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Crystallization kinetics from Ge-rich Ge-Sb-Te thin films: influence of thickness

The phase transition temperature and crystallization kinetics of Phase Change Materials (PCMs) are crucial characteristics for their performance, data retention and reliability in memory devices. Herein, the crystallization behavior and kinetics of a compositionally optimized, N-doped Ge-rich Ge-Sb-Te alloy (GGST) in the slow crystallization regime are systematically investigated using synchrotron X-ray diffraction (XRD) in situ during heat treatment. Uniform thin films (50, 25, 10 and 5 nm) of initially amorphous N-doped GGST are investigated. The specimens were heated up to 450 °C at a rate of 2 °C/min to estimate crystallization onsets by quantification of the crystallized quantity during material transformation from the XRD patterns. Subsequent isothermal anneals have been performed to assess crystallization behavior and activation energies. Nucleation-controlled crystallization that progresses in two steps is observed, together with the emergence of Ge preceding cubic Ge 2 Sb 2 Te 5 , with a mild dependence of crystallization temperature on film thickness that is inverse to what has been observed in other systems. Ge and GST crystallization may be described occurring in three-time stages: (i) an incubation period; (ii) a fast growth period; (iii) a very slow growth period. Very high activation energies (between 3.5 and 4.3 eV) for each phase are found for the incubation time t 0 . The activation energy for Ge in the fast growth regime is close to the one reported for the crystallization of pure Ge films. In the case of Ge, the incubation time is strongly thickness-dependent, which may have important consequences for the scaling of memories fabricated with this class of materials.

Introduction

Chalcogenide Ge-Sb-Te ternary alloys have attracted a lot of attention because of their capability to be switched reversibly between an amorphous and a crystalline phase [1][START_REF] Wong | Proc. IEEE[END_REF][START_REF] Freitas | [END_REF][4][START_REF] Redaelli | [END_REF]. The large contrast in physical properties (optical reflectivity, electrical conductivity…) between these two phases allow for an easy reading of the nature of the phase that has been induced either by furnace, laser or Joule heating. Moreover, this switching process can be very fast (in the range of 10s of ns), which opens avenues for memory applications that combine the high storage speed of dynamic random-access memory and the non-volatility of flash memory. Indeed, stand-alone applications have been reported [6] and Phase Change Materials (PCMs) are also considered for embedded memories since they are easily scalable and show good integration in back-end-of-line processes [7].

Many equilibrium phases have been reported in the Ge-Sb-Te ternary equilibrium diagram [8,9]. The ternary compound Ge 2 Sb 2 Te 5 (commonly named GST in the literature and thereafter in this article) has been particularly studied [9][10][11][12]. The stable structure of GST is trigonal (space group 𝑃3 ̅ 𝑚1) [13,14]. But, when crystallizing from an amorphous phase, GST crystallizes in a metastable cubic phase (space group 𝐹𝑚3 ̅ 𝑚) [14,15]. Crystallization from the amorphous phase remains the time-limiting process in phase-change based memories and a detailed understanding and modeling of the kinetics of crystallization of the PCM is critical.

Many articles have been published on the kinetics of crystallization of GST [16][17][18][19][20][21][22][23]. These indepth studies agree on a number of general features of the transformation in single phase GST that can be summarized as follows: (i) GST crystallizes at rather low temperatures, of the order of 140-150°C (compared with a melting temperature of 627°C and a glass transition temperature of 110°C); (ii) crystallization in GST is "nucleation-controlled" (This is the convention adopted by the PCM community, that names the controlling step as the fastest one. This is worth noting since an opposite convention is chosen by most phase transformation communities. For example, the community studying silicide formation by reactive diffusion between silicon and a metal film names a "nucleation-controlled reaction" [24] the situation when nucleation is the slowest step); (iii) at low annealing temperatures, i.e. at long crystallization times, the activation energy related to the crystallization of GST is of the order of 2.2-2.4 eV; (iv) at elevated annealing temperatures, i.e. above 300°C, a much smaller activation energy for crystallization [21][22][23] is observed (<1 eV). This is correlated with the highly fragile [25] nature of GST with a very strong non-Arrhenius behavior of its viscosity (in the literature the fragility index m for GST goes from 20 to 140). These important findings clearly show how different crystallization kinetics can be in a real memory cell as compared to furnace anneals at reduced temperatures. These latter remain, however, an important prerequisite for understanding the crystallization process.

