Phase-change Sn-Se thin films prepared via pulsed laser deposition
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Abstract
Sn-Se phase-change thin films with four different nominal compositions (Sn40Se60, Sn37Se63, Sn33Se67, Sn30Se70) were prepared by UV pulsed laser deposition. Fabricated films were investigated in the context of the structure, optical and electrical behaviour in both, as-deposited (amorphous) and annealed (crystalline) state. The samples exhibit good electrical contrast between amorphous and annealed state (3-6 orders of magnitude) and the optical contrast |Δn|+|Δk| for the wavelength 405 nm / 780 nm is about 0.84 / 1.75 respectively. The study of the Sn-Se films revealed that compositions are prone to undergo phase change into crystalline SnSe and SnSe2 and display unusual electrical behaviour upon heating. This phenomenon may be characterized as the "localization of electrical charge" occurring very likely on the clusters of nanoparticles of either p-type or n-type crystallized phase.
Keywords
phase-change; Sn-Se; pulsed laser deposition; thin films; localization of electrical charge
Introduction
Tin selenides are materials undergoing the investigation in the context of various applications, including solar cells [1], optoelectronics [2], and electronic device applications such as batteries [3]. Moreover, stoichiometric tin selenides are studied for their thermoelectric properties, characterized by low thermal conductivity and high thermoelectric figure of merit [4,5], making them a promising candidate in energy conversion applications [6]. Another potential of tin selenides is their utilization in phase-change memory devices as reported for SnSe, SnSe2 and Sn2Se3 [7,8]. These tin selenides show up to 5 orders of magnitude drop in the resistivity upon the phase-change (amorphous → crystalline) [7].
At atmospheric pressure, tin selenides exist in SnSe2 and SnSe phases [9]. SnSe exhibits two crystallographic structures - orthorhombic [10] and cubic [11] while SnSe2 adopts a hexagonal crystal structure [12]. These binary tin selenide compounds are semiconductors: SnSe presenting p-type [13] conductivity while SnSe2 is of n-type conductivity [14]. 
[bookmark: _Hlk169772149]The previous studies of tin selenide thin films are dated back to 2007, when Chandra et al. [15] focused on flash evaporated thin layers of Sn50±0.5Se50±0.5 with the thickness of 300 nm deposited at different substrate temperatures (303, 453, 483 and 513 K). All as-deposited SnSe layers exhibited crystallization, phase separation into SnSe and SnSe2 was observed for samples deposited at lower temperatures of the substrate (303–453 K). The optical bandgap Eg of SnSe (at substrate temperature of 513 K) was derived from the Tauc plot as 1.26 eV. In 2008 Chung et al. [7] prepared SnSe, SnSe2 and Sn2Se3 thin films with thickness about 90 nm by molecular beam epitaxy and DC sputtering from single target to be investigated as a potential phase-change memory material. The paper mentions that only SnSe2 was successfully as-deposited in amorphous state, while SnSe was crystalline and Sn2Se3 exhibited partial crystallization of SnSe. The annealed Sn2Se3 underwent phase separation to SnSe and SnSe2. Temperatures of crystallization (TC) for films prepared by molecular beam epitaxy measured with the heating rate of 5 K/min were 488, 493, and 436 K for SnSe, SnSe2, and Sn2Se3. However, the TC in case of sputtered films differed for SnSe2 and Sn2Se3 films. Kumar et al. [16] focused on influence of the substrate temperature in the range of 350–550 K on the structural, optical, and electrical properties of tin selenide thin films deposited by thermal evaporation method. Authors describe the deposited layers as polycrystalline in nature with preferred orientation of grains along the 111 plane. The direct energy band gap values calculated from transmission data were in the range of 1.18-1.50 eV. Micoulaut et al. [8] performed an ab initio molecular dynamics study of liquid and crystalline SnSe2. The reason to focus on such topic in the context of phase-change was the fact that SnSe2 itself possess in some details phase-change characteristics similar to Ge-Sb-Te. On the other hand, SnSe2 is also considered as isochemical compound to GeSe2 which does not exhibit any interesting properties concerning phase-change.
