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Abstract

Amorphous Ge>Sb,Tes phase change material is considered as a prototype material for non-
volatile memories due to the reversibility of the amorphous-to-crystalline transition on a nanosecond
timescale. In this context, the kinetics of atomic self-diffusion has important bearings for the
crystallization process and the switching behavior of phase change materials. It is thus important for
applications as well as for the general understanding of the rapid and reversible switching behavior to
understand atomic self-diffusion, especially in the amorphous phase. However, up to now, reliable data
on the kinetics of atomic self-diffusion in amorphous phase change materials is almost non-existent.
For this reason, Te tracer diffusion was measured using secondary ion mass spectroscopy and applying
the highly enriched natural '*?Te isotope. For the first time, Te self-diffusion coefficients in amorphous
GexSbaTes are experimentally measured and the activation energy of Te self-diffusion was determined

as (1.4310.08) eV.
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1. Introduction

Phase change materials (PCMs) have
attracted much attention over the past decades
due to their promising application in rewritable
and non-volatile phase change memory (PCM)
devices [1-3]. More than four orders of
magnitude electrical contrast and a tremendous
difference in optical properties between the
amorphous (high resistance) and crystalline (low
resistance) phases enable PCM technology to
read, write, and store digital data [4—7]. The basis
of these functions is directly related to the
reversibility of the amorphous-to-crystalline
transition that proceeds on a nanosecond
timescale. This has been recognized as early as
1968 by Ovshinsky in the study of electrical
switching [8]. This operation requires PCMs to
be repeatedly heated, melted and vitrified by
optical or electrical pulses to induce the
transformations, 1.e.

respective  phase
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crystallization, melting or glass formation. The
processes of amorphization and crystallization
are accompanied by atomic displacements and
segregation which may lead to reliability issues
and can cause early cell failure during device
operation because of the compositional
variations [9—-12]. Operating temperatures as
high as 85°C in embedded memory devices or
150°C for

applications enhances the atomic transport [13—

even as high as automotive

15]. Atomic diffusion can influence the
crystallization process and the switching
behavior of PCMs. Hence, to ensure the success
of PCM technology in data storage industries, it
is a crucial issue to understand the atomic
diffusion, especially in the amorphous phase.
Among prevailing PCMs, even though the
prototypical PCM GezSbaTes (GST) has gained
the most attention, and has already been
successfully applied in optical and electrical
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storage devices including Blu-ray- and DVD-
rewritable discs [16—19] owing to the pioneering
[20-22],
experimental data related to self-diffusion in

work of Yamada et al reliable
such materials are very limited. In the literature,
some diffusion parameters in molten and
crystalline GST were reported [23-26]. At high
temperatures above the melting point, T;,, the
Stokes-Einstein relation between diffusivity and
viscosity is often applied to evaluate the atomic
mobility  parameters,  nevertheless,  this
relationship will break down when the
temperature decreases below 1.2T;, due to
heterogeneous and cooperative dynamics [23-25]
(here T, is the glass transition temperature).
Yang et al. [26] studied the composition variation
in an electrical field driven by electrostatic force-
induced electromigration. An effective diffusion
coefficient of Te in the crystalline phases was
estimated to be about 10'® m%s at 433 K by
of the

coefficient and the effective charge of constituent

calculating the product diffusion
atoms. However, to the best of our knowledge,
self-diffusion in amorphous PCMs has not yet
been measured. The lack of reliable diffusion
data for amorphous GST is primarily attributed
[27,28]. The fast

comparatively low

to its metastability

crystallization and the
crystallization temperature (150°C) have posed
significant challenges for studying diffusion in
the amorphous state, which demands that
diffusion experiments have to be accomplished
at low temperatures and short times. In addition,
below the crystallization temperature, the high
energies of covalent bonds prevailing in
amorphous PCMs result in low self-diffusion
rates [29]. The resulting small diffusion lengths
in the nanometer range and low diffusion
coefficients, about 102* m?/s, require the usage
of high-sensitivity detection techniques. These
serious complications limit diffusion studies on

such amorphous materials.
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The fundamental diffusion data are of high
importance for amorphous PCMs, especially
with respect to their thermal stability and service
lifetimes. Furthermore, reliable self-diffusion
data
behavior and assessing a complete description of

allow optimizing the crystallization
the kinetics of the phase transformations. For all
these reasons, the present study is focused on
of Te
diffusion in the amorphous phase change

experimental measurements tracer

material Ge>SbaTes.