The crystallization temperature of GST is too low to satisfy the automotive market, that requires high-temperature data retention. Automotive applications require several years data retention at 150°C and five minutes at 260°C for soldering reflow. Ge-rich alloys have been shown to exhibit significantly higher crystallization temperatures [START_REF] Cheng | IEEE International Electron Devices Meeting (IEDM)[END_REF] while preserving the switching speed. Compositionally optimized Ge-rich GST (named GGST thereafter) with a crystallization temperature above 350°C [START_REF] Zuliani | [END_REF]28] is thus an excellent candidate for embedded memory applications [START_REF] Arnaud | IEEE International Electron Devices Meeting IEDM[END_REF]. In addition, doping (C, Si, N, etc) is commonly used in PCMs as a tool to reduce mechanical stresses related to crystallization, increase crystallization temperature, or change the electrical resistance [START_REF] Fantini | 2010 International Electron Devices Meeting[END_REF][START_REF] Fallica | [END_REF][START_REF] Nirschl | IEEE International Electron Devices Meeting[END_REF][START_REF] Yin | [END_REF].

We have shown [34,35] in a previous work using synchrotron X-ray diffraction during furnace annealing (2°C/minute) of GGST thin films that crystallization of GGST occurs in two steps: pure Ge first crystallizes and this is followed by the crystallization of metastable cubic GST. This phase separation is expected since GGST composition does not correspond to a single crystalline phase and it has been observed by other authors [36], but it raises many questions about the complex kinetics at work and the length scales involved in this segregation. Interesting quantifications of the composition evolution in GGST memory cells [37] using electron spectroscopy allow for a detailed local analysis of the segregation process.

Although it is borne to be different from what occurs at higher temperatures and crystallization speeds a systematic study of GGST crystallization kinetics in the slow crystallization regime is still missing.

It is the aim of the present article to investigate via in situ isothermal anneals and synchrotron X-ray diffraction the kinetics of crystallization of GGST thin films. Among different choices of doping elements nitrogen has been chosen here. In addition, we have studied the evolution of the kinetic parameters as a function of film thickness. From a fundamental point of view, it is interesting to evaluate the influence of confinement on phase transformation, but it is also very important for device scaling strategies.

Experimental

Thin film stacks have been prepared at STMicroelectronics with the following structure: Si (001) substrate// 30 nm SiO2 / 75 nm SiN / x nm GGST (N-doped)/ 20 nm TiN / 25 nm SiN where x = 50, 25, 10 or 5. GGST layers were deposited by physical vapor deposition (PVD) followed by an in situ PVD TiN capping on an industrial tool. SiN capping was deposited by chemical vapor deposition (CVD). The capping layers ensure that the GGST films are protected against oxidation.

The X-ray diffraction (XRD) experiments have been performed on DiffAbs beamline [38] at Synchrotron SOLEIL (France). The samples were mounted inside an Anton Paar heater (model DHS 1100), allowing to precisely reach the desired annealing temperatures (within 1 deg.), while applying controlled heating ramps (from 1°C/min up to 300°C/min). An Aluminum home-made cylindrical dome, with 15 µm thick Kapton® windows was used to allow measuring the X-ray scattered signal from the sample with minimum X-ray absorption and parasitic scattering. During all the experiments, the sample was flushed using 99.999% purity (5n) N 2 gas. The heater was mounted on the 6-circle diffractometer (Kappa geometry) and the incident angle was maintained constant (10 degrees) during all the measurements. The X-ray used were monochromatic, of energy 18 keV. The monochromaticity is ensured by a double crystal Si (111) monochromator (band pass E/E ~ 10 -4 ). Two 50 nm Rhodium coated Si single crystals mirrors ensure higher harmonics X-ray rejection of about 10 -6 . The Xray beam is focused in the vertical direction by longitudinally bent mirrors and in the horizontal direction by the sagittally bent second crystal of the monochromator. This results in a beam size (FWHM) of about 200 (V) × 250 (H) μm 2 . The total photon flux in the spot is estimated to several 10 11 ph/s at the chosen energy of 18 keV.

