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Ge-rich GST alloys are the most promising materials for phase-change memory (PCM) to
fulfill the soldering compliance and the tough data retention requirements of automotive
applications. Significant efforts have been made to engineer those materials and optimize
their integration inside the fabrication process of PCM. In this perspective, the physical
characterization of the device and the material is instrumental in understanding the
underlying physics, improving the process, and optimizing the interactions between the
device, the process, and the material itself. Especially, microscopic investigations have
gathered increasing interest, giving detailed descriptions of local material modulations that
have a crucial role in cell programming and reliability performances. In this work, a deep
analysis of Ge-rich GST microscopic alloy evolution during the integration process has
been performed, exploiting analysis by EELS with TEM supported by a novel statistical
data post-processing method. The new proposed statistical-based methodology also
introduces new simple metrics for elemental compositional evaluations that have been
exploited for process engineering.

Keywords: pcm, Ge-rich GST, GST, NVM, phase segregation, EELS analysis

INTRODUCTION

Phase-change memory is the most mature and promising technology among emerging memory
concepts, which was developed first for stand-alone applications [1-3], but it has also been
considered as embedded memory due to scaling possibilities, overcoming limitations of
conventional flash-based approaches, and easy integration in the back-end-of-line (BEOL)
[4]. Nevertheless, standard phase change materials (Ge,Sb,Tes) cannot satisfy the general
specifications of the consumer and automotive markets, requiring high-temperature data
retention in several applications. In fact, conventional Ge,Sb,Tes has a low crystallization
temperature of about 150°C (measured with typical DSC measurements with minute time-
range ramps), which is not suitable to guarantee high-temperature data retention of more than
2 years at 150°C as required from automotive applications and 5 min at 260°C from soldering
reflow compliance as per JEDEC specifications [1]. On the other hand, the limited retention of
standard GST alloy can be addressed by material engineering: since 2011, Cheng et al. [5] have
demonstrated the increased thermal stability of phase change materials in the Ge-rich portion
of the Ge-Sb-Te ternary diagram, paving the way for the application of PCM technology in the
embedded memory market as demonstrated by Zuliani et al. [6] and, more recently, by Arnaud
et al. [7, 8] on 28 nm FD-SOI platforms.
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Thus, Ge-rich GST alloys play a key role in the development of
a reliable industrial solution for PCM, and a detailed
characterization of Ge-rich GST physical properties, especially
once integrated into devices, has become a crucial need. For this
reason, over the last 10 years, great efforts have been made to
physically characterize and understand the specific thermal
behavior of Ge-rich alloys, with a main focus on phase
transition and elemental segregation. XRD, XPS, and Rs(T)
measurements give a clear picture of their crystallization
dynamics in terms of crystalline phases and electrical
properties [9, 10]. In particular, Ge-rich GST alloys crystallize
in a composite structure made by two cubic phases,
corresponding to fcc Ge,Sb,Tes and Ge phase, according to
the equilibrium phase diagram. This result suggests a
crystallization mechanism involving a first Ge phase depletion
step that slows down the overall process of crystallization before
the whole crystallization of the alloy into two separated
compositions: Ge,Sb,Tes; and pure Ge. More recently,
transmission electron microscopy (TEM) has been used to
complement the information provided by other techniques,
giving physical insights into the early stages of crystal phase
formation and related local effects that are not easily detectable
with integral methods [11, 12].

This analysis has demonstrated the crucial role of microscopic
investigation in the characterization of PCM materials, especially
because the results can be directly related to programmed cells’
physical properties. The microscopic study of non-programmed
(or “bulk”) material properties in integrated devices has gathered
increasing interest both from structural and chemical points of
view [13, 14]. In particular, the latter represents a real challenge
for out-of-stoichiometry alloys such as Ge-rich GST, which result
at the end of the process in segregated materials characterized by
significantly spread composition [9]. In this case, quantitative
evaluation with conventional chemical post-analysis methods,
i.e., mean and standard deviation of the elements, is not effective,
since elemental dispersion is a non-negligible source of noise.
Moreover, the intrinsic local nature of TEM analysis and material
segregation introduces a high degree of variability in the chemical
and physical results, which requires new methods and
instruments to be managed.