2. Experimental details
2.1 Synthesis of GST thin films

Amorphous GST thin films were produced
via DC magnetron sputter deposition using a
stoichiometric target (2 inches in diameter) at
room temperature (RT). Single-crystal silicon
wafers of (100) orientation were used as
substrates, which were pre-cleaned by acetone
and distilled water. The base pressure of the
sputter system was below 10® mbar. An Ar
pressure of 5x10~ mbar and 30 W applied power
were used to deposit the films. All sputtering
parameters were chosen to provide the best
quality films, and 200 nm thick samples were
finally fabricated by adjusting the deposition
The thickness of all
determined by a profilometer (DektakXT from
Bruker).

For transmission

time. samples was

electron microscopy
(TEM) characterization, cross-sectional TEM
lamellae of the '?*Te/GST diffusion samples were
prepared by focused ion beam (FIB) sputtering
using a Zeiss CrossBeam 340. Sample transfer
was accomplished using a glovebox with Ar-
atmosphere and a Gatan vacuum transfer holder.
For TEM, a Titan Themis G3 300 TEM (FEI)
was used at 300 kV applying conventional TEM
and scanning-TEM (STEM). Chemical analysis
was made by

energy-dispersive  X-ray

spectroscopy (EDS) in STEM mode using all 4



EDS detectors of the ChemiSTEM system.

Moreover, nanobeam diffraction patterns
(NBDPs) were acquired using the pProbe-mode
to obtain a 1 nm spot with only 1 mrad

convergence angle.

2.2 Alloy characterization

The structural characterization was carried
out using X-ray diffraction (XRD, Siemens
D5000)
electron microscopy (HR-TEM, Thermo Fisher
FEI Themis G3 60-300) measurements. All XRD
data were collected at room temperature using
Cu-Ka radiation (A = 1.5406 A) in the 20 angular
range of 20°- 80° with a step size of 0.02°. Non-
contact atomic force microscopy (AFM, Park

and high-resolution transmission

XE-100) was applied to image the surface
topography of the thin films on the atomic scale.
Scans of a 15x15um? area were performed with
NSCI15 uncoated Si tips with a typical radius of
8 nm.

Additionally, chemical analysis of the films
was performed by STEM coupled with an EDS
detector (FEI Chemistem™). Furthermore, the
composition was also checked by atom probe
tomography (APT) using a CAMECA LEAP
3000X-HR system. The APT samples were
prepared by a FIB FEI Helios 600 NanoLab

using the standard procedure as described in [30].

The measurements were performed in the laser
mode at 7'~ 50 K with a laser energy of 0.5 nJ, a
laser pulse frequency of 100 kHz, and an average
detection rate of 2 ions per 1000 laser pulses.
Finally, the data were processed with the IVAS
3.6.14 software.

2.3 Tracer diffusion measurements

The stable '**Te isotope and GST thin films
with a thickness of about 200 nm were utilized
for the current diffusion measurements. A thin
layer of a highly-enriched (to 98%) '**Te isotope
(natural abundance of 2.55%) was deposited on

3

the surface of the as-deposited GST film using
physical vapor deposition (PVD) under a
vacuum condition lower than 10° mbar. The
122

determined by weighing the sample using a

mass gain, due to deposition, was
microbalance (Sartorius Supermicro S4) with a
resolution of 0.1 pg and taking the differences of
the sample masses before and after the '**Te
deposition process, Am = m, — m;. Knowing
the theoretical density, p, and the deposition
area, s, an average thickness, h, of the '*’Te
layer of about 16 nm was estimated as

N Am

h = s (1)