The XRD signal was acquired using an area detector (hybrid pixels, XPAD s140) [39][40][41],

consisting of an array of 560 × 240 pixels (130 µm pitch) with no gaps. The detector was mounted on the detector circle of the diffractometer, thus allowing its positioning around the sample such to detect, into a single image / measurement, an angular range of about 11.0 × 4.1 ° (2 × , respectively the Bragg scattering angle and polar elevation). Depending on the sample thickness and the scattered signal to focus on, an XRD image was acquired every few to several 10s of seconds.

By knowing the exact positioning of the detector for each dataset, the pixel coordinates for each image are converted into angular coordinates, and then regrouped / averaged to obtain the 'classical' diffractograms (Intensity vs. 2 datasets). More details about calibration, and data conversion into diffractograms can be found in [41,42].

The 1D-diffractograms were analyzed in two different ways. First, a purely numerical integration procedure was applied to extract the intensities only. That procedure consists of i) data smoothing with a Savitzky-Golay filter; ii) averaging of the first 10 patterns (typically acquired at room temperature, i.e. for amorphous GGST films) to use them as a background;

iii) subtracting that average from all following patterns; iv) fitting a linear background in windows around the peaks of interest and subtracting that linear background to account for possible negative intensities and offsets, which are expected at crystallization (the diffuse scattering originating from the amorphous GGST layer will diminish when the layer crystallizes); v) integrating the area under the curve by summing the intensities. This method is very fast, although potential downsides might be that the areas are only obtained by numerical integration, whereas maxima potentially could consist of overlapping peaks.

To analyze the breadth and position of the diffraction peaks, fitting with a Voigt profile was also implemented [35].

Results

Phase identification in crystallized samples

All the as deposited films are amorphous as evidenced by their diffraction patterns (Figure 1) but diffraction peaks appear after annealing up to 450°C. The following peaks can be indexed (Figure 1) in the investigated angular range: c-GST 111, Ge 111, c-GST 200 (this diffraction peak may be superimposed with trigonal-GST 013 which gives rise to a shoulder on the low-angle side), Ge 220, c-GST 220, where trigonal-GST and c-GST stand respectively for trigonal and cubic GST. 

Ramp anneals: estimating crystallization temperature

Ramp anneals (2°C/minute) under N 2 -atmosphere were performed up to 450°C on all samples. Figure 2 shows the evolution of integrated intensity for Ge 111 and cubic GST 200 as a function of temperature for different film thickness. Intensities have been normalized to the incoming intensity I 0 and corrected for the beam footprint (as related to the incident angle), but not normalized with the film thickness -this explains the various intensity plateaus reached when cooling down. One observes that Ge crystallization occurs before GST crystallization, in agreement with previous studies [34][35][36], with a temperature difference of about 3°C (see table 1). The crystallization temperatures (T x ) for both phases are reported in table 1. They have been determined using linear fits on smoothed data (Savitzky-Golay filter).

A mild increase in the crystallization temperature is observed when decreasing film thickness.

The very weak signal over background ratio from the 5 nm film made the extraction of integrated intensity and thus crystallization temperature too unreliable to be reported here. Table 1: Crystallization temperatures (T x ) for Ge and cubic GST in GGST thin films as deduced from the evolution of numerically integrated diffraction intensities vs temperature at a heating rate of 2°C/minute.

Isothermal anneals

Isothermal anneals have been performed using the following procedure: (i) the heater is sent to the target temperature with maximum ramp rate (300°C/minute nominally but closer to 275°C/minute according to our measurements); (ii) the target temperature is typically reached within max 2 minutes, taking into account the 30-50 s lag before heating is actually initiated. This lag time is not considered, and in all the following treatments t=0 is taken as the time when temperature has reached 95% of target temperature.

