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Abstract The speed at which phase change memory devices can operate depends strongly on the crystallization 7 

kinetics of the amorphous phase. To better understand factors that affect the crystallization rate, we have 8 

investigated crystallization of GeTe films as a function of their deposition temperatures and deposition rates, 9 

using X-ray synchrotron radiation and Raman spectroscopy. As-deposited films were found to be fully 10 

amorphous under all conditions, even though films deposited at higher temperatures and lower rates 11 

experienced lower effective quench rates. Non-isothermal transformation curves show that the apparent 12 

crystallization temperature of GeTe films decreases with increasing deposition temperature and decreasing 13 

deposition rate. It was found that this correlates with a decrease in the activation energy for nucleation 14 

(calculated using Kissinger’s analysis), while the activation energy for crystal growth remained unaffected. 15 

From Raman spectroscopy measurements, it was found that increasing the deposition temperature or decreasing 16 

the deposition rate, and therefore the effective quench rate, reduces the number of homopolar Te-Te bonds and 17 

thereby reduces the barrier to crystal nucleation. 18 
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Introduction 44 

In the mid-1960s, S.R. Ovshinsky proposed the idea of phase change recording [1]. Phase change materials (e.g. 45 

Ge2Sb2Te5 and GeTe) undergo a reversible transformation between crystalline and amorphous states when 46 

subjected to laser-induced or current-induced heating and quenching [2,3]. The attractiveness of phase change 47 

materials lies in their very large changes in electrical resistivity and optical reflectivity when switching between 48 

these two states [4-6]. This phenomenon is currently used in optical information storage and is under wide-49 

spread investigation for use in electrical information storage devices [7,8]. The operation of these devices 50 

strongly depends on the crystallization temperatures and crystallization rates of the materials, and therefore a 51 

detailed understanding of factors that influence the kinetics of crystallization is critical. Studies of amorphous 52 

Ge2Sb2Te5 and GeTe films prepared using different methods, such as sputtering, melt-quenching and ion-53 

irradiation have been carried out [9,10]. The local order of these amorphous films has been examined using 54 

Raman spectroscopy and was found to be significantly different [9,10]. These differences were found to 55 

correlate with differences in crystallization temperatures [9,10].   56 

In this work, we report studies of the crystallization kinetics of amorphous GeTe as a function of deposition 57 

temperature and deposition rate. The crystallization temperature is determined using x-ray synchrotron radiation 58 

during in-situ annealing. Effective activation energies for the crystallization process were determined using 59 

Kissinger’s analysis [11]. The local order of the as-deposited amorphous GeTe films was analyzed using micro-60 

Raman spectroscopy. 61 

 62 

Experimental Procedures 63 

1 µm-thick GeTe films were deposited by RF-magnetron sputtering from stoichiometric targets onto Si 64 

substrates coated with thin layers of native SiO2. The background pressure before sputtering was maintained at 65 

~10-6 Torr. With the presence of argon gas during sputtering, the pressure was maintained at 10-3 Torr. A first 66 

set of samples was deposited on substrates at room temperature, 60 oC, 80 oC and 100 oC, with a deposition rate 67 

of 8 nm/min. For a second set of samples, films were deposited at room temperature using different rates, 7.1 68 

nm/min, 8.8 nm/min and 10.3 nm/min, by varying the argon gas pressure. For both sets of experiments, real-69 

time synchrotron x-ray diffraction with a 2D detector and monochromatic beam (energy = 10 keV, λ = 0.124 70 

nm) at beamline 12.3.2 of the Advanced Light Source in the Lawrence Berkeley National Laboratory was used 71 

to monitor the crystallization. Each exposure time was set to be 60 seconds.  The synchrotron X-ray beam has a 72 

final focus size of 2 µm (v) x 8 µm (h) (FWHM). The diffraction patterns were collected with a DECTRIS 73 
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Pilatus 1 M pixel area detector (active area of 179 mm x 169 mm), which was placed at a distance of 74 

approximately 140 mm from the sample. More detailed information on the set up at this beamline can be 75 

obtained elsewhere [12,13].  76 

All samples were annealed at a constant rate of 2 oC/min, 5 oC/min or 10 oC/min from room temperature to 77 

