed that covering the samples with a thin layer of paraffin's often increases considerably mass spectra intensity and even new clusters are sometimes observed. [START_REF] Mawale | Mass spectrometric investigation of amorphous Ga-Sb-Se thin films[END_REF][START_REF] Mandal | Laser ablation generation of bismuth selenide clusters from mixtures of elements, crystalline Bi 2 Se 3 , or thin films: Laser desorption ionization (LDI) and surface assisted LDI time-of-flight mass spectrometry using graphene and nanodiamonds[END_REF][START_REF] Mawale | Laser desorption ionization of As 2 Ch 3 (Ch = S, Se, and Te) chalcogenides using quadrupole ion trap time-of-flight mass spectrometry: A comparative study[END_REF] This effect has not been sufficiently explained up to nowthis is why we examined here in detail this "paraffin's effect" and also the use of some other agents like glycerol and trehalose (non-reducing sugar) has been examined. The studied compounds have a common feature that they are difficult to ionize. [START_REF] Yang | Silver nanoparticles loaded on ammonium exchanged zeolite as matrix for MALDI-TOF-MS analysis of short-chain n-alkanes[END_REF] The mass spectra of selected thin films, namely, 'A,' (Ga 48.0 Sb 52.0 ), 'F,' (Ga 53.1 Sb 46.9 ), and 'I,' is shown in Figures 6A andB.

(
The effect of examined compounds (paraffin's, glycerol, and trehalose) on thin film mass spectra is certainly complex. The deposited layer on thin films is first evaporated with laser and gaseous molecules of the additives might work in plasma plume as absorber material decreasing considerably energy of excited cluster ions. As a consequence, fragmentation of the clusters is diminished. In addition, coating can be during the laser ablation partially decomposed into smaller molecules (e.g., CO 2 , H 2 O, and others from trehalose sugar) and these molecules contribute to the
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formation of a dense environment in plasma plume which could "collisionally" calm the clusters and slow down the rate of theirs decay. [START_REF] Shahgholi | Sugar additives for MALDI matrices improve signal allowing the smallest nucleotide change (A:T) in a DNA sequence to be resolved[END_REF] Finally, the increased population of long-lived ions is available in plasma plume and/or during the time of flight in a tube of mass spectrometer.

Consequently, the increased intensity of mass spectra recorded from coated thin film is observed and some peaks not observed before (because of total fragmentation) are visualized with elevated intensity.

| CONCLUSION

Ga-Sb-Te chalcogenide thin films prepared using the RF magnetron co-sputtering technique with GaSb, GaTe, and Te targets were found to be amorphous. This kind of thin films has most likely been studied here for the first-time using mass spectrometry. LA of these thin films generates unary (Ga 
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In conclusion, the deposition technique used in this study allows thin films with a wide range of chemical composition to be fabricated. LA QIT TOF MS proved to be an important and useful analytical method for studying chalcogenide thin films in terms of stoichiometry estimations for clusters present in plasma plume when thin films are irradiated with laser pulses. The increased intensities of mass spectra can be achieved using a layer of energy absorber materials on the 
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 34 2003) from Kratos Analytical Ltd. (Manchester, UK). A molecular weight calculator program (version 6.5, 2014) from Pacific Northwest National Laboratory (Richland, WA, USA)

3. 2 | 2

 22 Mass spectra of Ga-Sb-Te thin films measured in negative ion modeVarious series of clusters were recorded from thin films A-K, i.e., having Te content in the range 0-100 at. %. For example, a comparison of the mass spectra generated via LA for the thin films in the range m/z 100-400 is shown in Figure3. Mass spectra recorded for the thin films were more intense for a higher number of clusters in the negative ion mode than in the positive one. A comparison of the mass spectra intensities recorded via LA for thin film 'E' in both the positive and negative ion modes is shown in Figure4. Several series of clusters, namely, GaSb 2 -Te z -(z = 1, 2), GaSbTe z -(z = 2, 3), and Ga 2 SbTe 2 -were generated from the thin films.Likewise, unary Ga x -(x = 2, 3), Sb y -(y = 1-3, 9), and Te z -(z = 1-5) clusters were also observed.

  Ga 27.4 Sb 29.0 Te 43.6 ) -coated either with paraffin's, glycerol, or trehalose layer were recorded in both positive and negative ion modes. The results show that the stoichiometry of clusters generated from coated thin films was apparently different as compared to those generated from uncoated films. For example, Sb -and Sb 2 -, clusters were detected from thin film 'A,' (Ga 48.0 Sb 52.0 ) coated with paraffin´s layer and Sb -cluster was from thin film 'A,' coated with trehalose layer. Similarly, Ga 3 Te -cluster was identified from thin film 'F,' (Ga 53.1 Te 46.9 ) coated with paraffin's layer. Cluster Ga 2 Te + was obtained from thin film 'I,' (Ga 27.4 Sb 29.0 Te 43.6 ) coated with trehalose layer and Ga 3 SbTe 3 H 7 -cluster was from thin film 'I,' coated with paraffin's layer. The intensities of mass spectra recorded from coated thin films were almost always higher than those generated from uncoated films. The intensities of mass spectra concerning clusters generated from coated thin films increased 3-30× as compared to those from uncoated thin films. An example of the comparison between mass spectra intensities recorded from uncoated and coated thin films I and F

FIGURE 1 FIGURE 2 FIGURE 3 FIGURE 4 FIGURE 5 FIGURE 6

 123456 FIGURE 1Chemical composition (at. %) of fabricated Ga-Sb-Te thin films (A-K). Lines 1 and 2 are guiding the eye for co-sputtering using GaSb-GaTe and GaSb-Te targets, respectively