[bookmark: _GoBack]The aim of our study is to fabricate novel films with different compositions/ratios of Sn:Se, to characterize them and to study their phase change behaviour with the focus on the changes in the electrical as well as optical properties between amorphous and crystalline layers. The motivation here is the combination of two materials with distinctly different nature of conductivity; as mentioned above, SnSe and SnSe2 are naturally p- and n-type materials, respectively. The deposition method of choice is UV pulsed laser deposition (PLD), which seems to be advantageous due to high absorption of UV light in many materials as well as suitable flat-top energy distribution of the excimer laser beams which are typically used for UV PLD [17]. Furthermore, PLD is flexible, easily controllable technique, which often offers stoichiometric transfer of material to the thin films and fabrication of multi-layered structures [18-19].
Experimental
Polycrystalline samples with the nominal composition Sn40Se60, Sn37Se63, Sn33Se67, and Sn30Se70 were prepared by high-temperature reactions. Samples were synthesized from the stoichiometric mixtures of the 5 N elements (Sn and Se). Synthesis of the samples was done in evacuated quartz ampoules by heating the stoichiometric mixture (1.7 K/min) up to 1223 K. Ampoules were kept at this temperature for 6 h followed by free cooling to room temperature in the turned-off furnace. The resulting bulk materials were powdered in agate mortar and hot-pressed at pressure of 80 MPa and temperature of 693 K (except for the Sn30Se70 composition where temperature of 513 K was used instead) for 1 h in a graphite die. Compact disc-shaped samples (with diameter ~1 inch and thickness ∼4 mm) reaching 93-99% of the theoretical density were used as targets for PLD. 
Subsequently, tin selenide thin films were deposited via PLD using multi-chamber system MPE600 (Plassys-Bestek, France) equipped with KrF excimer laser emitting at 248 nm. The output pulse energy was fixed at 140±3 mJ, with the pulse duration of 30 ns, and the repetition rate of 20 Hz. Laser energy density was set at ∼2 J/cm2. The thin films were deposited in a vacuum chamber: the pressure during the deposition was (0.5-1.6)×10−5 Pa, while the background pressure was (4−5)×10−6 Pa. To obtain films with good thickness and composition uniformity, the off-axis PLD technique exploiting rotating substrates and targets was used. The rotational speeds of both targets and substrates were ∼5 rpm. Single-crystalline ⟨100⟩ oriented silicon wafers and microscope glass slides were utilized as substrates. They were positioned parallel to the target surface at target-to-substrate distance of 6 cm. Furthermore, the substrates were placed at constant distance from the axis of the rotation. The duration of the depositions was based on the desired film thickness of ∼170−210 nm. 
[bookmark: _Hlk170236625]The chemical composition of as-deposited and annealed films was verified by an electron microscope TM4000 (Hitachi, Japan) combined with an Energy-dispersive X-ray spectroscopy (EDX) analyzer XFlash 660H (Bruker, Germany). The optical properties were studied exploiting two variable angle spectroscopic ellipsometers VASE and IR-VASE (both J. A. Woollam, USA) in spectral range of 300 nm–12 μm. The first ellipsometer with automatic rotating analyzer was used for the UV-Vis-NIR region, measuring 100 revolutions with wavelength step of 20 nm at selected angles of incidence (50°, 60°, and 70°). The second ellipsometer with rotating compensator was employed for IR region at angles of incidence as above (50 scans, 15 spectra per revolution, resolution of 8 cm-1) in both samples’ states – as deposited and annealed for samples deposited on glass substrate. The annealing of the samples for ellipsometry, EDX and Raman analysis purposes took place in Ar ambient and the annealing temperatures (TA) were chosen to reach approximately 50 K above the TC, specifically for Sn40Se60 TA = 513 K, Sn37Se63 TA = 493 K, Sn33Se67 TA = 478 K, Sn30Se70 TA = 453 K.  
The resistivity and Hall effect measurements were performed on system Resitest 8300 (Toyo, Japan) with liquid nitrogen cryostat cell filled with helium with the temperature range up to 475 K. The data were collected each 5 K, from room temperature up to 475 K and the stability of the temperature was firmly regulated. The sheet resistance was measured using van der Pauw method [20]. Raman scattering spectra were recorded with inVia spectrometer (Renishaw, UK) with 532 nm excitation laser source. X-ray diffraction (XRD) measurements were performed at in-plane mode by SmartLab (Rigaku, Japan) with the detector D/teX Ultra 250, X-ray source Cu Kα, in 2 scan mode, from 10° to 50° for as-deposited and 10° to 80° for annealed samples with step of 0.1°. Surface roughness was measured by AFM5100N (Hitachi, Japan) in dynamic force microscope measurement mode. 
