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Abstract

We have studied the effect of surface oxidation on the crystallization of Ge-rich Ge-
Sb-Te materials, promising for Phase Change Memories working at high temperatures
(>350°C). For this, we have compared the structural and chemical characteristics of films left
exposed to air with those shown by TiN-encapsulated films. The effect of air exposure is to
lower the temperature at which the onset of crystallization starts by 50-60°C. Instead of
homogeneous nucleation observed in encapsulated films, crystallization proceeds from the
surface towards the bulk of the film and results in a massive redistribution of the chemical
elements, forming Ge grains which grow until Ge concentration is low enough to allow the
Ge2Sh2Tes cubic phase to nucleate. In the air-exposed films, Ge crystallization preferentially
occurs at the film surface while the Ge>Sh.Tes grains develop later, at higher temperature, and
deeper in the film. Our results strongly suggest that “seeds” are formed in or below the oxide
during the early stage of annealing, promoting the heterogeneous nucleation of the Ge cubic
phase at a lower temperature than observed in encapsulated films. These seeds necessarily
involve oxygen and we speculate that crystalline Sb>Os nuclei formed in the surface layer

during annealing play this role.



1. Introduction

After their successful exploitation as storage media for DVDs, Phase Change
Materials (PCMs) are again attracting the interest of microelectronic industries as they are
foreseen to be used for the next generation of electronic memories, beyond the technological
nodes accessible to Flash devices [1-4]. Recently, they have been also explored in the
framework of neuromorphic computing and machine learning as synaptic elements in
artificial neural networks thanks to the feasibility of multilevel data storage [5-7].
Furthermore, the potential of PCM Random Access Memories to store and process huge
amount of data opens the route towards the development of the concept of the Internet of

Things [5-7].

PCMs can reversibly transit from the amorphous to the crystalline phases by means of
heating processes [2]. Most of the physical properties of these materials are very different,
depending on the phase. The large change of optical reflectivity is exploited in optical storage
devices. In Phase Change Random Access Memories (PCRAMS), the information bits 0/1 are
stored in the high/low electrical resistivity of the respective amorphous and crystalline states.
Phase switching is induced by means of electrical power pulses of adequate shapes through
Joule heating [1]. Prototypical PCMs are GeTe and Ge>Sbh.Tes [8], which have been
extensively studied for their rapid switching speed (time scale up to nanosecond [9] and sub-
nanosecond [10]) and high resistivity contrast between the amorphous and crystalline phases
(up to 10* ohm-cm change [11,12]), thus representing suitable candidates for PCRAMSs. The
most appealing characteristics of PCRAMs are their cyclability [13], their endurance and fast
programming [14], while presenting an extremely easy scaling path [4]. Another important
characteristic of a PCM is its crystallization temperature (Ty), which dictates the stability of
the RESET state and the reliability of the PCRAM when exposed to high working

temperatures [15, 16]. In this respect, the canonical and largely studied GeTe and Ge,Sh,Tes



phases show their limit with crystallization temperatures of approximately 230 and 170°C,

respectively.

The quest for PCMs showing high Ty (typically larger than 300°C), as desired for
specific embedded applications, has triggered the “discovery” of Ge-rich Ge-Sb-Te (GST)
alloys, where Ty is found to increase with Ge content [17,18]. The addition of impurity
elements, such as nitrogen [19,20], carbon [21], oxygen[22], bismuth [23] and Sb [24], has
also been reported to increase Ty. Today, N doped Ge-rich GST alloys appear to be one of the
PCMs of choice for such applications [18, 25-27].