  

  

  

  

  

  

  

  

  Increased intensities of mass spectra and some new

	bismuth selenide clusters (BiSe -, BiSe 2 -, BiSe 3 -, BiSe 4 -, Bi 2 Se 2 -, Bi 2 Se 3 -, and Bi 2 Se 4 -) were

2 | EXPERIMENTAL PROCEDURE 2.1 | Chemicals

  

	Polycrystalline GaSb (99.999 %), GaTe (99.999 %), and Te (99.99 %) sputtering targets (2''
	diameter, 1/8'' thick) were purchased from ALB Materials, Inc. (Henderson, NV, USA). Single
	crystalline silicon wafer <100> substrates for thin film deposition were purchased from ON
	Semiconductors (Czech Republic). Water was double distilled using a quartz apparatus from
	Heraeus Quarzschmelze (Hanau, Germany). Acetonitrile, acetone, methanol, and trehalose sugar
	were purchased from Sigma-Aldrich (Steinheim, Germany). Parafilm was obtained from Pechiney
	Plastic Packaging Inc. (Chicago, USA). Xylene and glycerol were purchased from Lach-Ner
	(Neratovice, Czech Republic). Red phosphorus was obtained from Riedel de Haën (Hannover,
	Germany). Micro-90 cleaning agent was purchased from Kratos (Manchester, UK).

  GaTe 3 -, and GaTe 4 -) with the lowest Te content of 11.5-46.9 at. %. The two ternary Ga x Sb y Te z -(x = 1, 2, y = 1, z = 2) clusters were recorded only for thin film 'H,' with the lowest Te content (24.7 at. %). In contrast to the positive ion mode, one unary Sb 3 -and one binary GaSb 2

	-, GaTe 2 -, SbTe	-, and SbTe 2 -), and 'F' (GaTe -,
	GaTe 2 -, masses, namely, SbTe 2 -, GaSb 8 -, Ga 2 Sb 15 -, GaTe 4 -, and SbTe 3	

-

cluster were observed for thin film 'A,' which did not contain Te. The cluster with the lowest mass, GaTe -, was identified for all thin films with Te composition ≥ 11.5 at. %, i.e., 'B-J,' while the cluster with the highest mass was not the same for all films. The clusters with the highest -, which were detected for thin films 'B,' 'C,' and 'G' (with Te content of 11.5-22.2 at. %), 'D,' 'E,' and 'F' (Sb ≥ 0 at. %), and 'H-J'

  The intensities of the mass spectra acquired in the negative ion mode are higher than those obtained in the positive one. Peak's intensities are varied according to the chemical composition of the thin films. For example, the intensities of the peaks corresponding to Sb 6.5 Te 41.6 , while the lowest number of clusters was observed for thin film with low content of Te, i.e., for Ga 43.1 Sb 44.5 Te 12.4 thin film.

	x +/-, Sb y +/-, and Te z	+/-), binary (Ga x Sb y +/-, Ga x Te z	+/-, and Sb y Te z	+/-), and ternary
	(Ga x Sb y Te z ) clusters. the GaTe 2 +/--and SbTe 2			
	fragmentation, we consider as quite an important achievement for mass spectrometry of not only
	chalcogenides.			
	The number of clusters identified for the positive (28 clusters) and negative (32 clusters) ion
	modes is similar. In total, 41 clusters of different stoichiometry's were observed. The highest
	number (18) of binary and ternary clusters was found for thin film with composition
	Ga 51.9			

-(for thin films from GaSb-GaTe tie line) species increase as the Te content increases from 11.5 to 46.9 at. %. Again, peaks intensities are increased for thin films from GaSb-Te tie line when the Te content increases from 12.4 to 66.7 at. %. The intensities of mass spectra recorded from thin films coated with paraffin's, glycerol, or trehalose were found in several cases much higher (30 x) than those of mass spectra recorded from uncoated films. It can be explained by the fact that the degraded smaller molecules of glycerol, paraffin's or trehalose sugar are absorbing part of the energy of excited ions in the plasma plume and thus the fragmentation of the cluster ions is suppressed, and an increased population of longer-lived ions is obtained and in this way, increased signal sensitivities are reached. The finding of such molecules suppressing the

TABLE 1

 1 Thin film identification, RF sputtering power applied on individual cathodes, and chemical composition of the fabricated Ga-Sb-Te thin films determined via EDS analysis (± 1 at.

	%)						
			RF power (W)		Chemical composition (at. %)
	Thin film						
		GaSb	GaTe	Te	Ga	Sb	Te
	A	15	-	-	48.0	52.0	0
	B	21	10	-	49.5	39.0	11.5
	C	16	14	-	48.2	29.6	22.2
	D	12	18	-	49.0	19.6	31.4
	E	7	23	-	51.9	6.5	41.6
	F	-	15	-	53.1	0	46.9
	G	35	-	4	43.1	44.5	12.4
	H	30	-	6	36.6	38.7	24.7
	I	25	-	9	27.4	29.0	43.6
	J	20	-	15	16.6	16.7	66.7
	K	-	-	10	0	0	100.0
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Remarks:

The symbols + and -mean that clusters were observed in the positive and negative ion modes, respectively, whereas +/-means that clusters were detected in both the positive and negative ion modes. The clusters highlighted in 'BOLD' are the most intensive peaks of binary and ternary clusters. Some minor (low-intensity) peaks of ''oxidized and hydrogenated or