In this work, we present a new statistical-based methodology
of chemical TEM EELS (Electron Energy Loss Spectroscopy)
mapping post-elaboration, potentially suitable for any type of
out-of-stoichiometry and segregated material, introducing new
metrics for elemental evaluation, capable of considering
compositional dispersion, and detecting not so obvious hints
of material modification. We exploit the developed methodology
to study the physics of Ge-rich GST in the function of typical
thermal budgets (TBs) involved in back-end-of-line (BEOL)
processes, providing, in the end, further optimization of the
memory cell through material chemical analysis.

MATERIALS AND METHODS

As stated in the previous paragraph, a full understanding of the
alloy microstructure and chemical properties is necessary to
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directly correlate process impact and electrical performance.
For this reason, in this work, the GST alloy samples were
extensively investigated by means of scanning transmission
electron microscopy (STEM) related techniques such as dark-
field STEM (DF-STEM) for the alloy microstructural
characterization, while the chemical properties were
investigated by STEM-EELS. DF-STEM and EELS analyses
were carried out on electron-transparent lamella obtained by
means of focused ion beam (FIB) thinning of cross-section TEM
lamellae. The lamellae preparation was performed using a
Thermofischer Helios G5UX FIB. In all the cases, particular
care was taken to limit the heating and ballistic effects of ion
irradiation on GST film during the final ion milling steps. In
particular, a new advanced approach has been applied, reducing
currents and energies progressively from a value of 30 keV to a
value of low keV in order to avoid material amorphization and
damage. The STEM images were performed with a Thermofischer
Themis Z G3 aberration-corrected scanning transmission
electron microscope equipped with an electron gun
monochromator operating at 200 kV acceleration voltage. To
limit the electron beam damage and effects on the crystallization
process, all the STEM images and EELS maps were acquired with
a low beam current (0.5nA). The EELS experiments were
performed with the post-column Quantum Gatan imaging
filter operating with an energy resolution of 1 eV/channel. The
GST elemental maps were obtained with a step size of 8 A, and the
data were processed using the Gatan® GMS Digital Micrograph
3.23 software.

The selected vehicle for our experiment is an integrated PCM
cell in wall architecture [6, 15] in 90 nm technology [16]. Bulk
analysis has been performed on pristine material inside the PCM
device, which is far from the active area. The integrated PCM
stack is composed of a 5-10nm thick under-layer (UL) of
Ge,Sb,Tes and another 40-60 nm thick layer of N-doped Ge-
rich GST alloy. In particular, the present alloy has been optimized
to fulfill automotive requirements with a crystallization
temperature of about 370°C (ramp rate 10°C/min) [6].

RESULTS AND DISCUSSION

In Figure 1, a representative chemical analysis of the PCM stack
is reported. EELS maps of main elements (Ge, Sb, Te) are shown
for both as-deposited and end-of-process material together with
their respective elemental plots (Sb vs. Ge, Sb vs. Te, and Te vs.
Ge). As evidenced by chemical maps, the as-deposited PCM stack
shows a homogeneous distribution of the elements for both UL
and Ge-rich alloys. Phase homogeneity of PCM stack layers is also
reflected in the elemental scatter plots. As highlighted by orange
and red circles in the Sb vs. Ge plot of the as-deposited sample, the
presence of two accumulation points for data distribution
indicates the coexistence of two different materials, UL and
Ge-rich GST, respectively, characterized by well-defined and
homogeneous composition within the analyzed map. In
particular, the intermediate scatter points represent interface
compositions between the two layers, such as the ones Sb-
enriched at the UL boundaries. On the other hand, EELS
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FIGURE 1 | Chemical analysis of “as-deposited” and “end-of-process” PCM stack: signal maps of the three main elements (Ge, Sb, and Te) are reported together
with elemental scatter plots of Sb vs. Ge, Sb vs. Te, and Te vs. Ge, where the color code from yellow to violet is proportional to Ge content. Superposition of main
elements’ signal maps is also reported. Magenta and green arrows in the top right plot indicate the main directional spread of the compositional distribution.
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FIGURE 2 | Morpho-chemical results of 6 significant BEOL steps along the entire process evolution: in the first line, DF-STEM images of patterned PCM stack are
reported, where crystalline and amorphous contrasts are highlighted; in the subsequent lines, elemental scatter plots of Sb vs. Ge, Sb vs. Te, and Te vs. Ge are reported