230 oC, a temperature at which they were fully crystalline. Transformation curves at different heating rates were 78 

obtained by determining the fraction of the film that had transformed as a function of temperature. The 79 

microstructures of the GeTe films were characterized using energy dispersive x-ray spectroscopy (EDX) and 80 

transmission electron microscopy (TEM). A focused ion beam (FIB) system with dual-beam capability was used 81 

to prepare the TEM samples and a JEOL TEM 2100F with an accelerating voltage of 200 kV was used to 82 

examine the as-deposited films. EDX was used to determine the composition of the films used in this 83 

experiment. 84 

All the as-deposited amorphous GeTe thin films were also analyzed by means of micro-Raman 85 

spectroscopy. The samples were excited with a He-Ne laser (λ = 633 nm) and the incident laser power was 86 

adjusted to 0.5 mW in order to minimize heating effects in the illuminated sample region of interest [9,14]. The 87 

Raman spectra were recorded at an interval of 0.4 cm-1. Accumulation times of 3 minutes were sufficient to 88 

obtain a satisfactory signal-to-noise ratio. 89 

 90 

Results and discussion 91 

 92 

Effect of deposition temperatures 93 

 94 

Figure 1 shows bright field TEM images of GeTe films deposited at room temperature and 100 oC. Cross-95 

sectional TEM images reveal that all as-deposited films were fully amorphous, but with columnar structures and 96 

nano-scale voids. The latter is not uncommon in amorphous films deposited using sputter deposition [15,16]. 97 

The inset electron diffraction patterns confirm that the films were amorphous as deposited, which was also 98 

supported by x-ray diffraction (XRD) analysis. From EDX, the composition of the films was determined to be 99 

Ge43Te57 (± 1% error), which is Te-rich. 100 
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    102 

Fig. 1 Bright field TEM images of cross-sections of GeTe films deposited at (a) room temperature and (b) 100 103 
oC on Si substrates coated with thin layers of native oxide. Top right insets show electron diffraction patterns 104 

and bottom right insets show high magnification views of nano-scale voids within the film. Pt layers on top of 105 

the films act as protective layers during FIB sample preparation. 106 

Debye-Scherrer rings were generated based on diffraction intensities from the 2D detector integrated in the 107 

azimuthal direction. Figure 2 shows XRD results obtained by transforming 2D synchrotron data using XMAS, a 108 

software developed in-house at beamline 12.3.2 [17]. The as-deposited films were amorphous at all deposition 109 

temperatures, as shown in figure 2a. After annealing to 230 oC, the films were found to be fully crystallized, as 110 

shown in figure 2b. Regardless of the deposition temperatures, the GeTe films were composed of the same 111 
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phase, with the expected trigonal symmetry [18]. Weak Te peaks were also observed due to the Te-rich 112 

composition of the films. 113 

114 

 115 

Fig. 2 XRD results for GeTe films (a) as-deposited and (b) fully crystallized at 230 oC, for films deposited at 116 

different substrate temperatures (room temperature, 60 oC, 80 oC and 100 oC). 117 

Figure 3a shows transformation curves for crystallization of GeTe, based on the maximum intensity of the 118 

(011) peak normalized by the maximum intensity of this peak after full transformation at 230 
o
C. The sample 119 

was heated at a rate of 2 oC/min from room temperature to 230 oC. The apparent crystallization temperature was 120 

defined as the temperature at which half of the sample was crystallized [19]. The apparent crystallization 121 

temperatures observed in this study are higher than values reported by others, as determined from optical 122 

reflectivity measurements [20,21]. This is expected as all the films here are Te-rich in composition. From the 123 

transformation curves, it is clearly seen that the apparent crystallization temperatures decrease with increasing 124 

deposition temperature. Figure 3b shows transformation curves for GeTe films deposited at room temperature 125 

and heated at different rates: 2 oC/min, 5 oC/min and 10 oC/min. As expected, the apparent crystallization 126 

temperature increases with increasing heating rate [22,23].  127 
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128 