In situ XRD isothermal anneals have been performed at different temperatures above and below the crystallization temperatures derived from 2°C/minute ramp anneals (Table 1). A typical evolution for the Ge 111 and GST 200 integrated intensities is shown in Figure 3 for the 50 nm thick GGST sample. One can distinguish three regimes that will be named I, II and III in the following. Regime I corresponds to an "incubation time" during which no crystalline phase is detected. Regime II corresponds to a first fast growth regime and regime III corresponds to a slow growth stage. This three-stages behavior has been observed for all the investigated thickness excepting the 5 nm case where the signal to noise ratio is too low for getting meaningful results. Consequently the 5 nm film is not considered in the following analysis.
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Modeling tests based on the classical Johnson-Mehl-Avrami-Kolmogorov [43][44][45][46][47] or derivations from it [48][49][50] failed to reproduce correctly this three-stages behavior and yielded unphysical Avrami exponents (larger than 10). We chose instead a more modest approach aimed at determining the three characteristic times and monitoring their temperature behavior. Consequently, to extract the characteristic times (t 0 : incubation time, t 1 : fast growth regime, t 2 : slow growth regime) for these three stages we have used a phenomenological fitting of integrated intensity vs time:

𝐹𝑜𝑟 𝑡 ≤ 𝑡 0 𝐼(𝑡) = ( 𝐼 𝑚𝑎𝑥 -𝐼 0 2 ) 𝑡𝑎𝑛ℎ [ 𝑡 -𝑡 0 𝑡 1 ] + 𝐼 𝑚𝑎𝑥 + 𝐼 0 2 (1) 
𝐹𝑜𝑟 𝑡 ≥ 𝑡 0 𝐼(𝑡) = ( 𝐼 𝑚𝑎𝑥 -𝐼 0 2 ) 𝑡𝑎𝑛ℎ [ 𝑡 -𝑡 0 𝑡 1 ] + 𝐼 𝑚𝑎𝑥 + 𝐼 0 2 + 𝑡 -𝑡 0 𝑡 2
Where I max , I 0 , t 0 , t 1 and t 2 are fitting parameters. The corresponding fits are shown in figure 4 for all temperatures. A reasonably good fit is obtained at all temperatures, which allows extracting the characteristic times for each stage and each phase at different temperatures.

Similar plots are obtained for 25 nm and 10 nm film thickness and are shown in SuppL.
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The rapid-growth time t 1 exhibits an Arrhenius behavior for the 50 nm film thickness which is of the order of 3.1 eV for Ge and 1.6 eV for GST. For smaller film thickness a large scatter in the extracted values makes difficult drawing any significant trend especially in the case of the weak GST 200 diffraction peak. There is, however, a decrease in activation energy for Ge growth when thickness decreases.

The slow-growth characteristic time t 2 shows a lot of scatter when plotted as a function of temperature. It seems that this slow growth regime is not temperature-dependent (at least in the range of investigated temperatures) as evidenced by the evolution of integrated intensities (Figure 4, S1, S2 and S3). 

Discussion

In agreement with previous investigations [START_REF] Yin | [END_REF][34][35] we observe a crystallization process of Ge-rich N-doped GST films of thickness ranging between 50 and 5 nm occurring in two steps where Ge crystallization precedes cubic GST crystallization (either in temperature during ramp anneals or in time during isothermal anneals). During a 2°C/minute anneal Ge crystallizes at about 385°C followed by GST crystallization at about 389°C. These crystallization temperatures are only weakly dependent on film thickness. This behavior is very different from what has been observed in pure phase systems. Exponential increase in crystallization temperature as a function of decreasing thickness has been reported for Ge [51][52][53], GeTe [54] and GST [55,56]. In Zacharias' model [57] this dependence has been interpreted in the framework of nucleation theory.

Monitoring of X-ray diffraction during isothermal annealing of GGST thin films has allowed us evidencing crystallization in three stages: during stage I (total length t 0 ) no diffraction signal is detectable. Thus, the sample appears to remain amorphous. After time t 0 ("incubation time") Ge crystallizes followed by a delayed crystallization of the GST cubic phase. A first fast growth regime (characteristic time t 1 ) is followed by a much slower one (characteristic time t 2 ).

The phase separation of the Ge-rich amorphous film first into the Ge diamond structurephase followed by GST cubic metastable phase has been reported by several authors [34][35][36].