However, canonical PCM materials show degraded properties and reduced Ty when
the films are left exposed for some time to air [8, 11, 28, 29], what may cause serious issues
for the manufacturing of devices. If the composition of the “natural” oxide layers which form
at the surface of these materials has been studied in detail [29, 30], it is only recently that the
mechanisms at the origin of this reduced T have been elucidated, guided by convincing TEM
observations [8,11,12]. When GeTe is exposed to air, Ge gets selectively oxidized at the
surface while Te segregates below this surface. Following this redistribution, Te may
crystallize below the oxide layer, at a much lower temperature than GeTe (180°C instead of
230°C), and provide seeds for the subsequent heterogeneous nucleation of the remaining
amorphous GeTe towards the bulk. More generally, Noé et al. [8] have shown that Ty and,
beyond the value, the crystallization mechanisms which are activated at this temperature,
depend on the capping or encapsulating layer, mainly through the possible reaction of the film
surface with oxygen and on the resulting elemental redistribution which will follow this
reaction [11, 12, 31]. In Ge>Sh>Tes films, Sb can also get oxidized and Te is repelled below
the oxide layer [30]. While not as clearly demonstrated, it is reasonable to think that, also in
this case, the origin of the lowering of Ty observed after air exposure relies on the elemental

redistribution, resulting from selective oxidation, and on the formation of Te-rich regions



which are able to crystallize at low temperature [32] and provide seeds for the subsequent
heterogeneous crystallization of GST phases. Interestingly, the evidence of a two-step
crystallization process, developing from the surface and propagating towards the depth of the
films with different kinetics and length scales, imposes a different reading of previous reports
on the influence of the film thickness on the crystallization temperature of GST films, notably
when not properly capped [33-35].

Studying the impact of surface oxidation and of the aging of the film left under air
exposure, in films of ~100 nm, is a preliminary step in order to disentangle natural oxidation,
interface and size reduction effects while planning the scaling down to sub-10 nm of confined
memory cells. While an extensive literature is available about these subjects for GeTe and
Ge2ShoTes [8,11,12], there is no such analogous report for the newly emerging PCMs based
on Ge-rich GST alloys.

In this paper, we report on the effect of air exposure on the crystallization
characteristics, onset temperature and mechanisms, of highly Ge-enriched and N-doped GST
films. To this purpose, we compare the structural and chemical characteristics of 100 nm-
thick films, non-encapsulated and encapsulated by a TiN layer, submitted to annealing at
various temperatures and times. Ex-situ characterizations, structural and chemical, of the
films after annealing were performed by X-Ray Diffraction (XRD) and Transmission Electron
Microscopy (TEM) based techniques. We first show that the observed crystallization
temperature is much lower, about 50-60°C less, in the films left exposed to air than in those
encapsulated. The observation in real time of the crystallization of the films during in-situ
annealing in the TEM has been decisive in assessing the different mechanisms by which the
full crystallization of the films is obtained. We show that the films left exposed to air suffer
some immediate oxidation at their surface and that this oxide layer hosts the seeds which

allow the heterogeneous nucleation of the first Ge crystals at the film surface during



annealing. This heterogeneous crystallization from the surface, in contrast to the
homogeneous crystallization observed in encapsulated films, is accompanied by a massive

redistribution of the chemical elements in the depth of the films.

2. Material and methods

100 nm-thick N-doped highly Ge-enriched (E-GST, with [Ge] > 30%) films were
deposited on naturally oxidized Si (100) wafers by physical vapor deposition in an industrial
cluster tool. These E-GST films were either encapsulated by a 20 nm-thick TiN capping layer
or left uncapped in the atmosphere for several months. To encapsulate the E-GST layer, an
ultra-thin (~14 A) Ti-rich layer was deposited on its surface prior to TiN deposition to favor
its adhesion. Samples were annealed in a horizontal Carbolite furnace under atmospheric
pressure and N2 flux for durations from 10 minutes up to 16 hours in the 300-450°C range.
XRD and TEM analyses were performed in parallel on TiN-encapsulated and non-
encapsulated E-GST samples. XRD measurements have been carried out using a Bruker D8
Discover diffractometer exploiting a pS-Co source (A = 1.789 A) and a 2D Vantec 500
detector, in grazing angle configuration at 0.75°. TEM samples were prepared in cross-section
by means of either Focused lon Beam (FIB) or mechanical polishing followed by ion milling
techniques. FIB sample preparation was performed using a FEI Helios Nanolab 600 dual-
beam FIB and SEM. In all the cases, particular care was taken to limit heating and ballistic
effects of ion irradiation of the E-GST film during the final ion milling steps. In-situ
annealing experiments in the TEM were carried out using a spherical aberration corrected FEI
TECNAIF20 equipped with a FEG source and operating at 100 keV to limit beam effects on
the crystallization process [28]. A Philips CM20-FEG TEM working at 200 keV and equipped
with a Microanalyser QUANTAX XFlash detector with a 30 mm? active area and an energy

resolution of 127 eV was used for Scanning TEM-Energy Dispersive X-ray spectroscopy



(STEM-EDX) analyses. Conventional TEM imaging and diffraction experiments on the
samples annealed ex-situ were carried out using both CM20-FEG and TECNAI (set at 200

keV).