Results and discussion
The composition of as-deposited and annealed thin films determined by EDX is summarized in Table 1. The chemical composition of as-deposited thin films is in relatively good agreement with nominal one. However, one can notice a slight abundance of Sn amount in the prepared films comparing to the nominal/planned composition. The loss of selenium is probably caused by its higher volatility compared to tin. We note that annealing/phase change has negligible impact on the chemical composition of crystalline films/samples. It is worth to mention that chemical composition of the polycrystalline targets correspond to nominal composition within expected experimental error (±(1-2) at. %).
[bookmark: _Hlk181302428][bookmark: _Hlk181302452]Table 1 Characterization of the Sn-Se thin films prepared via pulsed laser deposition: chemical composition (±(1-2) at. %) in as-deposited and annealed layers determined from EDX, temperatures of crystallization (±2 K) determined from Rsqr measurements, thickness of the films (±1 nm) and absolute values of optical contrast Δn+Δk at 405 and 780 nm (±0.04) determined from spectroscopic ellipsometry.
	
Sample
	Nominal composition
	Sn (at. %)  / 
Se (at. %)
as-deposited film
	Sn (at. %) /
 Se (at. %) 
annealed film
	
TC (K)
	Thickness (nm)
	|Δn|+|Δk|
(405 nm)
	
|Δn|+|Δk|
(780 nm)

	1
	Sn40Se60
	44 / 56
	44 / 56
	385
	213
	0.84
	1.75

	2
	Sn37Se63
	41 / 59
	41 / 59
	394
	186
	0.39
	1.56

	3
	Sn33Se67
	38 / 62
	38 / 62
	409
	185
	0.65
	1.52

	4
	Sn30Se70
	35 / 65
	37 / 63
	443
	171
	0.83
	1.33
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Figure 1 Temperature-dependent sheet resistance (Rsqr) (left) and Hall concentration (right) of Sn-Se thin films deposited on the glass substrate (heating rate of 2 K/min). For chemical composition of the samples we refer to Table 1. Type of the electrical conductivity (n or p) is emphasized.
Figure 1 (left) shows the temperature dependence of the sheet resistance of measured samples with clear drop (3-6 orders of magnitude) corresponding to phase change from amorphous-to- crystalline state.  With the increasing Se content temperature of crystallization (TC) shifts to the higher temperatures. Obtained TC summarized in Table 1 are lower than 488 K for SnSe, respectively 493 K for SnSe2 reported by Chung et al. [7] which can by caused by different deposition method (pulsed laser deposition vs. molecular beam epitaxy) or different thickness of the layer. Based on the polarity of the Hall voltage, all samples are n-type semiconductors except for the sample 1 which is thin films with the highest content of SnSe phase (according to results XRD and Raman scattering spectroscopy results presented in Figure 2) being a p-type semiconductor. According to the literature, SnSe naturally exhibits p-type conductivity due to the presence of tin vacancies [13] and SnSe2 n-type conductivity due to the presence of selenium vacancies [14]. The temperature dependence of the Hall concentration depicted in figure 1 (right) exhibits also abrupt change at TC corresponding to phase change. Note that Hall concentration n, resp. p is calculated from Hall coefficient RH using simplified assumption of single type of free carriers using equation RH = 1/(ne), resp. RH = 1/(pe) where e is elementary charge.
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Figure 2 (left) Room temperature XRD patterns of Sn-Se annealed films and powder diffraction patterns of the SnSe and SnSe2 from crystallographic database [21]. (right) Raman scattering spectra of Sn-Se annealed films. Annealing temperature is specified for each composition. For chemical composition of the samples we refer to Table 1.