with the main focus on Sb vs. Ge plot.
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maps of the end-of-process stack show a different situation,
which is as follows: areas of different composition are
evidenced (see clusters of different coloring in the
corresponding EELS maps) and no more distinction with UL
is visible. This condition, caused by crystallization and atom
diffusion, is also represented in the elemental plots, reporting a
unique and spread distribution, ranging in the composition area
delimited by UL and Ge-rich GST starting compositions (see
dotted circles in the end-of-process Sb vs. Ge plot). In particular,
as shown in the plots, point dispersion is mainly focused on two
different preferential directions (see green and magenta arrows in
Figure 1), giving insights into physical mechanisms for phase
segregation in Ge-rich alloys as reported.

The reported situation evidences the high sensitivity of Ge-
rich stacks to process integration, including BEOL TB, resulting

at the end of the process in a significantly segregated material,
highly variable from a local point of view, with consequent
possible variability in reliability and yield performance when
integrated into memory devices [13]. Thus, a more in-depth
investigation of integrated stack evolution is required to
understand segregation dynamics and how to control and
improve it.

In this work, we have performed a process evolution study by
selecting 10 bulk samples of the integrated PCM stack, picked up
from the sequential steps of the BEOL reported in Figure 1 and
identified by incremental levels of TB (from TO to Tfinal). In
particular, most of the BEOL process recipes range from ambient
temperature to 350°C in timeframes from minutes to hours, while
temperatures above 400°C are critical for material integrity. Bulk
samples were analyzed by TEM, both morphologically and
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chemically, as described in the “Material and Methods”
paragraph, and a significant subset of them are reported in
Figure 2. In the first line of Figure 2, DF-STEM images are
shown, evidencing the morphological phase evolution of the
PCM stack along with process integration. At the deposition
level (T0), UL and Ge-rich alloys have crystalline and amorphous
phases, respectively, due to their different crystallization
temperatures (see first DF-STEM image in Figure 2). Just after
deposition (T1), the PCM stack exhibits an intermediate stage of
partial crystallization with grains formation starting from
crystalline UL as evidenced in the DF-STEM image by the
dotted line. Full crystallization of the stack is visible only at
the subsequent level of TB (Tc), resulting in a critical point for
temperature dynamics. In fact, after Tc, the material shows a finer
evolution, changing crystalline texture and increasing the grain
dimensions. Thus, the full crystallization point of temperature
dynamics represents a significant break for the physical behavior
of the PCM stack, being dominated by amorphous-to-crystal
phase transition before Tc and characterized by continuous
texture modulation after Tc. In particular, after Tc, PCM stack
results are more sensitive to process details and the overall impact
of BEOL integration can be observed [13]. Thus, a more rigorous
description of the corresponding elemental plots must be
performed based on the Tc threshold. In the first part of
material evolution (from TO to Tc), the connection between
crystallization and previously observed compositional spread
becomes clear: as reported in the elemental plots of Figure 2,
passing from the as-deposited step (T0) to fully crystallized
material (Tc), it is possible to observe the sequential collapse
and spread of distribution points at the intermediate stage (T1), a
unique distribution with a center-point between starting
compositions is observable, while at full crystallization level
(Tc), that unique distribution starts to increase its spread. In
particular, the fully crystallized condition (Tc) evidences a
peculiar distribution dispersion, mainly focused along a
specific preferential direction. This direction corresponds to
the Ge increasing and/or Te decreasing axes (see Sb vs. Ge
and Sb vs. Te plots). Thus, directional dispersion of elemental
distribution is linked to the Ge segregation phenomenon
occurring during the crystallization of these alloys [9, 12, 17].
In fact, dispersion along the Ge axis indicates the presence of
grains with different Ge content, varying for its expulsion degree
from each crystal. For this reason, being Sb vs. Ge compatible and
complementary to Sb vs. Te plot (demonstrated also by their
correlation reported in each Te vs. Ge plot), in the following we
will report only to the Sb vs. Ge plot for chemical analysis. In the
second part of the description of elemental plots (from Tc to
Tfinal), further physical mechanisms can be derived, highlighting
the continuous evolution of the material also from a chemical
point of view, in accordance with DF-STEM evidence: grain
growth corresponds to dispersion increasing along the
preferential Ge axis (from Tc to T5) due to continuous Ge
expulsion by segregation, while the appearance of a second
dispersion direction (T5—Tfinal), the one along the Sb
increasing, indicates the insurgence of new elemental
segregation rich in Sb. The latter is clearly visible in the Sb
map of the end-of-process PCM stack reported in Figure 1. Sb-
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rich grains are evidenced in the map, occurring together with the
second dispersion increasing.