To precisely determine the '**Te thickness, a
mask was used during the *’Te deposition as
shown in Fig. 1(a), then profilometry was
applied, see the results in Fig. 1(b). In the entire
area, the '?*Te thickness varied in the range of 14-
30 nm, which was determined by more than 25
measurements along the y axis, as shown in Fig.
I(c). The dashed line indicates the average
thickness of 19 nm obtained by profilometry. As
a result, a reasonably flat and dense tracer layer
was prepared, taking into account the size of the
time-of-flight
secondary ion mass spectrometry (ToF-SIMS)

inspected areas during the
profiling, see below. The minor difference
between the estimated and measured layer
thickness can be explained by a reduced density
of the deposited '**Te layer that does not affect
the performed tracer diffusion measurements.
Subsequently, diffusion annealing
treatments were carried out in a sealed aluminum
tube under highly purified Ar atmosphere using
an oil bath. In order to avoid the onset of
crystallization at higher temperatures, the present
measurements were carried out below the glass
transition temperature (Ty). The annealing times

and temperatures are listed in Table 1.
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Fig. 1(a) Schematic diagram of the diffusion samples; (b)

122Te thickness along the y axis; (c) '??Te thickness along

the x axis.

The '?*Te penetration profiles were
measured by ToF-SIMS (IONTOF “TOF.SIMS®-
300”). This technique is highly sensitive and
provides information on the atomic and
molecular composition with nanometer depth
resolution and with sensitivities at the ppm level
and a lateral resolution down to about 100 nm.
The final depth of each sputter crater formed
during the ToF-SIMS measurement was
analyzed with an optical profiler (Sensofar plu
Neox) in order to establish a depth scale for
evaluating the erosion rate during the analyses.
In ToF-SIMS, two different ion beams were used

for data acquisition. A so-called sputter beam of

4

Cs" (500 eV) was employed to erode the
specimen meanwhile a second ion beam of Bis"
(25 keV) was
characterization of the resulting crater bottom.

applied for the chemical

The data was acquired from an area of 100 x 100
um?, which was chosen from an area larger than
200 x 200 um? without any visible defects.

Table 1 ??Te self-diffusion coefficients, D (m/s?), in GST

thin films measured at different temperatures.

) Diffusion
Tracer Temperature Ar?neahng Coefficients
(K) Time (s) (1022 m/s?)
291 2592000  0.0140 +0.0078)
320 25200 2.70 £ 0.55
122Te 333 14400 182+1.2
343 3600 38.3+4.0
353 420 459 + 400

3. Results and Discussion
3.1 Microstructure and chemical homogeneity
As can be seen from the XRD patterns in
Fig. 2(a),
completely X-ray amorphous as reflected by the
two weak and broad peaks at 20 = 28.5° and
20 = 48°. XRD scans for samples after different
isothermal annealing steps are provided in Fig.

after deposition, the sample is

2(b-1). The as-deposited materials were annealed
under the same conditions as for the heat
treatments of the diffusion annealing, and the
corresponding annealing temperatures and times
are denoted in figures. In each case, the thickness
of the thin GST films was about 200 nm. For the
XRD measurements, 200 nm is not thick enough
to only detect the signal of the GST layer.
Therefore, the peak of the single-crystalline Si
substrate at 69° is also visible in Fig. 2(b-f). For
comparison, the XRD patterns of the diffusion
122Te/GST/Si different heat
treatments are also shown in Fig. 2(b-f). An

samples after

analysis of the emerging new peaks identifies
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Fig. 2 XRD patterns of (a) as-deposited GST thin films; (b)-(f) GST/Si and **Te/GST/Si after diffusion heat treatment.
The annealing temperatures and times are 320 K - 420 min, 333 K - 240 min, 343 K - 60 min, 353 K -7 min, respectively,

which are identical to the conditions of the diffusion heat treatment. The sample **Te/GST/Si without diffusion heat

treatment is shown as “initial” diffusion sample.

those to derive from the pure '*Te.

The weak and broad peaks observed on the
annealed samples indicate that annealing up to
353 K did not change the amorphous state of
GST thin films. Thus, the thermal treatment for
diffusion does not induce crystallization, and the
combination of these results pre-confirms that all
subsequent diffusion measurements were carried
out on the amorphous state.

AFM images of as-deposited GST films
with a thickness about 200 nm are shown in
Fig. 3. The film features a very smooth surface
morphology and exhibits an average roughness
of about 1 nm. Compared to the intended
diffusion length, V4Dt, which is of the order of
4-11 nm, the surface roughness does not
influence the measurement of the '**Te diffusion
profiles significantly.