 129 

Fig. 3 (a) Transformation curves for GeTe films deposited at different temperatures, based on normalized 130 

magnitudes of the (011) peak observed at 230 oC. The heating rate was 2 oC/min. (b) Transformation curves for 131 

GeTe films deposited at room temperature and heated at different rates. 132 

Figure 4a shows the local effective activation energy Ec as a function of the fraction transformed α. Ec was 133 

determined using the Kissinger method for various values of α for data obtained at different heating rates shown 134 

in Figure 3b [11]. The Kissinger equation can be written as follows, 135 

   
 

  
      

  

   
        ,                                                                                                     (1) 136 

where β is the heating rate, k is Boltzmann’s constant, Ec is the activation energy at a particular transformed 137 

fraction α and Tc is the temperature at which the transformed fraction α is reached. 138 

The dependence of Ec on the fraction transformed is affected by changes in the nucleation and growth 139 

behavior during the crystallization process [24-26]. The local activation energy Ec(α) is composed of two parts, 140 

the activation energy of nucleation (En) and the activation energy of growth (Eg) [27-29]. Ec at a given  can be 141 

written as, 142 

                     ,                                                                                           (2) 143 
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where I and U are the steady state nucleation rate and growth velocity respectively, with a and b are two 144 

variables related to the Avrami parameter, having values 0 ≤ a, b ≤ 1 and a + b = 1 [28,29]. In the early stage of 145 

transformation, with lower values of α, crystallization is dominated by nucleation whereas at later stages, higher 146 

values of α, crystallization is dominated by growth. Fitting the plot in Figure 4a using a non-linear regression 147 

method (shown using dotted lines), we estimated the value of the activation energies for nucleation and growth, 148 

Ec(α=0) = En and growth Ec(α=1) = Eg, respectively. The fitting was carried out under the assumption that the 149 

values of a and b at a particular value of α are the same for all deposition temperatures. Figure 4b shows values 150 

of the activation energies for nucleation and growth obtained from Figure 4a. It is seen that the activation energy 151 

for nucleation decreases significantly with increasing deposition temperature, from 4.0 eV to 2.6 eV. In contrast, 152 

the activation energy for growth remains relatively constant at 2.0 eV. Thus, the decrease in the effective 153 

activation energy for crystallization of GeTe observed for increasing deposition temperatures is primarily due to 154 

a reduction in the activation energy for nucleation. Similar activation energies for nucleation and growth of 155 

films deposited at room temperature have been reported elsewhere using a different technique [10,30]. Films 156 

deposited at room temperature experience a higher effective quench rate as compared to films deposited at 157 

higher temperatures [31]. We postulate that this results in fewer clusters that can act as precursors of crystalline 158 

nuclei, thus making nucleation more difficult. That the activation energy for growth is unaffected by the 159 

deposition conditions may explain why it has been found in other studies that samples having the same 160 

composition but made under different conditions have the same temperature dependence for crystallization, 161 

while differences in the crystallization rate are still observed due  to differences in the nucleation rates [32,33]. 162 
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163 

 164 

Fig. 4 (a) The local effective activation energy Eα as a function of the fraction transformed α for films prepared 165 

at various deposition temperatures and (b) activation energies for nucleation and growth as a function of the 166 

deposition temperature. 167 

Figure 5 shows Raman spectra for GeTe films deposited at different temperatures. For all the Raman 168 

spectra, there are peaks found at 88 cm-1, 120 cm-1, 139 cm-1 and 160 cm-1. The broad peaks found at 88 cm-1 169 

and 160 cm-1 are contributed by Ge-Te vibration modes [14,34,35]. Two distinct peaks were also observed at 170 

