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Ge-rich GST (GGST) alloys are the most promising materials for phase-change memory (PCM)
in embedded applications, being able to fulfill the tough data retention requirements of auto-
motive and consumer markets. GGST alloys are sensitive to thermal budgets and spatial con-
finement; thus, memory device process integration and architecture can strongly impact their
final electrical properties and reliability. In this work, we will show how to monitor and control
architecture, material and process-induced GGST modification, in order to exploit these mod-

ulations to meet the challenges of embedded technologies.

1. Introduction

In the embedded memory field of application, phase-change memories (PCM) are the most
promising emerging technologies [1]. Thanks to their scalability and ease of integration in the
back-end-of-line (BEOL), PCM are considered as valid replacement of classical flash-based
approaches [1,2]. Nevertheless, conventional phase change material (Ge>Sb,Tes) is not
compatible with the high temperature data retention standard required by the automotive and
consumer markets (years at 150 °C required from automotive and the 2 min at 260 °C from
soldering reflow compliance as per JEDEC specifications) [1-3]. In fact, Ge>SboTes has a low
crystallization temperature, about 150 °C when measured with minute time-range ramps [1,4,5].
To overcome this limitation, Ge-rich GST (GGST) ternary alloys have been engineered,
showing to meet markets’ retention specifications due to their crystallization temperature above
350°C (ramp with minute time-range) [6,7], as demonstrated by P. Zuliani [3] and, more
recently, by F. Arnaud [8,9] on 28nm FD-SOI platforms. In this framework, detailed

characterization of GGST physical properties, especially once the chalcogenide is patterned and
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fully integrated, has become a crucial need. In fact, being a strongly out-of-stoichiometry
material, GGST is highly sensitive to thermal budget, experiencing different material features
and electrical performance depending on its thermal history [10]. Previous literature has been
focused on the characterization of the specific GGST crystallization kinetic, based on the
decomposition in Ge and fcc-GST phases [13-18]. Indeed, this decomposition affects
homogeneity of the material at the end of the process, resulting in a very resistive and dispersed
electrical response [10-12]. In order to recover the resistance of the alloy to functional values
for memory application, a forming step is required. The initiation of the material by applying a
first firing pulse creates a compositionally uniform active area, which reduces median resistance
value and dispersion of the cell distribution [11,12]. From an electrical point of view, this effect
can be explained by an activation energy landscape model, where the forming step flattens the
high-energy barriers of the conduction landscape, produced by the chemical decomposition of
the alloy [11]. However, material decomposition also has an impact on electrical response and
reliability after the forming step. In fact, the residual Ge decomposition and dissolution outside
the active area is still influencing median resistance value and retention performance of SET
and RESET states [10,12]. Thus, decomposition level and material homogeneity at the end of
the process have a huge impact on the final electrical performance of the memory cell. However,
a detailed study of the crystallization and decomposition mechanisms of GGST as a function of
process integration parameters, i.e., device architecture, alloy composition and integration of
BEOL materials, is still lacking. Previous works have partially covered this gap by studying the
segregation and crystallization of GGST in function of a realistic sequence of thermal budgets,
1.e., in function of BEOL process integration [19,20]. To achieve this goal, a new statistical
methodology of chemical STEM-EELS (Electron Energy Loss Spectroscopy in Scanning
Transmission Electron Microscopy mode) mapping post-elaboration has been introduced,
capable of dealing with composite materials with highly inhomogeneous composition. This new
methodology has been demonstrated to properly consider compositional dispersion and to
assess segregation and clustering of the material through new metrics for elemental evaluation
[20].

In this work, exploiting the metrics of the statistical methodology already developed, an
extended test case, that includes device architecture trials and material composition tuning, is
presented. The goal is to study GGST segregation mechanism in function of all the possible
process parameters, in order to achieve a complete description of the chalcogenide physical

mechanisms, once patterned and fully integrated in an industrially targeted device.

2. Experimental Section



GGST alloy samples were extensively characterized by STEM techniques conducted on
electron-transparent lamellae obtained by focused ion beam (FIB). The evolution of the alloy
microstructure was observed by dark-field STEM micrographs (DF-STEM), while high spatial
resolution chemical analyses were carried out by EELS. The lamellaec were obtained using a
Thermofischer Helios GSUX FIB. Low energy milling was used during the final thinning steps
to limit heating and ballistic effects of ion irradiation on GGST film. 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 minimize the electron beam damage and effects on the crystallization
process, all the STEM images and EELS maps were acquired with a low beam current (0.5 nA).
The EELS measures were carried out at 1 eV/channel energy resolution with the post column
Quantum Gatan Imaging Filter. The GGST elemental maps were acquired with a step size of
0.8 nm and the Gatan ® GMS Digital Micrograph 3.23 software was employed for the data
elaboration.

Selected vehicle for our experiment is integrated PCM cells in Wall [3,5] and “Fully confined”
(see Results section) architectures in 28nm technology [8,9]. Material analysis has been
performed on pristine material before programming. The integrated PCM stack is composed of
a tiny under-layer (UL) of Ge>Sb,Tes, with thickness equal to 10% of the total one, and another
layer of Ge-rich GST alloy, with different compositions. In particular, the GGST alloy has been
optimized to fulfill automotive requirements, with a crystallization temperature of about 370°C
(ramp rate 10°C/min) [3]. From now on we will refer to the integrated PCM stack by simply
naming the Ge-rich GST layer.

