
Acta Materialia 289 (2025) 120929

Available online 11 March 2025
1359-6454/© 2025 The Authors. Published by Elsevier Inc. on behalf of Acta Materialia Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

Full length article

Tellurium self-diffusion in crystalline Ge2Sb2Te5 phase change material

Qingmei Gong a,* , Haihong Jiang a , Martin Peterlechner a,b , Sergiy V. Divinski a ,  
Gerhard Wilde a

a University of Münster, Institute of Materials Physics 48149 Münster, Germany
b Karlsruhe Institute for Technology, Laboratory for Electron Microscopy, Engesserstr. 7 76131 Karlsruhe, Germany

A R T I C L E  I N F O

Keywords:
Tracer diffusion
Grain boundary diffusion
Phase change materials
Ge2Sb2Te5

Face-centered-cubic structure

A B S T R A C T

Ge2Sb2Te5 is the most commonly used material for phase change random access memory. In this work, a 
chemically homogeneous 200 nm thick layer of amorphous Ge2Sb2Te5 was grown on a single crystal Si wafer 
using DC magnetron sputtering and applying a stoichiometric target at room temperature. A metastable NaCl- 
type structure having a face-centered-cubic lattice was obtained by subsequent annealing at 473 K for 30 min. 
The crystal structure and microstructure were analyzed by X-ray diffraction and transmission electron micro
scopy. Te self-diffusion was measured by secondary ion mass spectroscopy applying a highly enriched natural 
122Te isotope. The Te self-diffusion coefficients follow an Arrhenius law in the temperature range between room 
temperature and 353 K with an activation enthalpy of (125.0 ± 5) kJ/mol. The diffusion data are discussed in 
terms of either grain boundary diffusion contributions or, alternatively, in relation to volume diffusion enhanced 
by structural vacancies. In comparison to the amorphous counterpart, the Te self-diffusion rates in crystalline 
Ge2Sb2Te5 are only marginally lower and exceed the volume diffusivities of Te in crystalline Te by more than 
four orders of magnitude, indicating that the structural vacancies seem to determine the measured diffusion 
rates.

1. Introduction

Phase change memory (PCM) devices represent a rather recent 
memory technology and are well known for their application in non- 
volatile and optical rewritable data storage media. Up to now, 
Ge2Sb2Te5 (GST) still is the most commonly used material in PCMs due 
to its superior performance, i.e. the high contrast of physical properties 
between amorphous and crystalline phases, as well as a long cycle life
time in data processing. To store data, short and intense electrical- or 
laser pulses are applied, resulting in melting and subsequently quench
ing the GST into an amorphous phase to achieve data retention. 
Reversely, data erasing is achieved by the transition from an amorphous 
to a crystalline state using a pulse of lower intensity but relatively longer 
duration.

Up to now, numerous efforts have been and are still devoted to 
studying how to improve the performance of PCM cells, such as a sta
bility improvement of the amorphous state, the optimization of the en
ergy consumption for the reset, and the increase in switching rates 
[1–3]. Composition variation in the active region is one of the main 
failure mechanisms induced by the fast atomic mobility during 

repetitive transformations between the amorphous and the crystalline 
phases [4,5]. This behavior leads to detrimental retention of crystalline 
fractions (low resistance), which negatively affects the data storage [6,
7].

The most well-known and most studied crystal structure of GST is the 
metastable NaCl-type-cubic structure formed above 423 K, in which the 
standard sites of the face-centered-cubic (FCC) lattice are occupied by Te 
atoms, while the edge centers and the cell centers are randomly occu
pied by Ge and Sb atoms. About 20 % of the lattice sites, mainly on the 
Ge/Sb sublattice [8], are not occupied, resulting in a high concentration 
of structural vacancies, Fig. 1. When in operation as a phase change 
memory device, the material is subject to repeated transformations be
tween amorphous and crystalline phases, which is accompanied by 
changes in volume, resistivity, and optical properties. During these cy
clic transformations, it is of high importance to retain a homogeneous 
chemical composition.