3. Results
3.1. Physico-chemical characteristics of as-deposited layers

Figure 1 shows the Bright Field (BF) TEM images of the as-deposited E-GST films.
As seen in the images, both films have approximately the same thickness (95-99 nm), look
homogeneous in density and are structurally amorphous, as evidenced by the associated
diffraction patterns inserted in the images. At the interface between the Si substrate and the
film, the native Si oxide layer is detected in both samples. In the image of the non-
encapsulated E-GST sample, a very thin (2-3 nm) amorphous oxide layer is visible at the film
surface (Figure 1(a)). Alternatively, the polycrystalline TiN layer deposited on the E-GST
film is visible in the image of the encapsulated E-GST sample and detected in the associated

diffraction pattern (Figure 1(b)).
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Figure 1. BF TEM images of the as-deposited amorphous E-GST films: (a), non-encapsulated E-GST and (b), TiN-encapsulated

E-GST. The associated diffraction patterns are shown in the respective insets.

Figure 2 compares the chemical compositions of these two films. The depth-
distributions of the different chemical elements across the films (from the Si substrate up to
the sample surface) confirm that the films are homogeneous in composition along their
thickness. The native oxide layers between the Si wafer and the GST films are clearly
resolved. However, some differences can be observed. In the encapsulated sample, the
interface between the E-GST film and the TiN layer is sharp, as evidenced by the abruptness
of the Ge, Te an Sb profiles and their crossing at mid-height with the Ti and N profiles. In
contrast, in the non-encapsulated sample, the Ge gradient close to the film surface is somehow
weaker while the signal from oxygen dramatically increases. This oxygen signal is of about
the same width but of sensibly larger amplitude than the one arising from the Si native oxide
layer at the E-GST/Si substrate interface. Close inspection of all the profiles shows that not

only the Ge content is reduced in the surface region but also the Te and Sb contents are



reduced, while oxygen has diffused in the layer, largely over a distance of a few nanometers
and slightly over a 30-40 nm distance.

Finally, these analyses in conjunction with the TEM images shown in Figure 1 tend to
indicate that, while the composition of the E-GST film is totally homogeneous in the capped
layer, this composition is strongly disturbed in the surface region of the samples by the long
air exposure. The surface is covered by some germanium-rich oxide layer of a few
nanometers thick, but chemical heterogeneities and oxygen diffusion inside the film are

detected over a distance of about 30 nm from the film surface.
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Figure 2. Depth-distributions of the different chemical elements in the as-deposited E-GST films: (a) non-encapsulated and
(b) encapsulated. Integration of STEM-EDX images along the depth.

3.2. Crystallization temperature

Figures 3(@) and (b) show some of the XRD profiles we have obtained on the
encapsulated and non-encapsulated E-GST samples, respectively, after annealing. As
previously discussed [36, 37], Figure 3(a) evidences the main characteristics of the
crystallization behavior of “air-protected” encapsulated E-GST films. For annealing
temperatures lower than 380°C, the material keeps the same structural characteristics than

when deposited, i.e. it is amorphous. Only after annealing at 400°C for 10 minutes, diffraction