1.89 nm

1.60
1.40
1.20

Fig. 3 AFM surface topography of as-deposited GST thin
films (a) 2-Dimension, and the corresponding (b) 3-

Dimension.
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Fig. 4 APT measurements: (a) side view of a volume from
the GST sample (red, blue, and dark-yellow dots for Ge,
Sb, and Te atoms, respectively); (b) distributions of Ge-Ge,
Sb-Sb, and Te-Te and (¢)

concentration distributions of single Ge, Sb, and Te atoms

first-neighbor distances
measured in the volume presented in (a).

The brittleness of the material, especially at
the '?Te/GST and GST/Si interfaces, did not
allow the measurement of the '**Te diffusion
profile by APT, and only relatively small APT
volumes, see Fig. 4(a), could be acquired before
the sample fractured. However, the alloy
composition and the atomic distributions were
reliably determined. Fig. 4(a) presents the results
obtained from a single APT volume, which are
representative of the data analyzed from five
volumes collected at different depths in the
sample (Figs. 4(a) and 6(f)). Fig. 4(b) presents
the distributions of Ge-Ge, Sb-Sb, and Te-Te
first-neighbor distances in the alloy, which are
found to be in good agreement with the
theoretical binomial laws. A single average
distance is found for each element of the alloy,
which excludes the existence of clusters, since
otherwise two distances would be observed, one
distance for the matrix atoms and one for the
cluster Although the
distances found by APT should not be considered

atoms. interatomic

quantitatively, one can safely conclude that Ge

6

and Sb exhibit similar average first-neighbor
distances below 0.2 nm and the Te atoms exhibit
an average first-neighbor distance above 0.2 nm.
Fig. 4(c) shows the concentration distributions of
Ge, Sb, and Te detected as single atoms.
Furthermore, several molecular types were
detected, GeTe, SbTe, and SbyTe. The results
confirm that all elements or molecules are
randomly distributed in the GST alloy without
any clustering.

3.2 Tracer diffusion measurements

As demonstrated above, all diffusion
experiments were carried out in the amorphous
GST phase. The !**Te concentration-depth
profiles in GST for all diffusion samples
obtained by ToF-SIMS are shown in Fig. 5a. In
each case, the '?*Te intensity is normalized to the
corresponding '?Te intensity, which is the most
in GST and which is
abbreviated as Te in this paper, to account for
variations of the sputtering yield. The normalized
intensity, '**Te/Te, vs. the diffusion depth, x,

was found to be fitted well by the following

abundant isotope

equation,

C(x,t) = Cy*erfc (x_xl) +

2(1)1

remnant 122—-Te layer

C, * erfc (xz—xz) + CO * exp (_ M) +

(O 4p?
Te—rich GST layer tracer diffusion
Co )
——
background

Here, C(x,t) is the concentration at the depth
x from the surface after the annealing time ¢;
(i=012), b, wy, w, are fitting
parameters; C, is the
corresponding to a natural abundance of the '?*Te
isotope in natural Te illustrated by the orange
dashed lines in Fig. 5 (b); and erfc(z) is the so-
called complementary error function. The fitting

Xi, Ci
background value

results for the initial profiles and for a profile
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obtained after annealing at 320 K for 420 min are
shown in Fig. 5 (b) as examples. Note that the
origin of the depth coordinate in Fig. 5 is defined
as x1—5 (in nm). Additional profiles are given in
the supplementary material. An initial diffusion
sample was taken into consideration as a
reference to extract the influence of the
deposition process itself.

The shape of the concentration profiles and the
chosen fit functions are explained by (i) the
remnant contribution of an almost pure '**Te
layer (x4, C1, wq); (i) formation of a Te-rich GST
layer (x,, C,, w,) resulting from mixing of
122Te and GST matrix atoms during PVD-
deposition; (iii) diffusion of the '**Te atoms in
the GST matrix and (iv) a natural background for
the stable '**Te isotope. The
contribution of the first two terms, (i) and (ii), is

combined

indicated by green dashed lines in Fig. 5 (b).
Note that annealing-induced modifications of
7

m  Initial '"PTe/GST/Si
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Fig. 5 Composition profiles of '*>Te obtained by ToF-
SIMS (a) profiles obtained for all samples; (b)
decomposed profiles for the initial sample (left) and after
annealing at 320 K for 420 min (right). In (b), the inset
images are the corresponding '*Te profiles of each
sample. Profiles for other samples are shown in the
supplementary material. For a better comparison, the
origins of the x-axes in these plots are set at x = x;-5 (in

nm), where x; is the fitting parameter from Eq. (2).