A non-uniform redistribution of atoms induced by atomic migration 
during repetitive melting and amorphization is one of the main factors to 
cause reliability problems for PCM devices [9–11]. The new alloy usu
ally has different thermal and electrical properties [4,12]. Besides, 
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within the actual memory devices, metal layers are used as electrodes 
directly contacting the GST layer. The presence of these metal electrodes 
has important consequences, since in the interfacial region, the inter
diffusion of Te in the GST layer and metal atoms in the electrode layer 
upon heating leads to an irreversible composition modification and the 
degradation of the microstructure resulting in the early failure of PCMs 
[13,14]. Under high electrical fields and temperature gradients, the fast 
atom mobility in the crystalline and molten states causes segregation of 
Te at the anode, and Sb at the cathode, resulting in a decreased crys
tallization temperature for GST [9,15]. Therefore, diffusion phenomena 
not only affect the chemical composition, resulting in a redistribution of 
atoms, but also further induce microstructure changes that have a direct 
relation with the variation in electrical and optical properties of the GST 
[5,16,17].

The investigation of diffusion processes in the crystalline state thus 
requires further attention. Unfortunately, the literature is scarce 
regarding diffusion investigations on crystalline GST, especially con
cerning experimental measurements. The majority of accessible data 
was obtained by various simulation methods. In nanocrystalline GST, 
the Te diffusion coefficient was evaluated to be on the order of 10–10 m2/ 
s by ab-initio molecular dynamics simulations at 600 K [2,18]. In a 
similar temperature range, Novielli et al. [9,19] estimated the diffusiv
ities at about the same order of magnitude and found that the diffusivity 
in the crystalline phase is much smaller than in the amorphous phase. 
Experimental investigations of atomic diffusion in the FCC structure are 
almost absent, probably due to the expected low values of the diffusion 
coefficients. In a previous work [20], we have measured Te diffusion 
rates in an amorphous GST phase. By heating above the crystallization 
temperature, a crystalline GST phase of the same composition is formed, 
though its diffusion properties were never assessed experimentally.

Therefore, in the present work, the tracer diffusion method in com
bination with time-of-flight secondary ion mass spectrometry (ToF- 
SIMS) are utilized to analyze self-diffusion in the crystalline state, even 
for the small penetration depths of the order of a few tens nanometers 
only. The diffusion data indicate a strong contribution of structural 
vacancies to the atomic transport in the crystalline state. A potential 
contribution of grain boundary (GB) diffusion is carefully analyzed, 
since the existence of grain boundaries has to be taken into account for 
the optimization of the resistance in the crystalline state and since the 
conduction in polycrystalline semiconductors appears to be limited by 
the grain boundaries [16,21,22].

2. Experimental details

2.1. Synthesis and characterization of GST thin films

Amorphous GST thin films with a thickness of 200 nm were depos
ited on single-crystalline silicon wafers of (100) orientation with a 

natural oxide layer via DC magnetron sputter deposition using a stoi
chiometric target (2 inches in diameter) at room temperature (RT). The 
thickness of all samples was determined by a profilometer (DektakXT, 
Bruker). Crystalline GST films were produced via isothermal annealing 
of as-deposited GST at 473 K for 30 min in a sealed aluminum tube under 
a highly purified Ar-atmosphere using an oil bath. In addition, films with 
a 40 nm thickness of GST were directly deposited on a thin amorphous 
carbon film, which can directly be used for transmission electron mi
croscopy (TEM) characterization. Subsequent to the deposition, the thin 
films for TEM characterization were also annealed at the above- 
mentioned conditions to obtain a rock-salt structure. Sample transfer 
was accomplished using a glove-box with a dry Ar-atmosphere and a 
Gatan vacuum transfer holder.

The structural characterization was carried out using X-ray diffrac
tion (XRD, Siemens D5000) and high-resolution transmission electron 
microscopy (HR-TEM, Thermo Fisher Scientific, Titan Themis G3 
60–300) measurements. All XRD data were collected at RT using Cu-Kα 
radiation in the 2θ angular range of 20∘ - 60∘ with a step size of 0.02∘, an 
integration time of 27 s, and a rotating sample stage. Calibration was 
performed under the same settings using SiO2 powder.