peaks start to form and indicate the preferential crystallization of Ge, as shown in [36]. Phase
separation between cubic Ge and fcc-Ge.ShoTes is observed after 450°C, 30 minutes
annealing while a polycrystalline multiphase layer is obtained after 500°C, 30 minutes
annealing. Figure 3(b) shows some of the XRD profiles we have obtained on the non-
encapsulated samples, for comparison. To start with, we compare the situation after 380°C, 10
minutes annealing. While such an annealing has no impact on the structure of the
encapsulated film, the non-encapsulated film already shows distinctly the peaks of both the
cubic Ge and GST phases. Full crystallization of this layer is obtained after 30 minutes at
450°C range. Moreover, one can note that the XRD profile obtained on the air-exposed
sample annealed at 330°C for 16 hours is about the same than the one obtained on the
encapsulated sample annealed at 400°C for 30 minutes, indicating that in air-exposed films
the crystallization onset initiates at 330°C, while the same phenomenon is observed at higher

temperatures in the encapsulated film.
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Figure 3. XRD measurements of (a) non-encapsulated and (b) encapsulated E-GST (Co source, A = 1.789 A).

To confirm this finding we have undertaken in-situ annealing at 370°C in the TEM of
encapsulated and non-encapsulated samples. Figure 4 shows the most striking result extracted
from this study. The film left exposed to air fully crystallizes after only 5 minutes, while the

film that was encapsulated stays amorphous when annealed at this temperature.

100 nm

Figure 4. BF TEM images taken during in-situ annealing at 370°C, after 5 minutes: (a) non-encapsulated and (b)
encapsulated E-GST films. The electron diffraction in the inset shows that 2 crystalline phases are present in the non-

encapsulated film.

In summary, while it is somehow abusive to talk about some crystallization
temperature for a two-phase material, our XRD and TEM results evidence an onset of the
crystallization of the Ge-rich GST layers, i.e. the temperature at which the cubic Ge phase
starts to appear, is reduced by about -50 to -70°C, due to the exposition of the surface of the

film to the atmosphere. The first goal of this work will aim at understanding why this occurs.

3.3. Ge crystallization at the surface



Noteworthy are the in-situ TEM results we have obtained during annealing at 330°C,
the temperature at which XRD detects the early formation of the Ge crystalline phase in the
non-encapsulated samples. To carefully study the kinetics of this early crystallization, the
sample temperature was increased up to 300°C, temperature at which no structural change
occurs, waiting for sample stabilization. Hence, the temperature was increased by 10°C every
2 minutes up to 330°C. Figure 5 is a montage of TEM images recorded during this in-situ
annealing. While after 2 minutes at 320°C the sample is still homogeneous and amorphous
(Figure 5(a)), after setting the temperature at 330°C some contrasts appear in regions close to
the film surface. As the annealing proceeds, these regions tend to develop, as highlighted by
the red dashed line drawn in Figure 5(b), obtained after 17 minutes annealing. These contrasts
have been previously shown to be due to chemical fluctuations in the film [37]. No void
formation has been revealed during in-situ TEM heating, in the particular ranges of
temperature and time considered here. Some small crystalline grains are also detected through
their dynamical contrast (spotted, for example, by the white arrow in Figure 5(b) and (c)).

(b) 330°C, after 17 min.

O e S S T € o o

Figure 5. BF images taken during in-situ annealing in the TEM of the air-exposed film.

This sample was further analyzed ex-situ by TEM after the completion of the in-situ

experiment, i.e. after 3 hours annealing at 330°C. Figure 6(a) and 6(b) are BF and dark field



(DF) images, of this sample. These images and the associated diffraction pattern demonstrate
that only Ge has crystallized in the layer in the form of nanometer size grains quite evenly
distributed in the film. For comparison, it is exactly the structure found in the encapsulated
films after annealing for 3 hours at 380°C (Figure 6(c) and 6(d)), i.e. at a temperature 50°C

higher than in the sample exposed to air.
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Figure 6. TEM images of the samples after in-situ annealing. Top, air-exposed film; bottom, encapsulated E-GST film. (a) and
(c) are BF images while (b) and (d) are DF image using the red aperture shown in the diffraction patterns and arising from

cubic Ge.

However, we evidence here a major difference between the crystallization behavior
of air-exposed and encapsulated films. In encapsulated films, Ge crystallization occurs not
only at a much higher temperature, but most importantly through the homogeneous nucleation
of the cubic-Ge phase in the whole film [37]. In contrast, in air-exposed films, nucleation of
the crystalline Ge phase occurs preferentially at the film surface and subsequently develops
towards the depth. The second goal of this work will be to understand why.

