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Abstract The speed at which phase change memory

devices can operate depends strongly on the crystallization

kinetics of the amorphous phase. To better understand

factors that affect the crystallization rate, we have inves-

tigated crystallization of GeTe films as a function of their

deposition temperatures and deposition rates, using X-ray

synchrotron radiation and Raman spectroscopy. As-de-

posited films were found to be fully amorphous under all

conditions, even though films deposited at higher temper-

atures and lower rates experienced lower effective quench

rates. Non-isothermal transformation curves show that the

apparent crystallization temperature of GeTe films

decreases with increasing deposition temperature and

decreasing deposition rate. It was found that this correlates

with a decrease in the activation energy for nucleation

(calculated using Kissinger’s analysis), while the activation

energy for crystal growth remained unaffected. From

Raman spectroscopy measurements, it was found that

increasing the deposition temperature or decreasing the

deposition rate, and therefore the effective quench rate,

reduces the number of homopolar Te–Te bonds and

thereby reduces the barrier to crystal nucleation.

Introduction

In the mid-1960s, Ovshinsky proposed the idea of phase

change recording [1]. Phase change materials (e.g., Ge2
Sb2Te5 and GeTe) undergo a reversible transformation

between crystalline and amorphous states when subjected to

laser-induced or current-induced heating and quenching [2,

3]. The attractiveness of phase change materials lies in their

very large changes in electrical resistivity and optical

reflectivity when switching between these two states [4–6].

This phenomenon is currently used in optical information

storage and is under wide-spread investigation for use in

electrical information storage devices [7, 8]. The operation

of these devices strongly depends on the crystallization

temperatures and crystallization rates of the materials, and

therefore, a detailed understanding of factors that influence

the kinetics of crystallization is critical. Studies of amor-

phous Ge2Sb2Te5 and GeTe films prepared using different

methods, such as sputtering, melt-quenching, and ion-irra-

diation, have been carried out [9, 10]. The local order of

these amorphous films has been examined using Raman

spectroscopy and was found to be significantly different [9,
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10]. These differences were found to correlate with differ-

ences in crystallization temperatures [9, 10].

In this work, we report studies of the crystallization

kinetics of amorphous GeTe thin films as a function of

deposition temperature and deposition rate. The crystal-

lization temperature was determined using X-ray syn-

chrotron radiation during in-situ annealing. Effective

activation energies for the crystallization process were

determined using Kissinger’s analysis [11]. The local order

of the as-deposited amorphous GeTe films was analyzed

using micro-Raman spectroscopy.

Experimental procedures

1-lm-thick GeTe films were deposited by RF-magnetron

sputtering from stoichiometric targets onto Si substrates

coated with thin layers of native SiO2. The background

pressure before sputtering was maintained at *10-6 Torr.

With the presence of argon gas during sputtering, the pres-

sure was maintained at 10-3 Torr. A first set of samples was

deposited on substrates at room temperature, 60, 80, and 100

�C, with a deposition rate of 8 nm/min. For a second set of

samples, films were deposited at room temperature using

different rates, 7.1 nm/min, 8.8 nm/min, and 10.3 nm/min,

by varying the argon gas pressure. For both sets of experi-

ments, real-time synchrotron X-ray diffraction with a 2D

detector and monochromatic beam (energy = 10 keV,

k = 0.124 nm) at beamline 12.3.2 of the advanced light

source in the Lawrence Berkeley National Laboratory was

used to monitor the crystallization. Each exposure time was

set to be 60 s. The synchrotron X-ray beam has a final focus

size of 2 lm (v) 9 8 lm (h) (FWHM). The diffraction

patterns were collected with a DECTRIS Pilatus 1 M pixel

area detector (active area of 179 mm 9 169 mm), which

was placed at a distance of approximately 140 mm from the

sample. More detailed information on the setup at this

beamline can be obtained elsewhere [12, 13].

All samples were annealed at a constant rate of 2, 5, or

10 �C/min from room temperature to 230 �C, a temperature

at which they were fully crystalline. Transformation curves

at different heating rates were obtained by determining the

fraction of the film that had transformed as a function of

temperature. The microstructures of the GeTe films were

characterized using energy dispersive X-ray spectroscopy

(EDX) and transmission electron microscopy (TEM). A

focused ion beam (FIB) system with dual-beam capability

was used to prepare the TEM samples, and a JEOL TEM

2100F with an accelerating voltage of 200 kV was used to

examine the as-deposited films. EDX was used to deter-

mine the composition of the films.