The described phase segregations, rich in Ge or Sb,
represent one of the main causes of PCM stack variability
at the end of the process. As shown in Figure 3, different
EELS acquisitions on the same kind of end-of-process
samples, i.e., same PCM stack, same BEOL, and so on, can
result in highly variable chemical plots. Despite a denser part
of the compositional distribution, similar for center point and
extension in all of the cases, each acquisition differs from the
others for dispersion and shape of corresponding distributions,
making it difficult for elemental evaluation and sample comparison
with conventional parameters, such as distribution median or
standard deviation. Moreover, the strong directional dispersion of
such plots, strictly linked to the physical mechanisms involved as
aforementioned, requires a new concept of data analysis for elemental
studies. In the following, we propose a new methodology for chemical
evaluation, based on a statistical approach, that allows reducing EELS
variability by considering only the average behavior of the alloy and
introduces new metrics for process dynamics investigation or material
modulation comparison. It is worth mentioning that the developed
methodology, applied on raw elemental data, aims at gathering
descriptive insights into the underlying physics; a rigorous
statistical treatment was beyond the scope of the present work.

The proposed method is based on the calculation of the
Mahalanobis distance (dj;) of the distribution, which is
defined as follows:

du (X) =\ (X - X)z 1 (X - X), (1)
ot oy
= [ Oy.x Giy ]’ @

where X = (x, y) and X = (%, ) are the coordinates in the space
of interest for the distribution and its median, respectively, while
Y is the matrix of data variances (ai and a;) and covariances (0y,,
and 0y,,) [18]. Thus, dj; corresponds to a generalized version of
distance with respect to the standard Euclidean one (d),
considering intrinsic dispersion and variance of data as
schematically reported in Figure 4A, in which x = Ge and y =
Sb for our case study. As reported in Figure 4A, the inclusion of
distribution variances in the distance calculation can remarkably
modify data evaluation; as an example, the red dot reported in the
figure clearly belongs to the highlighted distribution, while the
green one lies just outside the delimited area. Using the Euclidean
estimator, the green dot is less distant to the data center-point
with respect to the red one, while the Mahalanobis formula
returns the opposite distance ratio, in accordance with the real
A B
C D
function of ¢2, ai, Oxy,0yx) and rearranging Eq. 1, it is possible
to extract as follows:

data population. Considering = = [ ] (with A, B,C,D

Ax* + BCxy + Dy* = d;,, (3)

corresponding to the definition of distribution confidence ellipse,
where the value of d2, indicates the percentage of data contained
in the described area [18]. Using a robust algorithm for the
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FIGURE 3 | Chemical analysis of different acquisitions performed on 6 areas of the “end-of-process” PCM stack is as follows: superposition of signal maps of main
elements (Ge + Sb + Te signals, reported in red, green, and blue, respectively) is reported together with their corresponding Sb vs. Ge scatter plots. Acquisition variability
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FIGURE 4 | Graphical representation of novel statistical methodology and results: (A) Mahalanobis distance vs Euclidean distance definitions and schematic
applications. Red and green points have different distance ratios if calculated by simple Euclidean formula or by considering intrinsic data dispersion; (B) Mahalanobis
distance and confidence ellipse concepts are applied on the Sb vs. Ge scatter plots of Figure 3 for 60 and 90% confidence levels. More compact and similar distributions
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calculation of dj; [19] and the related concept of confidence
ellipse to set a tolerance level (usually at 90%), it is possible to
determine which data of the sampled population are outliers
or not. Thus, a two-step process can be applied to further
study the acquired data: cleaning of outliers from point
distribution to reduce observed variability and analysis of
individuated confidence ellipse to determine exact
distribution parameters [18]. Application of this method
for outlier detection in our case study is reported in
Figure 4B. Confidence ellipses at 60% and at 90% levels
for the acquisitions shown in Figure 3 are highlighted.
Graphically, it is clearly observable that the reduced
acquisition variability for the filtered distributions, now
referred only to the denser part of chemical distributions,
corresponds to the average behavior of the material; formally,
parameters of the confidence ellipse at 90% have been studied,
exploiting them to introduce a further characterization for a
complete chemical evaluation of such materials. In particular,
distribution variances along principal components have been
considered. Thus, along the space axes in which £ matrix is
normalized as follows:

o 0 ]
Z = x 2 5 (4)
[ 0 oy
and confidence ellipse is parallel to space axes as follows:
x, 2 y, 2
Ax”+Dy? == | =d, 5
e N E R

where x' and y' are the principal components [18],
corresponding in turn to a linear combination of Ge and Sb
contents in our case study. In this new normalized space, the
main dispersion direction of the Ge-rich crystalline distribution
(the one along the Ge increasing axis) corresponds to the
maximum axis of the respective confidence ellipse. Thus, from
a physical point of view, the maximum axis of confidence ellipse is
strictly linked to crystallization and Ge expulsion phenomena,
giving an indication of the degree of Ge segregation for the
material under study. Studying dispersion along the maximum
axis in function of BEOL subsequent steps, it is possible to
monitor the evolution of crystallization and Ge segregation
along the whole process of integration. Figure 5 reports the
calculated dispersion along the maximum axis for the 10 bulk

Frontiers in Physics | www.frontiersin.org

April 2022 | Volume 10 | Article 862954


https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles

Petroni et al.
T
1 —e—
1
2 (.15 saturation level |
v aturation leve 1
% 015 Sawratonlevel I E
> 1
© 1
E = : ——
2 '
5 0.10 g : 5
© S 3=
= - 2
k] ks 15
4 I '8
] b 10
e 0.05 g i
o] o 1.£
[a) 1 5
(=]
0
0
<Q N
2 &
@Q Z
56 &
ks ,\o(‘
<R
50
<<§\
FIGURE 5 | Dispersion along the maximum axis of 90% confidence
ellipse in function of BEOL steps: red and magenta vertical dotted lines
indicate characteristic points of process evolution, “crystallization onset” and
“Sb-grains occurrence”; cyan horizontal dotted line indicates saturation
level for the dispersion along the maximum axis value after the Sb-rich grains
occurrence; green arrow highlights the linear trend of dispersion along the
maximum axis with process steps.

samples of our case study, where the standard deviation
highlighted by the box plot at the end-of-process step (see
different acquisitions of Figure 3) can be considered also for
previous steps. In accordance with what is reported in Figure 2,
major axis starts to rise from its basal level when Ge-rich GST
partially crystallizes (T2), and then increases its value linearly
with BEOL steps till a saturation level (T4), which in turn will
remain stable up to the end of the thermal evolution (Tfinal). The
latter feature, not detected by a simple graphical analysis as
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described in Figure 2, corresponds to a slowing down of the
Ge segregation process, because most of the Ge has been already
expelled. At this point of the process evolution line (T4), the
furnished energy to Ge-rich GST alloy is no longer employed in
material crystallization and Ge segregation, but most of it is
exploited for the second segregation observed earlier, the Sb-rich
grain crystallization. In fact, as reported in Figure 5, the
occurrence of these Sb-rich grains exactly corresponds to the
saturation point for the dispersion along the maximum axis.
Figure 6 reports these physical mechanisms in a graphical way.
As we pass through sequential BEOL steps from Tc level, it is
possible to observe Ge grains increasing in terms of both size and
numerosity, as well as the occurrence of Sb-rich grains. In
particular, the highlighted areas for the latter case (see the
“Sb++ grains” column) correspond to the Sb-rich (ie., Sb >
0.5Te) outlier points individuated by the elaborated dy
analysis (see magenta points in the “Sb vs. Ge” column),
proving the 1:1 match between the physical and statistical
concepts. Sb-rich grains are chemically different from most of
the grains in the material that originated from the Ge segregation
phenomenon. For this reason, Sb-rich grains have to be
considered out of the main elemental distribution, which
describes instead the driving physical mechanism of
crystallization for the Ge-rich alloys that is highlighted in the
last column of the figure with the green arrows.