To understand whether this preferential nucleation results from, or is accompanied

by, a redistribution of the chemical elements within the depth of the film, we have analyzed



its composition by STEM-EDX. Figure 7 shows the depth-distributions of the different
chemical elements across the non-encapsulated film after in-situ annealing. The chemical
composition of the film is found to be still homogeneous after 330°C, 3 hours annealing and
indiscernible from that of the as-deposited material. This demonstrates that the early
crystallization of Ge at the surface of the air-exposed films does not result from the local

enrichment of the layer with Ge atoms.
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Figure 7. Depth-distributions of the different chemical elements after annealing of the air-exposed film at 330°C for 3 h.

Integration of STEM-EDX images along the depth.

3.4. GST crystallization

XRD experiments have shown that, following Ge crystallization, a GST crystalline
phase starts to appear after annealing for longer times or at higher temperatures. These two
phases are clearly seen in the air-exposed sample annealed at 400°C for 30 minutes (Figure
3(b)). Figure 8 shows the TEM structural analysis of this sample. First, the presence of the

two phases is attested by the selected area diffraction pattern inserted in Figure 8(a). DF



imaging (as shown in Figure 8(b)), using the selected spot indicated by the red circle and
corresponding to the (200) plane of fcc-Ge2ShzTes, reveals that the film is composed of large
GST grains, mostly sitting on the bottom film/substrate interface, and buried in a matrix
composed of small Ge crystalline grains. However, a thin (about 20 nm thick) amorphous
layer is detected at the surface of the film, which was not detected after less energetic

annealing.

Figure 8. (a) BF TEM image of the air-exposed E-GST film annealed at 400°C for 30 minutes (corresponding electron

diffraction in the inset). (b) DF image of the same region of the sample using the GST spot circled in red in the electron

diffraction pattern.

STEM-EDX maps of the non-encapsulated E-GST annealed at 400°C for 30 minutes are
shown in Figure 9 along with the integrated depth-profiles. These depth-profiles show the
dramatic redistribution of all the chemical elements within the thickness of the film which
results from this annealing. After a first analysis, three main different regions can be defined
depending on their depth from the surface. From the surface and towards a depth of about 25
nm, the material is mostly composed of a mixture of Ge and O. Then, from this depth and
over the next 25 nm, the material is almost exclusively composed of Ge, although oxygen is
found penetrating this region. Finally, most of the Te and Sb atoms initially present in the
whole thickness of the film are now found accumulated in the last 50 nm, in the deepest part

of the film, close to the bottom interface.
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Figure 9. (a-e) STEM-EDX maps of the air-exposed E-GST sample annealed at 400°C for 30 minutes. (f) Depth-distributions of

a.u.

100

80

60

40 -

20

(f) 400°C 30min non-encapsulated Ge
I [ I
Region3 :Region2=Region1: Sb

T
140

—T
100 120

the different chemical elements. Integration of STEM-EDX images along the depth.

The chemical maps of the sample shown in the same Figure 9 confirm the presence of
large GST grains close to the bottom interface and in regions which appear depleted in Ge.
This depth localization of the GST grains is in contrast to the homogeneous dispersion of the

same grains found in the encapsulated film, albeit observed after annealing at a temperature

about 50°C higher than for air-exposed films (see Figure 10).



Figure 10. Composite chemical image of the TiN-encapsulated E-GST sample after annealing at 450°C for 30 minutes.

(Superimposition of the STEM-EDX maps of the chemical elements composing the sample, namely: Ge, Sb, Te, Si, O, Ti, N).