this contribution, given by the erfc terms,
correspond to chemical interdiffusion between
the Te-rich layer and the GST matrix which is not
considered in the present study, since a
correct/full thermodynamic description of the
Ge-Sb-Te system would be required. Here, we
are interested in frue tracer diffusion of Te in
GST which is accounted by the term (iii) in Eq.
(2) represented by a Gaussian function.

A certain penetration of the '**Te isotope in
the GST matrix is observed already after sample
preparation in as-deposited state, Fig. 5(b), left
panel, blue dashed line. Most likely, this branch
is influenced by a certain heating of the sample
during PVD deposition. Note that XRD study
confirmed amorphous state of the GST matrix
after '2’Te deposition, thus the deposition-
moderate.

induced heating is Subsequent

annealing-induced  diffusion  results in

broadening of this branch, Fig. 5(b), right panel,
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Fig. 6 Elemental distribution and structure characterization of the initial diffusion sample. (a) STEM-EDS map with
overlaid ToF-SIMS profiles, (b—d) NBDPs for the diffusion sample '2*Te/GST in the selected areas, (¢) HAADF
image at the 'Te/GST interface, and (f) APT volume analyzed at the bottom of the amorphous film at the GST/Si
interface, (g) atomic fraction of '?*Te/GST detected by STEM-EDS from the diffusion zone marked by the dashed-

green rectangle in (a). A Pt-protection layer was deposited on top of the '??Te isotope.

blue dashed line. This contribution originates
from diffusion of the '**Te atoms incorporated in
the GST film after '**Te deposition. The branch
is adequately described by the Gaussian function
and correspond to a dilute limit of Te diffusion in
the GST layer. The diffusion coefficients, D, are
determined as D = (b%? — b3)/t, where b, and
b are the corresponding fit parameters, see Eq.
(2), for the as-deposited sample (bo) and that after
a diffusion heat-treatment (b) at a constant
temperature for a time t, respectively. The
results are listed in Table 1. The numerical values
of all fitting parameters are indicated in the
supplementary material.

The structure and changes
induced by Te deposition and diffusion in the

chemical

GST film were examined further in TEM using
STEM-EDS, Fig. 6(a). The -cross-sectional
chemical map of the heat-treated '**Te/GST

8

sample shows the presence of three clearly
distinguished zones. The map is overlaid with the
results of a STEM-EDS line scan with respect to
the total Te concentration (red line) and the '**Te
ToF-SIMS line profile (orange line). A good
agreement of the two independent data sets
stemming from ToF-SIMS analysis and TEM
examination is found.

NBDPs were recorded at characteristic positions
in the vicinity of the '>Te/GST interface, Fig. 6
(b)-(d). A nanocrystalline state of the upper '**Te
layer is evident from Fig. 6 (b). Below the top
metallic '**Te layer, two dissimilar regions in the
GST film are distinguished. The first, just
beneath the Te layer, is recognized as a Te-rich
GST layer produced by **Te mixing with GST
during '**Te deposition. This layer reveals a
bright contrast in the high angle annular dark
field (HAADF) signal Fig.6 (e) with respect to
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Fig. 7 Elemental distribution and structure characterization of the diffusion sample Te/GST annealed
at 320 K - 420 min. (a) STEM-EDS map with overlaid ToF-SIMS profiles (orange line) and Te
chemical composition (red line), (b-d) NBDPs for the diffusion sample '?*Te/GST in the selected
areas, (e) atomic fraction of '*?Te/GST detected by STEM-EDS in the diffusion area from the

dashed-green rectangle and marked “e” in (a).