TEM measurements were conducted at 300 kV applying conven
tional TEM and scanning-TEM (STEM). Chemical analysis was done by 
energy-dispersive X-ray spectroscopy (EDS) in STEM mode using all 4 
EDS detectors of the Chemi STEM system.

Moreover, non-contact atomic force microscopy (AFM, Park XE-100) 
was applied to image the surface topography of the thin films on the 
nanometer scale. The detailed experimental information can be found 
elsewhere [20].

2.2. Tracer diffusion measurement

A stable 122Te isotope and crystalline GST thin films were utilized for 
the current diffusion measurements. A thin layer of a highly-enriched 
(up to 98 %) 122Te isotope (natural abundance of 2.55 %) was depos
ited on the surface of the crystalline GST film using physical vapor 
deposition (PVD) at a base pressure below 10–5 mbar. An average 
thickness of 16 nm of the deposited 122Te layer was evaluated by 
determining the mass gain after the deposition using a microbalance. 
Subsequently, diffusion annealing treatments were carried out in a 
sealed aluminum tube under a highly purified Ar-atmosphere using an 
oil bath. The annealing times and temperatures are listed in Table I.

The 122Te penetration profiles were determined by ToF-SIMS (ION
TOF “ToF-SIMS5–300”) analysis. The reliability of the method for the 
self- and impurity diffusion measurements was already extensively 
checked for other materials, see e.g. Refs. [23,24]. This technique is 
highly sensitive and provides information on the atomic and molecular 
composition with a nanometer depth resolution and a sensitivity at a 
ppm level [25]. The lateral resolution is about 100 nm. The final depth 
of each sputter crater formed during the ToF-SIMS measurements was 
analyzed with an optical profiler (Sensofar plu Neox) in order to 
establish the depth scale for evaluating the erosion rate during the an
alyses. In ToF-SIMS, two different ion beams are used for data acquisi
tion. A sputter beam of Cs+ (500 eV) was employed to erode the 
specimen, while a second ion beam of Bi+3 (25 keV) was applied for the 
chemical characterization of the resulting crater bottom. The data were 

Fig 1. NaCl-type crystal structure of crystalline Ge2Sb2Te5. Te atoms occupy 
the corner and face center sites of the cubic cell, while Ge, Sb, and vacancies are 
randomly distributed over the edge centers and the cell center [8].

Table I 
Experimental conditions, temperature T and time t, and the determined 122Te 
self-diffusion coefficients, D, in crystalline GST thin films.

T (K) t (103 s) D (m2/s)

291 2592 (1.13±1.04) × 10–24

320 25.2 (1.60±1.56) × 10–22

333 1.4 (1.02±0.86) × 10–21

343 3.6 (2.13±0.73) × 10–21

353 0.42 (1.19±0.60) × 10–20
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acquired from an area of 100 × 100 µm2, which was chosen from an area 
larger than 200 × 200 µm2 without any visible defects.

However, the usage of the SIMS technique for self-diffusion studies 
relies on the availability of natural isotopes with a reasonably small 
abundance, typically below several percent. In such a fortunate case, i.e. 
if and only if a corresponding artificially highly-enriched isotope is 
available, one can use the SIMS technique. This was the case of Te, since 
the 122Te isotope was at our disposal. Unfortunately, natural Ge and Sb 
do not have such isotopes. Therefore, in the present work, only the Te 
diffusion in GST was investigated.

3. Results and discussion

3.1. Microstructure and chemical homogeneity

Isothermal treatments of the as-deposited films at 473 K for 30 min 
lead to a full crystallization as indicated by the XRD patterns and the HR- 
TEM image shown in Fig.2. The XRD patterns reveal the presence of a 
single FCC phase. Moreover, the analysis of the selected area electron 
diffraction (SAED) pattern (inset in Fig. 2(b)) also reveals that the films 
have an FCC structure. The lattice constant is evaluated as a =

5.98 ± 0.02 Å, which is in line with reports in the literature [8,26].
The average grain size of polycrystalline GST can be estimated using 

the Scherrer equation [27,28] in terms of the full width at half maximum 
(FWHM), β. The FWHM of an XRD peak is related to the domain size (in 
an undistorted lattice grain size), d, as follows [28], 

d =
0.89 × λ
β × cosθ

(1) 

where λ = 0.154056 nm is the wavelength of the Cu-Kα1 radiation and θ 
is the diffraction angle. The (111), (200), (220), and (222) FCC peaks 
obtained from the XRD patterns in Fig. 2(a) were analyzed and the 
average domain size of the annealed GST film was found to be (23 ± 8.0) 
nm.