Diffractograms measured for as-deposited thin films exhibit only broad amorphous band (not shown). The diffractograms for annealed thin films shown in Figure 2 (left) present diffraction peaks which can be related to orthorhombic SnSe (Pnma, PDF # 04-009-2257) and hexagonal SnSe2 (R-3m, PDF # 04-003-4607). From the diffractogram of sample 4 (Figure 2 left, green data), it is evident that the peaks from SnSe either have very low intensity or they are completely absent. This makes it challenging to determine whether the broad peak at 2 ∼ 29.1° is real 002 plane originated from SnSe2 or it is a representation of the wide diffraction peak from SnSe 011 plane or if the overlapping of both occurs. In case of the sample 3 (Figure 2 left, blue data), there is probably a portion of SnSe represented by SnSe 011 peak. Overall, with higher content of Sn in samples’ composition the intensity of diffraction from orthorhombic SnSe (Pnma, PDF # 04-009-2257) phase increases. 
Local structure of the annealed samples was analysed by Raman scattering spectroscopy and the results are depicted in Figure 2 (right). For the sample 4 (Figure 2 right, green curve) the only visible peak contribution is originating from SnSe2 composition more specifically presence of Eg mode at ~ 118 cm-1 and A1g mode at  185 cm-1 as mentioned by Li et al. [22]. For other samples there is one more peak at ~ 157 cm-1 (the most prominent for sample 1 – Figure 2 right, black curve) which can be assigned probably to Ag3 mode of SnSe [23]. Raman spectra for as-deposited samples are not shown because they had tendency to crystallize during the measurement. 
Based on the results presented in Figures 1-2 we propose mechanism of the phase change for Sn-Se thin films. In our opinion during annealing very likely both crystalline phases (SnSe as well as SnSe2 visible in XRD) are created with the note that crystallization temperature of SnSe is lower than that of SnSe2. However, we observe (Fig. 1) a distinct feature. Specifically, the significant drops of Hall concentration suggest a localization of free carriers at the very beginning of crystallization process. To our knowledge this has not been observed in any phase change material.  With respect to the fact that crystals of SnSe are p-type while crystals of SnSe2 are n-type we hypothesize that this charge localization is associated with a formation of very small (nano-) p-n junctions during annealing. We note that this process was observed in an earlier study of SnSe single crystals. Here, it was observed that SnSe2 forms spontaneously in SnSe single crystals without any mechanical stress and hence deformation. The process is facilitated by the fact that both SnSe and SnSe2 are layered van der Waals materials, thus with perfect interlayer matching (Figure 3 shows the in-situ formation of SnSe2 domains in an equilibrium SnSe single crystal previously studied by K. Sraitrova et. al [24]). Moreover, such formation of nano p-n junctions is corroborated by the process of diffusion – during the crystallization SnSe-SnSe2 pairs are formed – naturally one Se-rich and other Se-poor. Such a p-n junction must lead to localization of free carriers as long as percolation limit of that p-n junctions is reached. Then, transport mechanism is transformed from hopping into band-like transport of nano-crystalline (quasi-amorphous) solid composed of two materials. The electrical conductivity and carrier concentration increase with the increasing size of crystals. The change of the TC of this process with composition (see dependence of sheet resistivity in Figure 1 left and Hall concentration in Figure 1 right) then might be connected with the SnSe/SnSe2 ratio. On the other hand, neither from the Hall coefficient measurements nor from XRD or Raman measurement, the content of each phase cannot be unambiguously determined. In this case, however, it can be clearly stated that if the Hall coefficient shows an n-type conductivity, the n-type material (SnSe2) dominates the volume and exceeds the percolation limit. Accordingly, the chemical analysis (Table 1) shows that sample 4, for example, contains approximately 90% SnSe2 and 10% SnSe, hence n-type. Sample 1 contains about 64% SnSe, p-type. However, if none of the phases exceeds the percolation limit, the additivity of the properties is not guaranteed. Samples 2 and 3 (both n-type) contain 54% and 72% SnSe2, indicating that SnSe2 is the dominant component in terms of charge transport.
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Figure 3 Cross sectional view of SnSe single crystal with dimensions 5x5 m. (left) SEM image and (right) corresponding EDX mapping of Se showing in-situ formation of SnSe2 domains within SnSe single crystal.