All the as-deposited amorphous GeTe thin films were

also analyzed by means of micro-Raman spectroscopy. The

samples were excited with a He–Ne laser (k = 633 nm),

and the incident laser power was adjusted to 0.5 mW in

order to minimize heating effects in the illuminated sample

region of interest [9, 14]. The Raman spectra were recorded

at an interval of 0.4 cm-1. Accumulation times of 3 min

were sufficient to obtain a satisfactory signal-to-noise ratio.

Results and discussion

Effect of deposition temperatures

Figure 1 shows bright-field TEM images of GeTe films

deposited at room temperature and 100 �C. Cross-sectional

Fig. 1 Bright-field TEM images of cross sections of GeTe films

deposited at a room temperature and b 100 �C on Si substrates coated

with thin layers of native oxide. Top right insets show electron

diffraction patterns and bottom right insets show high magnification

views of nano-scale voids within the film. Pt layers on top of the films

act as protective layers during FIB sample preparation
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TEM images reveal that all as-deposited films were fully

amorphous, but with columnar structures and nano-scale

voids. The latter is not uncommon in amorphous films

deposited using sputter deposition [15, 16]. The inset

electron diffraction patterns confirm that the films were

amorphous as deposited, which was also supported by

X-ray diffraction (XRD) analysis. From EDX, the com-

position of the films was determined to be Ge43Te57 (± 1%

error), which is Te-rich.

Debye-Scherrer rings were generated based on diffrac-

tion intensities from the 2D detector integrated in the azi-

muthal direction. Figure 2 shows XRD results obtained by

transforming 2D synchrotron data using XMAS, a software

developed in-house at beamline 12.3.2 [17]. The as-de-

posited films were amorphous at all deposition tempera-

tures, as shown in Fig. 2a. After annealing to 230 �C, the
films were found to be fully crystallized, as shown in

Fig. 2b. Regardless of the deposition temperatures, the

GeTe films were composed of the same phase, with the

expected trigonal symmetry [18]. Weak Te peaks were also

observed due to the Te-rich composition of the films.

Figure 3a shows transformation curves for crystalliza-

tion of GeTe, based on the maximum intensity of the (011)

peak normalized by the maximum intensity of this peak

after full transformation at 230 �C. The sample was heated

at a rate of 2 �C/min from room temperature to 230 �C. The
apparent crystallization temperature was defined as the

temperature at which half of the sample was crystallized

[19]. The apparent crystallization temperatures observed in

this study are higher than values reported by others, as

determined from optical reflectivity measurements [20,

21]. This is expected as all the films here are Te-rich in

composition. From the transformation curves, it is clearly

seen that the apparent crystallization temperatures decrease

with increasing deposition temperature. Figure 3b shows

transformation curves for GeTe films deposited at room

Fig. 2 XRD results for GeTe films. a As-deposited and b fully

crystallized at 230 �C, for films deposited at different substrate

temperatures (room temperature, 60, 80, and 100 �C)

Fig. 3 a Transformation curves for GeTe films deposited at different

temperatures, based on normalized magnitudes of the (011) peak

observed at 230 �C. The heating rate was 2 �C/min. b Transformation

curves for GeTe films deposited at room temperature and heated at

different rates
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temperature and heated at different rates: 2, 5, and 10 �C/
min. As expected, the apparent crystallization temperature

increases with increasing heating rate [22, 23].

Figure 4a shows the local effective activation energy Ec

as a function of the fraction transformed a. Ec was deter-

mined using the Kissinger method for various values of a
for data obtained at different heating rates shown in Fig. 3b

[11]. The Kissinger equation can be written as follows:

ln
b
T2
c

� �
¼ � Ec

kTc
þ const; ð1Þ

where b is the heating rate, k is Boltzmann’s constant, Ec is

the activation energy at a particular transformed fraction a,
and Tc is the temperature at which the transformed fraction

a is reached.

The dependence of Ec on the fraction transformed is

affected by changes in the nucleation and growth behavior

during the crystallization process [24–26]. The local acti-

vation energy Ec(a) is composed of two parts: the activa-

tion energy of nucleation (En) and the activation energy of

growth (Eg) [27–29]. Ec at a given a can be written as

Ec ¼ aEn þ bEg I� 0; U� 0ð Þ; ð2Þ

where I and U are the steady-state nucleation rate and

growth velocity, respectively, with a and b being variables

related to the Avrami parameter, having values 0 B a,

b B 1 and a ? b = 1 [28, 29]. In the early stage of

transformation, with lower values of a, crystallization is

dominated by nucleation, whereas at later stages, with

higher values of a, crystallization is dominated by growth.