In order to quantify the grain size distribution in the present crys
talline sample, high-angle annular dark-field (HAADF) images were 
collected by STEM, see Fig. 3(a). A dark-field image highlights the dif
ferences in grain orientations within the TEM foil. Thus, comparing to 
bright-field imaging conditions, GBs appear brightly against a dark 
background, making them more distinct and convenient to observe and 
analyse. The longest distance, d1, and the shortest distance, d2, within 
the selected grain were measured using Gatan’s “Digital Micrograph” 
software. Then the average value, d = (d1 + d2)/2, was considered as the 
selected grain size. Finally, the average grain size for the polycrystalline 
GST was evaluated from >100 individual grains. The grain size distri
bution is presented in Fig. 3(b). The same average grain size, (23 ± 8.5) 
nm, was obtained from the HAADF-STEM measurements as from the 

XRD results. As well known from the literature, the grain size of the FCC 
structure can range from several nanometers to tens of nanometers 
[29–32], since the crystallization and grain growth rates sensitively 
depend on the thermal history of a sample, especially on the tempera
ture ramp-rate [33]. Compared to the grain size distribution of GST 
annealed at the same temperature, our results are in good agreement 
with the results reported in the literature [30,31].

As also reported in the literature, atom transport might occur during 
long-term cycling, thus inducing variations in chemical composition and 
surface topography, which affects the stability of the PCM devices [34]. 
In order to analyze the influence of thermal treatments on the element 
distribution, STEM-EDS analyses were carried out.

The resulting elemental distributions of Ge, Sb, Te, as well as of O in 
the GST thin films are displayed in Fig. 4. The atomic fractions were 
averaged over the presented mapping area. Compared with the as- 
deposited amorphous GST, an increased heterogeneity of the 
elemental distributions and a relatively higher oxygen content were 
observed after crystallization. This fact suggests that the chemical 
composition at the film surface might be modified by the formation of 
oxides such as GeO2, Sb2O3, and TeO2 during thermal treatments.

The ToF-SIMS profiles of as-deposited amorphous and crystalline 
GST films, Fig. 5, substantiate an increased oxygen concentration only 
near the outer surface, within a layer of < 10 nm in thickness. At larger 
depths, which are relevant for the present diffusion studies, the corre
sponding intensity decreases below the detection limit of the ToF-SIMS, 
Fig.5. The oxides are unavoidably formed on the surface of the GST 
films, located at the top region in the Te-rich GST layer in the Te/GST 
diffusion samples. Therefore, the formation of oxides does not have a 
significant influence on the subsequent diffusion measurements, since 
our focus is on the diffusion of the 122Te isotope into the crystalline GST 
beneath the Te-rich GST layer, see a detailed explanation in the diffusion 
measurement part below. Thus, the small variations of the elemental 
distribution within the thin subsurface layer after crystallization can 
safely be neglected in the analysis of the present diffusion 
measurements.

If only Ge, Sb, and Te are taken into consideration, the chemical 
composition was evaluated as Ge: Sb: Te = 21.9: 22.4: 55.6 (in at. %), 
which is close to the nominal composition of Ge2Sb2Te5. Thus, the 
chemical composition is stable in the GST volume and it is not affected 
by the crystallization of the amorphous phase.

A rather smooth surface morphology was determined by AFM, even 
though the surface roughness slightly increased after crystallization, 
from initially 1.0 nm to 1.8 nm after the isothermal treatment at 473 K 
for 30 min. The relatively small changes of the surface roughness after 
crystallization might be related to nano-scaled grain size and enhanced 
surface diffusion. Compared to the intended diffusion lengths, 
̅̅̅̅̅̅̅̅
4Dt

√
≈ 10 nm, the surface roughness influences hardly the present 

measurements of the 122Te diffusion profiles.