the deeper GST film. This area corresponds to a
sharp decrease of the '??Te intensity measured by
ToF-SIMS, Fig. 6 (a), the Te atomic fraction
increased and reached the maximum value since
the signal is the sum of Te and '**Te detected by
STEM-EDS, Fig. 6(g). Additionally, diffusion
broadened this Te-rich GST layer. At larger depth,
the atomic ratio of Te become constant. At the
same time, the '*’Te intensity continuously
decreased to a minimum, namely the background,
which indicates the presence of the original GST
layer. Also, the NBDPs in Fig. 6 (c, d) represent
distinctly amorphous phases, verifying that no
crystallization was induced by the employed
deposition, except leading to a Te-rich GST layer.
The TEM results also reveal that diffusion, at
least the contribution from the first term in Eq.
(2), is driven by a concentration gradient. In Fig.
6(g), an increase of the Ge concentration in the

9

122Te layer is observed for depths less than 10 nm.
This feature might be induced by Ge atom
migration into the top pure '**Te layer from the
Te-rich GST layer during late stages of '**Te
deposition and/or the diffusion heat treatments.
However, the measured concentration of Ge in
the diffusion zone is very close to that in pure
GST. Therefore, the Ge content in the top “pure”
Te layer did not affect the reliability of our Te-
diffusion measurements and is out of scope of the
present study.

Structure changes induced by diffusion heat
treatment were investigated by STEM-EDS and
NBDPs sample Te/GST
annealed at 320 K in Fig. 7. The cross-sectional

on the diffusion
chemical map also shows three visible zones that
are the same as the initial sample. As a
consequence of further diffusion heat treatments,
the Te-rich GST layer was broader than in the



initial sample. In Fig. 7(a), the overlaid Te atomic
fraction (red line) collected from STEM-EDS is
in good agreement with the result from ToF-
SIMS (orange line). Additionally, NBDPs
display amorphous structures in Fig. 7(c, d)
which correspond to the Te-rich GST and the
pure GST layers respectively. Fig. 7(b) indicates
the presence of a crystalline structure of metallic
122Te top layer. These results prove that no
crystallization of the GST material was induced
by the diffusion heat treatments.
ToF-SIMS profiles for all
samples (in Fig. 5(a)) show that diffusion
occurred in a very local area, about 10 nm thick,
the Te-rich GST layer.
mappings of Ge, Sb and Te are displayed in Fig.

measured

below Elemental
6(a) and Fig. 7(a), showing a homogeneous
elemental distribution in the pure GST layer. On
the STEM-EDS map close to the diffusion zone,
it can be evaluated that the chemical composition
(in at.%) of the pure GST layer is Ge: Sb: Te =
21.2: 23.2: 55.5 for the initial sample (shown in
Fig. 6(g)) and 24.8: 21.6: 53.6 for the sample
after diffusion annealing at 320 K for 420 min (in
Fig. 7(e)). Thus, within the uncertainty limits of
the method, it is safe to perform the diffusion
analysis under the assumption of a fixed
chemical composition of the GST material.

of the
measured tracer diffusion coefficients, D, in

The temperature dependence
amorphous GST thin films is shown in Fig. 8 and
it was found to follow an Arrhenius dependence,

D = Doexp (— ) @)

where D, is the pre-exponential factor, Q is the
activation energy, and RT has its usual meaning.
The pre-exponential factor, Dy, is determined as
(5.3%11%) m?s. In the temperature range of 290
K to 355K, the activation energy, Q, for Te
diffusion is obtained as (1.43 + 0.08) eV.
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Fig. 8 Temperature dependence of Te self-diffusion into
amorphous GST determined in this work (triangle and blue
line) in comparison to the self-diffusion rates in amorphous
Si[31] (circle and red line) and amorphous Ge [32] (square
and black line) are shown. The diffusion coefficients are
plotted as functions of the inverse absolute (a) and inverse
T, (b) temperature scales, with T; being the glass

transition temperatures of the corresponding materials.

3.3 Diffusion in phase change materials

In the literature, diffusion in PCMs was
scarcely measured. In Fig. 8, the evaluated Te
self-diffusion coefficients in amorphous GST are
compared with those in different relevant
systems. From one side, amorphous Ge and Si
can be considered as classical prototypes of
semiconductors

amorphous having  wide

applications in optics, energy conversion and in



data storage technology over the last four
decades [33-35]. Additionally, amorphous GST,
Ge and Si, have typical features of disordered p-
type semiconductors [36-38] and they have
covalent bonds in the amorphous state. In Fig.
8(b), the diffusivities
corresponding glass transition temperatures, T,
are shown [39,40].