Fitting the plot in Fig. 4a using a non-linear regression

method (shown using dotted lines), we estimated the value

of the activation energies for nucleation and growth, Ec

(a = 0) = En and growth Ec(a = 1) = Eg, respectively.

The fitting was carried out under the assumption that the

values of a and b at a particular value of a are the same for

all deposition temperatures. Figure 4b shows values of the

activation energies for nucleation and growth obtained

from Fig. 4a. It is seen that the activation energy for

nucleation decreases significantly with increasing deposi-

tion temperature, from 4.0 to 2.6 eV. In contrast, the

activation energy for growth remains relatively constant at

2.0 eV. Thus, the decrease in the effective activation

energy for crystallization of GeTe observed for increasing

deposition temperatures is primarily due to a reduction in

the activation energy for nucleation. Similar activation

energies for nucleation and growth of films deposited at

room temperature have been reported elsewhere using a

different technique [10, 30]. Films deposited at room

temperature experience a higher effective quench rate as

compared to films deposited at higher temperatures [31].

We postulate that this results in fewer clusters that can act

as precursors of crystalline nuclei, thus making nucleation

more difficult. That the activation energy for growth is

unaffected by the deposition conditions may explain why it

has been found in other studies that samples having the

same composition but made under different conditions

have the same temperature dependence for crystallization,

while differences in the crystallization rate are still

observed due to differences in the nucleation rates [32, 33].

Figure 5 shows Raman spectra for GeTe films deposited

at different temperatures. For all the Raman spectra, there

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

peaks found at 88 and 160 cm-1 are contributed by GeTe

vibration modes [14, 34, 35]. Two distinct peaks were also

observed at 120 and 139 cm-1, and their intensities

decreased with increasing deposition temperature. It is

known that crystalline Tellurium has strongest peaks at

120.4 ± 0.5 and 140.7 ± 0.5 cm-1 [36]. The close prox-

imity of the observed peaks suggests the presence of

Fig. 4 a The local effective activation energy Ec as a function of the

fraction transformed a for films prepared at various deposition

temperatures and b activation energies for nucleation and growth as a

function of the deposition temperature
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homopolar Te–Te bonds in the as-deposited state. It is

known that homopolar Te–Te bonds are forbidden in the

crystalline structure [10]. It has therefore been suggested

that the presence of these homopolar Te–Te bonds might

retard the crystallization process [9]. Our results suggest

that the specific effect of Te–Te homopolar bonds is to

raise the barrier for nucleation of the crystalline phase,

rather than to impede crystal growth.

Effect of deposition rates

Figure 6 shows bright-field TEM images of GeTe films

deposited at rates of 7.1 and 10.3 nm/min. The observed

structures are similar to those of the films deposited at

different temperatures (Fig. 1). The inset electron diffrac-

tion patterns confirm that the films are amorphous as

deposited, which was also supported by XRD analysis.

Using EDX, the composition of the films was determined

to be Ge47Te53 (±1 %), independent of the Ar pressure and

sputtering rate.

Figure 7 shows XRD results for these films deposited at

different sputtering rates. The as-deposited films were

amorphous at all deposition rates, as shown in Fig. 7a.

After annealing to 235 �C, the films were found to be fully

crystallized, as shown in Fig. 7b. Regardless of the depo-

sition rate, weak Te peaks were also observed due to the

Te-rich composition of the films.

Figure 8a shows transformation curves for crystalliza-

tion of GeTe, based on the maximum intensity of the (011)

peak normalized by the magnitude of this peak after full

transformation at 235 �C. . The samples were heated at a

rate of 2 �C/min from room temperature to 235 �C. From
the transformation curves, it is clearly seen that the

apparent crystallization temperatures increase with

increasing deposition rate. Figure 8b shows transformation

curves for GeTe films deposited at a rate of 7.1 nm/min

and heated at different rates: 2, 5, and 10 �C/min.