Fig 2. (a) XRD pattern, and (b) HR-TEM image with the SAED pattern (inset) of the thin GST film after annealing at 473 K for 30 min.
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3.2. Tracer diffusion measurements

The 122Te concentration-depth profiles in FCC GST for all diffusion 
samples obtained by ToF-SIMS are shown in Fig. 6(a). In each case, to 
rule out a variation of the sputtering rate, the 122Te intensity is 

normalized on the corresponding 128Te intensity, which is the most 
abundant isotope in GST and is abbreviated as Te in the present work. 
The normalized intensity, 122Te/Te, vs. the diffusion depth, x, can be 
fitted properly by the following equation,  

Fig 3. (a)Dark-field image of a GST thin film annealed at 473 K for 30 min and (b) the deduced grain size distribution.

Fig 4. The elemental distribution of (a) vapor-deposited amorphous GST and (b) crystalline GST, and the corresponding line scans of Ge, Sb, Te, and O averaged over 
the presented mapping area analyzed from STEM-EDS.

Fig 5. ToF-SIMS depth profiling of Ge, Sb, Te, and O in (a) amorphous GST and (b) FCC GST after 122Te deposition but without any diffusion thermal treatments.
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Here C(x, t) is the concentration of 122Te at the depth x from the 
surface after the annealing time t; xi, Ci (i = 0, 1, 2), b, ω1, ω2 are 
fitting parameters; Cb is the background value corresponding to the 
natural abundance of the 122Te isotope in natural Te illustrated by the 
orange dashed line in Fig. 6(b). erfc(z) is the complementary error 
function. In the present work, we used the same fitting scheme as in our 
previous work on amorphous GST [20]. The meaning of all terms in Eq. 
(2) is directly indicated and the third term is of prime importance (see 
below for further details).

For a reliable comparison of the diffusion-induced broadening, the 
origins of the x-axes were set to the positions of the strongest decreases 
of the tracer concentrations, corresponding to transitions from the erfc- 
branch to the Gaussian branch of the diffusion profiles. To this end, we 
systematically selected the origins of the x-axes at (x1 − 5) nm, where x1 
is the fitting parameter from Eq. (2), see Fig. 6.

The fitting results for the as-deposited sample and for a sample ob
tained after annealing at 320 K for 420 min are shown here as examples 
to indicate the fitting performance, see Fig. 6(b). The profile shape is 
similar to those observed in our previous work [20]. It should be noted 

that the as-deposited sample corresponds to the sample, 122Te/GST, 
without any diffusion heat treatment.

Thus, just a brief explanation might suffice: the first contribution in 
Eq. (2) is due to a remnant almost pure 122Te layer (C1, x1, ω1). The 
second contribution stems from a Te-rich GST layer (C2, x2, ω2) due to 
the mixing of 122Te with GST produced by PVD deposition of the 122Te 
isotope. The combined contribution of the first two terms is demon
strated by the green dashed line in Fig. 6(b). The subsequent penetration 
depth region corresponds to diffusion of the 122Te isotope to the GST 
matrix and it is fitted by a Gaussian function in Eq. (2), indicated as a 
blue-dashed line in Fig. 6(b). This contribution represents the true tracer 
diffusion of 122Te in GST due to diffusion thermal treatments and rep
resents the main focus of the present work. In Fig. 6(c), a linear rela
tionship between the tracer intensity and the square of the penetration 
depth is shown.

In the as-deposited state, the third term in Eq. (2) corresponds to 
penetration of the 122Te atoms into crystalline GST during the PVD- 
deposition. During the 122Te deposition the sample temperature is un
controlled and moderately increases. The corresponding diffusion pro
cess is complex and an analysis of the initial distribution of the 122Te 

Fig 6. Penetration profiles of 122Te obtained by ToF-SIMS (a) for all diffusion samples under different heat treatment conditions; (b) exemplified individual profiles 
and decomposed fitting profiles for the as-deposited sample (left) and after diffusion annealing at 320 K for 420 min (right). In (b), the inset images are the cor
responding 128Te profiles for each sample; (c) the as-deposited profile is re-plotted in the coordinates of the tracer intensity vs. the penetration depth squared. The 
remaining profiles for the other samples and the corresponding fitting parameters are shown in the Supplementary Material. Note that for a better comparison, the 
origin of the depth coordinate is defined as (x1 − 5) nm, see text.