120 cm-1 and 139 cm-1, and their intensity decreased with increasing deposition temperature. It is know that 171 

crystalline Tellurium has strongest peaks at 120.4 ± 0.5 cm-1 and 140.7 ± 0.5 cm-1 [36]. The close proximity of 172 

the observed peaks suggests the presence of homopolar Te-Te bonds in the as-deposited state. It is known that 173 

homopolar Te-Te bonds are forbidden in the crystalline structure [10]. It has therefore been suggested that the 174 

presence of these homopolar Te-Te bonds might retard the crystallization process [9]. Our results suggest that 175 

the specific effect of Te-Te homopolar bonds is to raise the barrier for nucleation of the crystalline phase, rather 176 

than to impede crystal growth.  177 
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 178 

Fig. 5 Raman spectra for amorphous GeTe films prepared at various deposition temperatures. 179 

 180 

Effect of deposition rates 181 

 182 

Figure 6 shows bright field TEM images of GeTe films deposited at deposition rates of 7.1 nm/min and 10.3 183 

nm/min. The observed structures are similar to those of the films deposited at different temperatures (Fig. 1). 184 

The inset electron diffraction patterns confirm that the films are amorphous as deposited, which was also 185 

supported by XRD analysis. Using EDX, the composition of the films was determined to be Ge47Te53 (± 1%), 186 

independent of the Ar pressure and sputtering rate. 187 
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188 

 189 

Fig. 6 Bright field TEM images of cross sections of GeTe films deposited at deposition rates of (a) 7.1 nm/min 190 

and (b) 10.3 nm/min, on Si substrates coated with thin layers of native oxide. Top right insets show electron 191 

diffraction patterns and bottom right insets show high magnification views of nano-scale voids within the film. 192 

Pt layers on top of the films act as protective layers during FIB sample preparation. 193 

Figure 7 shows XRD results for these films deposited at different sputtering rates. The as-deposited films 194 

were amorphous at all deposition rates, as shown in figure 7a. After annealing to 235 oC, the films were found to 195 

be fully crystallized, as shown in figure 7b. Regardless of the deposition rate, weak Te peaks were also observed 196 

due to the Te-rich composition of the films. 197 
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198 

 199 

Fig. 7 XRD results for GeTe films (a) as-deposited and (b) fully crystallized at 235 oC, for films deposited at 200 

different deposition rates. 201 

Figure 8a shows transformation curves for crystallization of GeTe, based on the maximum intensity of the 202 

(011) peak normalized by the magnitude of this peak after full transformation at 235 oC. . The samples were 203 

heated at a rate of 2 oC/min from room temperature to 235 oC. From the transformation curves, it is clearly seen 204 

that the apparent crystallization temperatures increase with increasing deposition rate. Figure 8b shows 205 

transformation curves for GeTe films deposited at a deposition rate of 7.1 nm/min and heated at different rates: 206 

2 oC/min, 5 oC/min and 10 oC/min.  207 
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208 

 209 

Fig. 8 (a) Transformation curves for GeTe films deposited at different deposition rates, normalized by the 210 

magnitude of the  (011) peak observed at 235 oC, with a heating rate of 2 oC/min and (b) transformation curves 211 

for GeTe films deposited at deposition rate of 7.1 nm/min and heated at different rates. 212 

The same approach discussed earlier was used to obtain the local effective activation energy Eα as a 213 

function of the fraction transformed α as shown in Figure 9a. Figure 9b shows values of the activation energies 214 

for nucleation and growth obtained from the data in Figure 9a. It is seen that the activation energy for nucleation 215 

increases with increasing deposition rate, from 3.5 eV to 4.0 eV. In contrast, the activation energy for growth 216 

remains constant at a value of 1.9 eV. Thus, the increase in the effective activation energy for crystallization of 217 