Figure 4 illustrates dependencies of the optical functions (refractive index n and extinction coefficient k) for both as-deposited (full curves) and annealed (dashed curves) Sn-Se thin films on photon energy obtained utilizing spectroscopic ellipsometry. Photon energies corresponding to wavelengths 405 nm and 780 nm used in Blue-ray disc and Compact discs (CD) respectively are also marked in Figure 4. Spectroscopic ellipsometry is an indirect optical characterization method, where the measured values exp and Δexp are compared to the values calculated from the model mod and Δmod. Two parameters, amplitude ratio, ψ, and phase shift, Δ, are defined by using the Fresnel reflection coefficients for p- (rp) and s- (rs) polarized light and express the change of the polarization state: rp/rs = tan(Ψ) •exp(iΔ). Fitting procedure is used with the aim to minimize Mean Square Error (MSE) [25,26]. For the analysis of as-deposited thin films' ellipsometric data, the Cody-Lorentz model, which includes the correct band edge function, a description of the weak Urbach absorption tail, as well as a Lorentz oscillator, was applied [27]. Increase of the refractive index and decrease of the energy bandgap with higher content of Sn in samples’ composition can be noted for as-deposited samples (sample 1 having the highest refractive index and the lowest energy bandgap – full black curve). For annealed/crystalline samples, parameterized semiconductor oscillator function [28-30] together with Drude-type contribution for free carriers [31] and another Lorentz oscillator for interband transitions for higher photon energies was utilized. Parameterized semiconductor oscillator function was utilized due to direct allowed transition bandgap of SnSe [15] and SnSe2 [32].
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Figure 4 Spectral dependence of refractive index (left) and extinction coefficient (right) of Sn-Se layers in both as-deposited (full curves) and annealed (dashed curves) state. For chemical composition of the samples we refer to Table 1.
Optical contrast was calculated as Δn+iΔk (n, k (annealed)-n, k (as-deposited)) and absolute values of optical contrast at 405 and 780 nm in terms of |Δn|+|Δk| can be found in Table 1. For 405 nm, the maximal optical contrast  0.84 found for sample 1 is lower in comparison with the value 2.25 [33] of commercial Ge2Sb2Te5. It is worth to mention that optical contrast at 780 nm which is wavelength used in CD’s is particularly higher ( 1.33-1.75). 
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Figure 5 AFM scans (2 × 2 m) for as-deposited (top row) and annealed (bottom row) Sn-Se layers together with RMS values. For chemical composition of the samples we refer to Table 1.

AFM 2 μm × 2 μm scans depicted in Figure 5 shows smooth surface of all studied as-deposited Sn-Se thin films (top row) without the presence of any structures, crystals, or cracks with the root mean square (RMS) surface roughness about 0.1 nm. As-expected, for annealed Sn-Se thin films RMS surface roughness increases to ~ 1.8–3.5 nm due to presence of crystalline structure and corresponding features/structures (bottom row).
Conclusion
After the annealing the Sn-Se layers deposited by pulsed laser deposition undergo the phase-separation and crystallize into orthorhombic SnSe and hexagonal SnSe2 which was confirmed by XRD and Raman spectroscopy. With increasing Se content temperature of crystallization TC shifts to the higher temperatures. There is also clear change in the optical constants between amorphous and annealed samples. Although the samples exhibit good electrical contrast between amorphous and annealed state (3-6 orders of magnitude), the optical contrast |Δn|+|Δk| for the wavelength 405 nm / 780 nm is lower ( 0.84 /  1.75) than for commercially used Ge2Sb2Te5 layers ( 2.25). We propose that during the annealing nano(subnano) crystalline plates of p-type SnSe and simultaneously nano(subnano) crystalline plates of n-type SnSe2 are present in the layers leading to "localization of electrical charge" manifested by abrupt changes in the sheet resistance and Hall concentration. Depicted crystalline nano/micro clusters would benefit in potential high data density. Additionally, Sn-Se is cheaper than Ge2Sb2Te5. Challenge for other researchers is whether presence of these nano(subnano) crystalline plates could be experimentally proven in this pair of materials or another pair of similar nature. We anticipate that the combination of two van der Waals layered materials with opposite conductivity types may lead to unexpected results, as shown in this paper.
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