The same approach discussed earlier was used to

obtain the local effective activation energy Ea as a

function of the fraction transformed a as shown in

Fig. 9a. Figure 9b shows values of the activation energies

for nucleation and growth obtained from the data in

Fig. 9a. It is seen that the activation energy for nucleation

increases with increasing deposition rate, from 3.5 to

4.0 eV. In contrast, the activation energy for growth

remains constant at a value of 1.9 eV. Thus, the increase

in the effective activation energy for crystallization of

GeTe observed for increasing deposition rates is primarily

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

deposition temperatures

Fig. 6 Bright-field TEM images of cross sections of GeTe films

deposited at deposition rates of a 7.1 nm/min and b 10.3 nm/min, on

Si substrates coated with thin layers of native oxide. Top right insets

show electron diffraction patterns and bottom right insets show high

magnification views of nano-scale voids within the film. Pt layers on

top of the films act as protective layers during FIB sample preparation
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due to an increase in the activation energy for nucleation.

It is expected that films deposited at higher deposition

rates experience a higher effective quench rate [31]. This

dependence on the effective quench rate is consistent with

the results obtained for films deposited as different

temperatures.

Figure 10 shows Raman spectra for GeTe films depos-

ited at different rates. Similar to what was found for films

deposited at different temperatures, two distinct peaks were

also observed at 120 and 139 cm-1, and their intensities

increased with increasing deposition rate. This suggests the

presence of homopolar Te–Te bonds in all the as-deposited

films, regardless of the sputtering rate. However, this also

shows that the number of Te–Te homopolar bonds

increases with increasing deposition rate, which, we sug-

gest, raises the barrier for nucleation of the crystalline

phase.

Different sputtering targets were used in both sets of

experiments. It should be noted that the film deposited at

room temperature in the first set of experiments exhibits

higher activation energies for nucleation compared to those

in the second set of experiments. This is likely due to the

higher amount of excess Te in the first set of films,

resulting from the use of different sputtering targets for the

two sets of films. Work done by Carria et al. has shown that

increasing amounts of excess Te will lead to a higher

activation energy for crystallization [21]. However, this

does not affect our interpretation of the data within a single

set of samples having a fixed amount of access Te, and the

correspondence of the trends observed for both sets. It has

been shown through experiments carried out by others that

Te–Te homopolar bonds exist even in stoichiometric

amorphous GeTe films [37, 38]. We have also carried out

experiments on stoichiometric Ge2Sb2Te5 films deposited

at varying substrate temperatures, with the XRD results

and Raman spectra shown in Figs. S1 and S2 (Online

Fig. 7 XRD results for GeTe films. a as-deposited and b fully

crystallized at 235 �C, for films deposited at different rates

Fig. 8 a Transformation curves for GeTe films deposited at different

deposition rates, normalized by the magnitude of the (011) peak

observed at 235 �C, with a heating rate of 2 �C/min and b transfor-

mation curves for GeTe films deposited at a rate of 7.1 nm/min and

heated at different rates
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Resource 1). Even with stoichiometric Ge2Sb2Te5 samples,

the intensity of the 120 cm-1 Raman peak changes with the

substrate temperature in a way that is analogous to what is

seen for GeTe, and there are corresponding analogous

changes in the crystallization behavior. This is consistent

with other reported observations on stoichiometric GeTe

and Ge2Sb2Te5 films in which the crystallization rate is

observed to decrease with the increased presence of

homopolar Te–Te bonds [9, 10]. Taken together, these

results support our proposition that the Te–Te bond density

is the critical factor that affects crystal nucleation in the as-

deposited films.

Summary and conclusions

We have studied the crystallization of amorphous GeTe

films prepared by sputter deposition onto substrates held at

different temperatures and deposited at different sputtering

rates. Through analysis of the crystallization process car-

ried out at different heating rates, it is shown that the

deposition temperature and deposition rate have a signifi-

cant effect on the nucleation of the crystalline phase, but a

negligible effect on its growth. The activation energy for

crystal nucleation increased with decreasing deposition

temperature and with increasing deposition rate. Decreas-

ing the deposition temperature and increasing the deposi-

tion rate both increase the effective quench rate. This

highlights the influence of the effective quench rate on the

crystallization of phase change materials. Raman spectral

analysis indicates an increase of the number of homopolar

Te–Te bonds with decreasing deposition temperature or

increasing deposition rate. Given that homopolar bonds do

not exist in the crystalline phase, we suggest that it is

clustering of Te atoms in the films deposited at low tem-

peratures and high rates that raises the barrier to nucleation

of the crystalline phase.
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