C(x, t) = C1 ∗ erfc
(

x − x1

2ω1

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅ ⏟
remnant 122Te layer

+ C2 ∗ erfc
(

x − x2

2ω2

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
Te− rich GST layer

+ C0 ∗ exp
(

−
(x − x0)

2

4b2

)

⏟̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏞⏞̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅⏟
tracer diffusion

+ Cb⏟⏞⏞⏟
background

(2) 
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atoms within the GST layer is out of the scope of the present paper. 
Though, the diffusion-annealing-induced broadening of that term is a 
reliable parameter for the present analysis.

The tracer diffusion coefficients, D, were determined as D =
(

b2 −

b2
0

)
/t, here b0 and b are the corresponding fit parameters in Eq. (2) for 

the as-deposited sample and for samples after diffusion heat treatments 
(at the given constant temperatures, T, for the given times, t), respec
tively. Note that, here, the as-deposited sample was analyzed to account 
for the influence of the deposition process. The determined diffusion 
coefficients are listed in Table I.

In Fig. 7, the tracer diffusion coefficients are plotted as a function of 
the inverse temperature and they are found to follow an Arrhenius-type 
temperature dependence, 

D = D0exp
(

−
Q
RT

)

(3) 

where RT has its usual meaning, Q is the activation energy, D0 is the pre- 
exponential factor, which is found to be (0.034 ± 0.062) m2/s. In the 
temperature range between 290 K to 355 K, the activation energy, Q, of 
Te self-diffusion in crystalline GST is evaluated as (125.0 ± 5) kJ/mol.

3.3. Mechanism of Te diffusion in crystalline GST

To the best of our knowledge, no data were reported on diffusion in 
crystalline GST, although Portavoce with co-authors have estimated a 
“bulk diffusivity”, Dv, in the crystalline GST phase as [36], 

Dv =
(
CGeDGe

0 +CSbDSb
0 +CTeDTe

0
)
× exp

(

−
147 kJ/mol

RT

)

(4) 

where CGe, CSb, and CTe correspond to the GST composition (in at.%) and 
the pre-factors (DGe

0 , DSb
0 , and DTe

0 ) were taken as those for the pure el
ements. Since self-diffusion in pure Te is the fastest process [36], the 
corresponding activation energy was used as governing the introduced 
“bulk diffusivity in GST”, Eq. (4). Furthermore, a direct exchange 
mechanism was considered in corresponding kinetic Monte-Carlo sim
ulations of crystallization and amorphization by Portavoce et al. [36].

In Fig. 7, the measured Te self-diffusion coefficients in pure Te [35] 

are compared with the present data on Te diffusion in the crystalline 
GST phase. Within the temperature interval of the present experiments, 
the “bulk diffusivity” in GST, estimated by Portavoce et al. via Eq. (4), is 
slightly lower by a factor of about 0.55 (that essentially corresponds to 
CTe) than the Te self-diffusion rate in pure Te.

The diffusion coefficients measured in the present experiments 
exceed those measured by Werner et al. [35] (and used by Portavoce 
et al. [36]) by more than four orders of magnitude. Note that the melting 
point of the GST phase, about 900 K [37,38], significantly exceeds that 
of pure Te, 723 K, and a reverse relation between the diffusion rates 
might be anticipated. Such a strong enhancement of the Te diffusivity in 
the GST crystalline phase demands a careful analysis of the possible 
diffusion mechanism.

Generally, diffusion in the present crystalline GST phase might be 
enhanced by two reasons:

• a large density of grain boundaries in the crystalline films with an 
average grain size of about 23 nm;

• the presence of a high concentration of structural vacancies, about 
20 %, Fig. 1.

Next, these two possible mechanisms are analyzed in more detail.