This phase separation requires Ge atoms to be mobile and the formation of nano-sized clusters in the amorphous phase prior to Ge crystallization has been observed by Transmission electron Microscopy [36,37]. One may thus wonder whether the limiting step for crystallization in GGST is the diffusion of elements in the amorphous matrix (here: the one of Ge since it is the major species in the amorphous alloy). The self-diffusion of Ge in the amorphous and in the crystalline phases has been studied by Hüger et al. [58]. They found that Ge diffusivity is orders of magnitude faster in the amorphous phase (activation energy 2.11 eV, pre-exponential factor 6.2 X 10 -6 m 2 s -1 ) as compared to the crystalline phase (activation energy 3.13 eV). The activation energy for the incubation time found in this work is significantly higher (between 3.5 and 4.3 eV depending on the film thickness) than the activation energy for Ge diffusion. Such a high activation energy points rather to a nucleation barrier. Ge crystallization from amorphous Ge films has been studied by several authors [51-53, 59, 60]. Ge films are reported to crystallize between 425°C and 500°C with an activation energy of 2.96 eV [59]. Hence the crystallization temperature of Ge in GGST is lower than the one of pure Ge and crystallization time t 0 of GGST has a significantly higher activation energy than the one of pure Ge. In the temperature range investigated in the present work, the Ge diffusion length for diffusion of Ge in amorphous Ge is of the order of 1 nm. This size probably easily permits the formation of critical nuclei and thus the crystallization process might be controlled by the nucleation barrier (hence the high activation barrier). This high activation energy might also be related to the high fragility index of the surrounding amorphous GST matrix [19] (Fragility, as defined by Angell [25] characterizes the non-Arrhenius behavior of the viscosity in the glass phase). It is worth noting that GST crystallization in the GGST amorphous mixture is delayed to much higher temperatures as compared to pure GST. The activation energy for GST incubation time found in the present work is of the order of 3 eV, significantly higher than the activation energy reported for crystallization of pure GST [16][17][18][19][20][21][22][23] thin films (2.2-2.4 eV). This difference may be caused by the need to continuously expel extra germanium atoms from Ge-rich areas. Finally, it is worth emphasizing that the activation energy for Ge crystallization incubation time is strongly thickness-dependent (see figure 10) with a higher activation energy at smaller thickness. This cannot be explained by the variation of interfacial energy involved in the nuclei formation as is suggested by the Zacharias model [57]. Zacharias and Streitenberger model is a thermodynamic model based on classical nucleation theory, where the free energy of a crystalline nucleus is written as the sum of a volumetric term (the difference in free energies per unit volume between the crystalline and amorphous phases times the volume of the nucleus) and a surface/interface term, which is simply the total surface energy of the nucleus. In an ultra-thin film the upper and lower interfaces are getting close to the upper and under-layers and Zacharias and Streitenberger [57] propose an interface energy that varies exponentially with the nucleus-interface distance.

The minimization of the Gibbs free energy of the nucleus yields then an activation barrier that The interpretation that Stage I is related to the nucleation step of Ge crystallites is supported by the striking influence of an underlayer on the crystallization of GGST. Figure 11 shows a comparison between the crystallization of a 50 nm GGST film on SiN (as in Figure 3.a)

and the crystallization of a 45 nm GGST film on a 5 nm underlayer with composition Ge:Sb:Te derived from 2:2:5. The presence of the underlayer completely suppresses the incubation stage, probably acting as a nucleation seed.
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The slow continuous increase of diffracted intensity (stage III) after this growth stage is puzzling. This trend has been observed in all the experiments we have performed on various GGST films. It indicates that there remains a small portion of amorphous material that slowly crystallizes. In a low temperature isothermal anneal increasing the temperature after some time (see figure S5 in Supplementary material) triggers an increase in the diffracted intensity, which indicates indeed that additional material has been crystallized.

Finally, it is important to emphasize that these findings have important consequences for the scaling of memory devices. We have shown that, in simple thin film structures, film thickness has a very large influence on crystallization kinetics. One should expect even larger effects for more confined structures where interfaces get closer in more than one dimension.

This calls for further studies on model systems, like arrays of lines, which are accessible to synchrotron radiation studies.