4. Discussion

This experimental study has evidenced the dramatic impact of air exposure on the
crystallization characteristics of amorphous Ge-rich GST alloys. Firstly, the onset of
crystallization, i.e. the temperature at which Ge starts to crystallize, is typically 50-60°C
lower in the films left to air exposure than in encapsulated, air protected, films. This
temperature shift is found again when comparing the structure of the samples after different
annealing. Secondly, while the complete crystallization of the films results in the same phase
separation of the initially amorphous Ge-rich into the Ge-cubic and the fcc-Ge,Sh,Tes phases
[37], these phases are homogeneously distributed in the encapsulated film while they are
spatially and in-depth distributed in the air-exposed films. In the films exposed to air, the
complete re-crystallization of the film is accompanied by a strong redistribution of the
chemical elements they are composed of, leading to the accumulation of Ge just below the
oxide and, finally, to the preferential formation of large GST grains close to the bottom
interface of the film. These different characteristics need to be discussed.

In the films left exposed to air, Ge crystallization is observed to start at a lower
temperature and only from the surface of the film. The crystallization of pure Ge crystalline
phase from an amorphous film of complex and non-stoichiometric composition requires two
successive steps, i) phase separation and ii) crystal nucleation. The observation of a lower

crystallization temperature for Ge is an indication that one of these two steps is facilitated in



the air-exposed films. However, this early crystallization occurs without noticeable
redistribution of Ge in the depth of the film, as evidenced by STEM-EDX (Figure 7) , what
somehow disqualifies an initial or faster phase separation between Ge and the other elements
for being responsible of this early crystallization. It is more probable that Ge undergoes
heterogeneous nucleation in this precise region, instead of the classical homogeneous
nucleation observed in the encapsulated films. Interestingly, 330°C, the temperature at which
Ge crystallization is observed in the air-exposed films, is the temperature at which solid phase
epitaxial regrowth of amorphous Ge on its own crystalline substrate is known to occur [38],
while 380°C is about the temperature at which crystallization by homogeneous nucleation
occurs in Ge [39]. Thus, it is very probable that the 50-60°C shift of the crystallization
temperature observed between the encapsulated and air-exposed films only reflects the change
of nucleation mechanism of the Ge phase from homogeneous to heterogeneous nucleation.
One is now left with the task to identify the seeds, present in the oxide layer or below it,
rendering possible the heterogeneous and early crystallization of Ge.

The presence of a thin oxide layer (2-3 nm) on the as-deposited air-exposed film and
its further development up to 20 nm in thickness during annealing must be considered. It is
known that the room temperature oxidation of Ge>Sh>Tes leads to the formation of both SbOx
and GeOxy at the surface and to the repelling of the Te atoms below it [11, 29, 30, 40].
Moreover, crystalline Sh>Os is known to form upon the reaction of Sb with O at temperatures
in the 270-360°C range [41, 42]. It is thus probable that such crystalline seeds form at the
surface of the air-exposed films during annealing at temperatures of the order of 300°C, i.e.
slightly below the one required for Ge to crystallize. In other words, annealing of an oxidized
film would lead to the fabrication of crystalline Sb.Os seeds allowing the subsequent
heterogeneous crystallization of Ge at 330°C to take place. However, the possibility that the

oxygen atoms themselves or Ge-O complexes directly act as seeds for crystallization cannot



be ruled out [40]. Anyhow, our experimental results demonstrate that the oxidized surface
layer of the film does contain, in the as-deposited state, the chemical element(s) which will
form the nuclei able to support Ge heterogeneous nucleation and crystallization during
annealing at 330°C.

Once Ge crystallization has started, the same thermodynamics that drives the two-step
crystallization of air-protected Ge-rich alloys operates [37]. Chemical gradients between the
Ge-rich amorphous matrix and the Ge grains progressively drive the excess Ge out of the
matrix, favoring the growth of the Ge grains, until its concentration in the remaining matrix is
low enough to allow the GST phase to crystallize. In the encapsulated films, the Ge grains are
homogeneous distributed along the depth of the films and thus these gradients are randomly
oriented. In average, they do not generate any redistribution of the chemical elements along
the depth of the films. In contrast, in surface oxidized films, the first Ge grains are preferably
located close to the surface of the films and thus these gradients are oriented from the depth
towards the surface of the film. This is why the complete crystallization of the films is
accompanied by a massive transfer of Ge from the bulk towards the surface and a disruption
of the initial stoichiometry of the film. This Ge transfer is visibly compensated by Te and Sb
transfer in the opposite direction.