3.3.1. Grain boundary diffusion
One may hypothesize [36] that Te in the crystalline bulk of GST 

diffuses with rates that are about equal to those measured by Werner 
et al. for self-diffusion in pure Te [35]. It should however be noted that 
the grain size is rather small, resulting in a high GB fraction, which 
might enhance the Te diffusion rates, see a schematic in Fig. 8. Note that 
Huang et al. [5] reported that Te diffusion in crystalline GST might be 
dominated by grain boundary diffusion, since an enhancement of the 
atomic migration rates concomitant to an increase of the grain boundary 
fraction was observed.

The analysis of GB diffusion in a polycrystalline material depends 
strongly on the corresponding kinetic regime as introduced by Harrison 
[39]. Under the C-type kinetics, which is relevant for the present case, 
the logarithm of the tracer concentration has to decay linearly with the 
penetration depth squared [40] that is supported by the plot in Fig. 6(c). 
The C-type kinetics conditions are generally fulfilled at lower tempera
tures, especially at temperatures less than 0.4 Tm (Tm is the melting 
temperature), and for relatively short diffusion times [40,41].

Formally, the GB diffusion regime can be identified by the value of Le 
Claire’s parameter α [39], 

α =
sδ

2
̅̅̅̅̅̅̅
Dvt

√ (5) 

where s is the segregation factor and δ is the GB width. The value of the 
segregation factor s might be estimated at about unity for the present 
case of tracer self-diffusion in the GST materials, since we have not 
observed a significant enrichment/depletion of Te at grain boundaries.

The value of the GB width δ is usually equal to 0.5 nm for FCC metals 
and alloys [42,43]. For GST, the value of 0.5 nm was estimated in 

Fig 7. Temperature dependence of Te self-diffusion in crystalline GST deter
mined in this work (blue circles and line) in comparison to Te self-diffusion 
coefficients in pure crystalline Te [35] (purple triangles and line) and the Te 
self-diffusion coefficients in amorphous GST measured in our previous work 
[20] (green squares and line). Fig 8. Grain boundary diffusion schema.
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simulations of Cueto et al. [44], while Woods et al. [45] estimated the 
GB width as 2 nm based on simulations of nucleation, growth, and 
amorphization using a finite element phase-change model.

However, the exact value of δ is not important for the present order- 
of-magnitude estimates. The C-type kinetics holds when α ≥ 1, i.e. 
when the effective GB width, s⋅δ exceeds the diffusion penetration depth 
inside the crystalline bulk. In our work, the penetration profiles of 122Te 
were measured from RT up to 353 K. In the present conditions, the bulk 
diffusion depth, 

̅̅̅̅̅̅̅
Dvt

√
, is estimated to be < 10–3 nm, if the estimates of Dv 

are done using Eq. (4). Therefore, the corresponding value α ≫ 1 and 
the C-type kinetics conditions are satisfied.

Thus, we may tentatively assume that the measured Te diffusivities 
in crystalline GST, Fig.7, correspond to enhanced GB diffusion, while the 
data of Portavoce et al. [36], Eq. (4), represent volume diffusivity in 
GST. Having determined the self-diffusion data on GB and bulk diffu
sion, one may estimate the GB energy, γgb, using the semiempirical 
approach by Borisov et al. [46], 

γgb =
RT

2a2
0NA

ln
(

Dgb

Dv

)

(6) 

Here a0 is the lattice parameter, which is determined as 5.98 Å by 
XRD measurements, and NA is Avogadro’s number. As a result, the 
temperature dependence of the GB energy is estimated as, 

γgb = (0.021 ± 0.018) + (2.23 ± 0.55)T × 10− 4 J
/

m2 (7) 

At RT, γgb is then equal to 0.087 J/m2, while it amounts to 0.216 J 
/m2 at the melting temperature of 873 K (Tm is estimated using 
Ref. [47]).

This estimate cannot be cross-checked due to a lack of available 
literature data. For the Σ5 GB in Ge, a value of 0.482 J/m2 was obtained 
by ab-initio calculations [48], while 0.032 ~ 2.53 J /m2 was reported as 
the GB energy for Si [49].