Conclusion

In this work the evolution of the kinetics of crystallization of Ge-rich GST (GGST) thin films is reported as a function of thickness in the range [5 nm -50 nm]. Thanks to X-ray synchrotron diffraction performed in situ during annealing, integrated intensity of Ge and GST diffraction peaks as well as peak breadth and position have been monitored as a function of time at different annealing temperatures. In accordance with previous works, we find that Ge crystallization precedes the one of GST. Ge and GST crystallization may be described with three time stages: (i) an incubation period; (ii) a fast growth period; (iii) a very slow growth period. Activation energies are reported for all the investigated films. A very high activation energy (between 3.6 and 4.3 eV) is reported for the incubation time t 0 . In the case of Ge this incubation time is strongly thickness-dependent, which may have important consequences for the scaling of memories fabricated with this class of materials. The activation energy for the fast growth regime is close to the one reported for the crystallization of pure Ge films.

Fig. 1 :

 1 Fig. 1: Diffraction patterns from a 50 nm GGST film as deposited and after annealing (2°C/minute) up to 450°C. The background that was obtained by averaging ten room temperature patterns of the pristine state (grey) is vertically shifted for clarity from the XRD pattern of the corresponding crystallized thin film. The fitted peaks and corresponding local backgrounds are plotted colored, with dashed lines. Green vertical lines indicate the names of the identified X-ray reflections.

Fig. 2 :

 2 Fig. 2: Integrated intensities from (a) Ge 111 and (b) GST 200 during ramp anneals (2°C/min) of GGST films of varying thickness: for a film thickness of 50 nm (circles), 25 nm (triangles), and 10 nm (squares). (c) and (d) show a magnified view of the temperature interval when crystallization sets.

Fig. 3 :

 3 Fig. 3: Evolution of (a) Ge 111 and (b) GST 200 integrated intensities as a function of time for a 50 nm GGST film at constant temperature (385°C).

Fig. 4 :Fig. 5 :Fig. 6 :Fig. 7 :

 4567 Fig. 4: (a) Evolution of Ge 111 integrated intensity as a function of time for a 50 nm GGST film at constant temperature (365 to 410°C). (b) Same plot for GST 200.The times t 0 , t 1 and t 2 are presented for Ge 111 and GST 200 and for different film thickness respectively in figures 5 (t 0 ), 6 (t 1 ) and 7 (t 2 ) in an Arrhenius representation.Activation energies extracted from linear fits are given in table 2.

  The incubation time t 0 clearly follows an Arrhenius behavior with a high activation energy which is of the order of 4 eV for Ge and 3 eV for GST. In the case of Ge crystallization this activation energy increases significantly from 3.6 eV to 4.3 eV when the film thickness decreases from 50 to 10 nm.

FittingFig. 8 :Fig. 9 :

 89 Fig. 8: Evolution of d-spacing for Ge 111 (a), Ge 220 (b), GST 200 (c) and GST 220 (d) peaks as a function of time at different temperatures for 50 nm GGST sample. Insets are zooms of the first 200 min. of the annealing time. As discussed in the text the surprising increase in GST 200 d-spacing is caused by the single peak fitting and the appearance of trigonal-GST 013 that

Fig. 10 :

 10 Fig. 10: Activation energy of incubation time for Ge (blue filled circles) and for GST (orange filled squares) as a function of film thickness.

Fig. 11 :

 11 Fig. 11: Evolution of Ge 111 integrated intensity as a function of time at constant temperature for a 50 nm GGST film (S50) and for a 5 nm UL/45 nm GGST stack (UL).

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 :

 2 Activation energies derived from a linear regression of Arrhenius plots shown in Figures5, 6 and 7. Grayed values correspond to cases where high scatter of values removes any significance to the obtained activation energy.

Similar results are obtained for Ge 220 and GST 220 diffraction peaks and are reported in Suppl. Material table S1 and figure S4.
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Supplementary Material

The Supplementary Material section contains additional figures where the integrated intensity for Ge 111, Ge 220, GST 200 and GST 220 is shown as a function of time at different annealing temperatures for a film thickness of 50 nm (Fig. S1), 25 nm (Fig. S2), and 10 nm (Fig. S3). Characteristic times t 1 , t 2 and t 3 are shown in Arrhenius plots in figure S4 for the different film thickness and table S1 shows the corresponding activation energies. Figure S5 shows the influence of a temperature increase during isothermal anneal on the integrated intensity.