GeTe observed for increasing deposition rates is primarily due to an increase in the activation energy for 218 

nucleation. It is expected that films deposited at higher deposition rates experience a higher effective quench 219 

rate [31]. This dependence on the effective quench rate is consistent with the results obtained for films deposited 220 

as different temperatures. 221 
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222 

 223 

Fig. 9 (a) The local effective activation energy Eα as a function of fraction transformed α for films prepared at 224 

various deposition rates and (b) activation energies for nucleation and growth as a function of the deposition 225 

rate. 226 

Figure 10 shows Raman spectra for GeTe films deposited at different deposition rates. Similar to what was 227 

found for films deposited at different temperature, two distinct peaks were also observed at 120 cm-1 and 139 228 

cm-1, and their intensity increased with increasing deposition rate. This suggests the presence of homopolar Te-229 

Te bonds in all the as-deposited films regardless of the sputtering rate. However, this also shows that the number 230 

of Te-Te homopolar bonds increases with increasing deposition rate, which, we suggest, raises the barrier for 231 

nucleation of the crystalline phase.  232 
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 233 

Fig. 10 Raman spectra for amorphous GeTe films prepared at various deposition rates. 234 

Different sputtering targets were used in both set of experiments. It should be noted that the film deposited 235 

at room temperature in the first set of experiments exhibits higher activation energies for nucleation as 236 

compared to those in the second set of experiments. This is likely due to the higher amount of excess Te in the 237 

first set of film, resulting from the use of different sputtering targets for the two sets of films. Work done by 238 

Carria et al. has shown that increasing amounts of excess Te will lead to a higher activation energy for 239 

crystallization [21]. However, this does not affect our interpretation of the data within a single set of samples 240 

having a fixed amount of access Te, and the correspondence of the trends observed for both sets. It has been 241 

shown through experiments carried out by others that Te-Te homopolar bonds exist even in stoichiometric 242 

amorphous GeTe films [37,38]. We have also carried out experiments on stoichiometric Ge2Sb2Te5 films 243 

deposited at varying substrate temperatures, with the XRD results and Raman spectra shown in Figures S1 and 244 

S2 (Online Resource 1). Even with stoichiometric Ge2Sb2Te5 samples, the intensity of the 120 cm-1 Raman peak 245 

changes with the substrate temperature in a way that is analogous to what is seen for GeTe, and there are 246 

corresponding analogous changes in the crystallization behavior. This is consistent with other reported 247 

observations on stoichiometric GeTe and Ge2Sb2Te5 films in which the crystallization rate is observed to 248 

decrease with the increased presence of homopolar Te-Te bonds [9,10]. Taken together, these results support 249 

our proposition that the Te-Te bond density is the critical factor that affects crystal nucleation in the as-250 

deposited films.  251 

 252 

Summary and Conclusions 253 

We have studied the crystallization of amorphous GeTe films prepared by sputter deposition onto substrates 254 

held at different temperatures and deposited at different sputtering rates. Through analysis of the crystallization 255 
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process carried out at different heating rates, it is shown that the deposition temperature and deposition rate have 256 

a significant effect on the nucleation of the crystalline phase, but a negligible effect on its growth. The activation 257 

energy for crystal nucleation increased with decreasing deposition temperature and with increasing deposition 258 

rate.  Decreasing the deposition temperature and increasing the deposition rate both increase the effective 259 

quench rate. This highlights the influence of the effective quench rate on the crystallization of phase change 260 

materials. Raman spectral analysis indicates an increase of the number of homopolar Te-Te bonds with 261 

decreasing deposition temperature or increasing deposition rate. Given that homopolar bonds do not exist in the 262 

crystalline phase, we suggest that it is clustering of Te atoms in the films deposited at low temperatures and high 263 

rates that raises the barrier to nucleation of the crystalline phase.  264 
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