Compared with the inverse homologous

normalized on the

temperature scale, in Fig. 8(b), Te self-diffusion
in the GST system is significantly faster than
those for the other two systems in the same range
This
difference is essentially ascribed to the lower

of normalized temperatures. obvious
activation energy of 1.43 eV in amorphous GST
compared to amorphous Si: 4.4 eV [31] and
amorphous Ge: 2.1 eV [32], as shown in Table 2.

In the context of the activation energy for
self-diffusion, a comparison with the data
provided in the literature from analyzing the
activation energy for crystallization of
amorphous GST should be shortly discussed.
Those data obtained on the phase transformation
has often been obtained in a macroscopically
averaging way by applying differential scanning
calorimetry or in-situ electrical resistance
measurements, respectively [41-43]. According
to the literature, activation energies in the range
of 2.0 to 2.5 eV were evaluated. Compared to the
activation energy for self-diffusion, as obtained
in the present work by direct diffusion
measurements, a large discrepancy of the order
of a factor of 2 is found. However, one should
keep in mind that these values are not directly
comparable and do not necessarily describe the
activation of the same underlying processes. In
fact, as Te can be seen as representing average
diffusion behavior of the constituting elements in
GST, the remarkable difference between the
activation energy for self-diffusion and the value
obtained indirectly by analyzing the rate

dependence of the crystallization process
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indicates that crystallization is most probably not
based on single-atom attachment kinetics. As the
observed activation energy values for
crystallization are significantly larger, it is
expected that more complex nucleation and
growth modes are involved, possibly involving
the rearrangement of groups of atoms or motifs
to form crystalline aggregates.

As indicated in the literature, the activation
energies for diffusion in amorphous Si and Ge
are the sum of a defect formation and a migration
part [31,32,44]. Compared to self-diffusion in
other glasses, the activation energy obtained for
the amorphous GST in the present work is quite
low. In covalent glasses, the existence of point
defects is well established. In the literature, the
data on activation energies for diffusion in
amorphous covalently bonded materials is
limited. The determined activation energy of
1.34 eV in this work is in agreement with the
value of 1.76 eV obtained from the Arrhenius
dependence of the viscosity of GST measured in
the temperature range 333 - 373 K (below Tj)
[45]. The activation energy for Te self-diffusion
in Te single crystals was determined as 1.53 €V,
indicating that self-diffusion in crystalline Te
occurs by vacancy migration [46]. For crystalline
GST, the energy barrier for vacancy-element
migration is estimated to be around 0.8 -1.0 eV
by density functional theory (DFT) simulations
using the nudged elastic band method [47]. This
value is expected to be lower for amorphous GST
due to the more open structure. It is therefore
expected that the activation energy for diffusion
in amorphous GST should also consist of a
migration- and a defect formation part. A
relatively small fraction of the diffusion
activation energy might be related to an
increased collectivity of atomic jumps in
GST and

delocalization in the structure.

amorphous excess  volume



Table 2 Activation energy Q and pre-exponential factor

D, of the systems discussed in the present work.

Tracer  Alloys Q (eV) Do(m/s?)  Ref.
Present
122T¢ Ge Sb Te.  1.43+0.08 5.31110
PREPRAE 51
work
Ysi s 44 15x10° [31]
"Ge  Ge 2.1 62x10° [32]

4. Conclusions

For the first time, Te self-diffusion in
amorphous GST thin films was measured using
ToF-SIMS analyses utilizing a highly enriched
122Te isotope. A homogeneous GST layer was
synthesized by magnetron sputtering. The
combination of XRD and NBDPs proves that no
induced by the !*’Te
deposition or the subsequent diffusion heat

crystallization was

treatment. Self-diffusion coefficients between
1072* to 1072°m?2/s were measured and it
was found that they follow an Arrhenius-type
dependence between the room temperature and
353 K with an activation energy for Te-self
diffusion of (1.43 +0.08) eV. Compared to other
amorphous systems, the activation energy for Te
diffusion in GST is significantly lower, though it
becomes similar to those in amorphous Si or Ge
when normalized on the respecting glass
transition temperature.
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