If this interpretation of the measured data is correct, Fig. 7 would 
suggest that the Te diffusivities in amorphous GST and along the grain 
boundaries of the crystalline GST phase are nearly the same. This would 
be in line with original ideas of “amorphous cement” between grains as 
invented by Brillouin [50] and Quincke [51], although these ideas are 
not supported by the presently available data [52], see also a recent 
review [53].

Furthermore, Würschum et al. [54] directly compared the tracer 
diffusivities along crystalline boundaries and in the residual amorphous 
phase using Fe as a probe. The results unambiguously suggest that Fe 
diffuses slower in the amorphous phase as along the inter-crystalline 
boundaries by two to three orders of magnitude [54].

Thus, we conclude that most probably these are not the grain 
boundaries, which dominate the diffusion transport in crystalline GST 
films in the present experiments. Note that the GB diffusion is not 
inevitably enhanced with respect to the crystalline bulk, as it was e.g. 
reported for GB diffusion of Au in polycrystalline Si [55,56].

3.3.2. Contribution of structural vacancies
Alternatively to GB diffusion, the relatively fast Te diffusion in 

crystalline GST, with rates similar to those in the amorphous counter
part, might be induced by a high concentration of structural vacancies, 
Fig. 1. It is known that in cubic GST, about 20 % vacancies intrinsically 
exist on the Ge/Sb sublattice [8,57]. Such a larger fraction of vacancies 
facilitates typically the atomic transport. Still, this statement has to be 
taken with a care, since, e.g., structural Ni vacancies do not enhance the 
Ni diffusion rates in B2-ordered NiAl [24], simultaneously increasing the 
diffusivities of Al [58].

Generally, the activation energy of vacancy self-diffusion consists of 
two terms, the formation and migration energies of vacancies (typically, 
the contributions from the temperature dependent correlation factors 
are small with some important exceptions [40]). From the analysis of a 
molecular dynamics simulation [59], the formation energy of thermal 

vacancies on the Te sublattice was found as about 96 kJ/mol, while 
those on the Sb and Ge sublattice are about 34 and 60 kJ/mol, respec
tively. The activation energy of vacancy-mediated element jumps is < 96 
kJ/mol in crystalline GST [60]. These estimates are in an acceptable 
agreement with the present experimental data, especially accounting for 
the existence of structural vacancies which reduce the energy penalties 
for atomic motion and a potential contribution of strong correlation 
effects in an ordered compound. A further analysis would require 
ab-initio informed calculations of intrinsic defects and a detailed eval
uation of the atomistic mechanisms enabling long-range diffusion of Te 
atoms. At this moment, we may speculate only about potential diffusion 
mechanism(s) in this compound. Anions might diffuse as 
self-interstitials or using anion vacancies jumping via, e.g., the 
body-interstitial sites [61,62]. Another possible anion diffusion mech
anism is through Schottky defects or vacancy pairs (anion-cation 
di-vacancy), which can predominate when the concentration of Schottky 
defects is significant [63,64]. Furthermore, formation of intrinsic defects 
on the anion sublattice near the structure cation vacancies and the 
contribution of interstitial Te atoms in such extrinsic conditions have to 
be properly analysed [65]. We left such analysis for a future work.

4. Conclusions

In the present work, Te self-diffusion in polycrystalline GST was 
measured in the temperature interval between RT to 353 K using a 
highly enriched 122Te isotope as a tracer and applying the ToF-SIMS 
technique. The microstructure of the polycrystalline material was 
determined by XRD and TEM characterization, and an average grain size 
of 23 nm was evaluated. Self-diffusion coefficients between 10–24~10–20 

m2/s were found to follow an Arrhenius-type dependence with an acti
vation energy of (125.0 ± 5) kJ/mol.

The determined data have been analyzed in detail based on two 
alternative models based on either the presence of a dominant contri
bution from enhanced GB diffusion or a strong contribution of structural 
vacancies. The current work in conjunction with existing analyses based 
on simulation results strongly suggests that the diffusion contribution 
due to the presence of a large fraction of structural vacancies dominates 
the enhancement of the self-diffusion rate of Te in crystalline GST.

The reported observations here have important consequences for the 
reliability optimization of PCM devices. The study on diffusion mecha
nisms may provide beneficial information to understand the degradation 
of active PCM cells.
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