A better and deeper comprehension of Ge-rich GST alloy
thermal dynamics has been reached, revealing new aspects of
phase segregation and crystal evolution. In particular, the
introduced parameter, i.e., dispersion along the maximum axis,
has been proved to describe material behavior with more detail
and precision with respect to conventional or graphical analyses,
allowing its exploitation as a new evaluation metric for BEOL
monitoring and material optimization. For example, this
methodology has been applied in the optimization of present
BEOL in order to check material segregation and related process

Ge++ grains Sb++ grains Sb vs. Ge
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= . increasing| @ | @
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FIGURE 6 | Highlights of PCM stack crystal evolution are as follows: “Ge++ grains” column reports signal maps where the highest content of Ge is highlighted;
“Sh++ grains” column reports signal maps where Sb-rich outliers are highlighted; “Sb vs. Ge” column reports corresponding scatter plot where Sb-rich outliers (reported
in “Sb++ grains” column) are colored in magenta. Magenta and green arrows are a guide for the eyes to highlight outliers’ population and spread increasing respectively.
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FIGURE 7 | Statistical post-analysis of chemical results on “old process” vs. “optimized process”: in the first line, dispersion along the maximum axis box plots are
reported, with corresponding elemental scatter plots Sb vs. Ge in the second line. The red arrow highlights decreasing dispersion trend.
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FIGURE 8 | Morpho-chemical results of “old process” vs. “optimized process”: in the first line, DF-STEM images are reported, highlighting different crystalline
contrasts; in the second line, superposition of main elements’ signal maps (Ge + Sb + Te signals, reported in red, green, and blue, respectively) are reported; in the third
and fourth lines, corresponding signal maps are reported, where the highest content of Ge and Sb-rich outliers are highlighted, respectively.

variability. In particular, the implemented optimizations are
related to TB reduction and BEOL dielectric engineering.
Figure 7 reports chemical results for the Ge-rich part of PCM
stack integrated into the presently studied process (“old process”)
and its tuned version (“optimized process”). Box plots of
dispersion along the maximum axis, calculated over different
acquisitions on identical samples for both cases, show a non-
negligible reduction of its value, indicating the -effective
modulation of the material through process optimization. The

relative elemental plots reported below are aligned to this
statement: the distribution referred to as “optimized process”
is more compact and less spread with respect to its counterpart,
also highlighting the disappearance of the dispersion related to Sb
segregation. These observations are further confirmed by
morphological results reported in Figure 8. STEM DF images
clearly evidence grain size modulation, passing from huge grains
of the “old process” to little and more homogeneously distributed
crystals of the optimized one. Moreover, chemical maps referred
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to Ge and Sb segregation show a remarkable reduction of both
phenomena, perfectly in accordance with the results of metrics
analysis and elemental distribution evidence. Thus, by
monitoring dispersion along the maximum axis, a simple and
synthetic parameter, it is possible to extract the point of physical
evolution at which Ge-rich material has arrived after any thermal
or process treatment and predict its physical behavior and
properties.

CONCLUSION

In this study, a microscopic-scale chemical analysis of integrated
Ge-rich GST alloy is performed on TEM EELS map data with the
main focus on material BEOL evolution and local compositional
variability. In particular, a new effective methodology for the
post-processing of chemical data of strongly segregated materials
has been introduced, exploiting statistical concepts. The
statistical-based method presented in this work is capable of 1)
reducing observed local variability by effectively screening outlier
points of main distribution; 2) introducing new evaluation
metrics to quantify and characterize main compositional
properties of integrated Ge-rich GST alloys, allowing trials
comparison and detection of nontrivial material modulations.
In particular, the application of this methodology to the study of
Ge-rich material behavior in function of BEOL integration has
evidenced, shown the exact trend and peculiar features of the
crystallization phenomenon, highlighting crucial physical points
with precise parameters. Moreover, the correspondence between
studied physical properties, such as degree of crystallization and
occurrence of Sb-rich grains, with the adopted statistical
concepts, such as dispersion of main distribution and outlier
population, respectively, has been proved. Thus, the statistical-
based methodology has been demonstrated to be robust and to
return effective parameters with relevant physical meaning,
allowing process study and material optimization. From this
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