Our hypothesis can be further tested through the attentive observation of the
redistribution of the different elements obtained after complete recrystallization of the films at
400°C for 30 minutes, shown in Figure 9. Indeed, this figure and the associated chemical
maps not only show the accumulation of Ge below the oxidized surface but also close to the
substrate/film interface. This characteristic is certainly to be correlated to the presence of a
thin silicon oxide layer between the Si wafer and the E-GST film after deposition. While not
evidenced during in-situ annealing in the TEM, Ge grains have probably nucleated early and

preferentially also in this region and have also contributed to drive Ge out of the matrix and



towards this interface. Whether it is the formation of germanium or antimony oxides resulting
from the oxidation of the GST layer in contact with the SiO2 layer and at the surface or it is
the sole presence of O atoms in these regions which promotes the heterogeneous nucleation of
Ge grains cannot be formally answered by this work. However, we provide the important
information that, as part of some germanium or antimony oxides or as an isolated impurity,
oxygen does favor the heterogeneous nucleation of the crystalline phase of Ge during
annealing.

Finally, our results confirm previous reports about the dramatic effect of air exposure,
i.e. surface oxidation, on the crystallization characteristics of GST alloys. For stoichiometric
Ge2Sh2Tes and GeTe materials, the selective oxidation of Ge and Sh atoms at the surface at
room temperature results in some local imbalance of the initial stoichiometry below the oxide
and Te accumulation. In GeTe, Te crystallizes in this region during annealing at a much lower
temperature than GeTe and provides the seeds allowing the further heterogeneous
crystallization of the remaining GeTe alloy [11] below this layer. In GezSh2Tes alloys, the
selective consumption of Ge and Sb atoms due to oxidation and the stoichiometric imbalance
which results not only promote the crystallization of the Te phase at low temperature but also
to the partial crystallization of the GST alloy into the less rich Gei1Sh,Tes phase [32, 40]. In
Ge-rich GST alloys, while the effect of oxidation also results in a dramatic lowering of Ty, it
is not the early crystallization of Te which initiates the overall crystallization process.
Probably, the films are Ge-rich enough when deposited so that, even after oxidation, regions
of pure Te are not formed below the surface and that the local Ge concentration in the region
is still that of a Ge-rich GST layer. Instead, seeds form, probably from Sb20s, and allow the
heterogeneous crystallization of Ge to start at 330°C, triggering later that of the Ge,Sh,Tes

material at a slightly larger temperature.



5. Conclusion

We have studied the effect of air exposure on the crystallization behavior of
amorphous Ge-rich GST films. For this, we have compared the structural and chemical
characteristics of films left several months exposed to air at room temperature with those
shown by TiN-encapsulated, i.e. air-protected films. As observed in many GST alloys, the
effect of air exposure is to significantly lower the “crystallization temperature”, actually the
temperature at which the onset of crystallization starts, by 50-60°C. Moreover, instead of the
homogeneous nucleation observed in encapsulated films, crystallization proceeds from the
surface towards the bulk of the film and results in a massive redistribution of the chemical
elements within the film, observed after complete recrystallization of the films. As in
encapsulated films, crystallization starts with the formation of Ge grains, which further grow
by dragging the Ge excess out of the matrix until its concentration is low enough to allow the
GST phase to nucleate. However, in the air-exposed films, this Ge crystallization
preferentially occurs at the film surface, where an oxide layer is rapidly formed at room
temperature and further develops during annealing. The temperature shift of 50-60°C which is
observed, from 330°C for the air-exposed films to 380°C for the encapsulated films, does
correspond to the temperature shift reported between heterogeneous and homogeneous
crystallizations of amorphous Ge. These observations, along with the detection of some Ge
accumulation also in the vicinity of the SiO2/E-GST bottom interface, tend to demonstrate
that the seeds that promote this heterogeneous nucleation of the Ge cubic phase involve
oxygen, directly as an impurity atom or complex, or most probably through a crystalline
Sbh203 phase. Since all these effects are due to surface oxidation, we expect the same general
behavior in non-encapsulated films as well as in films encapsulated in reactive oxygen

environment.
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