3. Statistical methodology overview

As stated in the “Introduction”, the analysis of the present test case will be performed by
applying the previously reported statistical methodology [20]. The core idea of the method is
to quantify the dispersion of the compositional distribution obtained from the composite GGST
samples, corresponding to its degree of segregation and crystallization [20]. In Figure 1, three
different BEOL-ended GGST devices in Wall architecture, differing for the level of process
optimization (from BEOL1 to BEOL3 dielectric deposition has been modified reducing the
overall amount of thermal budget), are shown. From the DF-STEM images in the first line of
Figure 1, it is observed that the degree of crystallization is gradually modulated in the three
samples, passing from a coarser grain texture in BEOLI to a finer one in BEOL3. This
observation is in line with the chemical analysis, reported in the second line of Figure 1 as EELS

maps of overlapped Ge, Sb and Te signals coded with a RGB color scale (i.e., red corresponds



to Ge, green to Sb and blue to Te). From BEOL1 to BEOL3, the degree of chemical segregation
decreases according to the corresponding crystallinity level, eventually returning smaller and

less bright red or blue areas in BEOL3 map (corresponding to Ge-rich and Te-rich clusters).
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Figure 1. Physical and chemical analysis of 3 different BEOL: in the first line DF-STEM
images of GGST-based devices in Wall architecture are reported; in the second line EELS maps
of Ge, Sb and Te signals superposition coded with RGB color scale are shown; in the third line
on the left an illustrative scatter plot of Sb vs. Ge-Te for BEOL1 sample is shown, with arrow
indicating the dispersion proportional to the degree of material crystallization and segregation;
in the third line on the right the results of statistical methodology for the 3 different BEOL are
reported, where effective metric for segregation and crystallization of Ge/fcc-GST is

highlighted.

The level of material evolution, qualitatively described by the DF and EELS images, is also
well reported by the Sb vs. Ge-Te scatter plots, where each point in the plot corresponds to a
pixel in the EELS map. An illustrative scatter plot is reported in the third line of Figure 1 on the
left for the BEOL1 sample. As shown in the image, the point distribution is preferentially spread
along a specific direction of the scattering space, roughly corresponding to that of the Ge-Te.
The physical meaning of such directional dispersion is linked to the nature of segregation in the
GGST, and the features of the TEM technique used for this analysis. Considering that the Ge-
rich compositions crystallize due to the decomposition of the Ge and fcc-GST phases [14,17],
we should observe two well-defined, i.e., not-spread and Gaussian, distributions in the scatter

plot belonging to the decomposed compositions. However, because the TEM integrates the



EELS chemical signals over the entire thickness of the lamella, the scatter plot shows all the
compositions found between the two segregated phases, mainly along the Ge-Te direction, due
to the overlapping of different fcc-GST and Ge grains in the sample thickness. Thus, the
dispersion of the obtained chemical distribution along this specific direction corresponds to the
level of GGST segregation into the two sub-phases of the material, and it could be considered
as an effective metric for the evaluation of its degree of crystallization and segregation [20]. To
quantify this elongation, the individuation of the intrinsic part of distribution, more Gaussian-
like, is needed [21,22]. The calculation of Mahalanobis distance for the screening of the outlier
population [22,23] allows to isolate the normal distribution through an ellipse at 90% of
confidence (see third line of Figure 1 on the left). From the normal population, it is very easy
to extract the main dispersions of the distribution on the corresponding principal components
[23]. The one along the Ge-Te direction, as reported in the scatter plot of Figure 1, is directly
proportional to the degree of segregation and crystallization of the material, giving us a
quantitative metric to evaluate by-process segregation [20]. The results of such elaboration are
reported in the third line of Figure 1 on the right for the three BEOL-ended GGST. According
to the graphical description discussed above, the metric is capable to track and quantify the

modulation of crystallization and segregation passing from BEOL1 to BEOL3.

4. Experimental results

In this section, the analysis through the statistical methodology on the extended test case,
including different device architectures and material compositions, is presented.

In Figure 2, physical and chemical analysis of GGST integrated with BEOL1 in two different
architectures is reported (see first and second line of Figure 2), together with a schematic of the
corresponding devices (see third line of Figure 2). Differently from Wall architecture, where a
strip of chalcogenide material (in orange in the third line of Figure 2) lays on top of many heater
elements (in yellow in the third line of Figure 2), which individuate the position of the single
memory cell [3,5], in the Fully confined architecture GGST cubic structures with square base
of 1000 nm? order of magnitude singularly land on top of the thin heater elements. Just by
graphically inspecting the first two lines of Figure 2, which report DF-STEM images and EELS
chemical maps, respectively, it is very difficult to compare the segregation and crystallization
levels of the two architectures. In contrast to the case presented previously, graphical inspection
does not even return basic observations. For this reason, the application of statistical
methodology gains even more importance, enabling comparison even in cases where qualitative

image and map analysis is not sufficient.
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Figure 2. Physical and chemical analysis of Wall and Fully confined architectures integrated
with BEOLI: in the first line DF-STEM images of GGST-based devices are reported; in the
second line EELS maps of Ge, Sb and Te signals superposition coded with RGB color scale are

shown; in the third line schematics of the two architectures are shown.

In Figure 3a, the results of the statistical methodology applied on samples of Figure 2 are
shown. Both scatter plots (on the bottom of Figure 3a) and effective metrics (on the top of
Figure 3a) show an increased level of segregation in the Fully confined case. This result is
explained by the crystallization kinetic of patterned GGST, where the dominant process is the
heterogeneous nucleation from the interfaces of the device [14]. This mechanism is shown in
Figure 3b, where a partially crystallized GGST in Wall architecture is physically analyzed in
the perpendicular direction to the chalcogenide strip (see Wall architecture schematic in Figure
2). As highlighted in the top image of Figure 3b with the dashed line, crystallization starts from
the bottom and lateral interfaces of the material. From the chemical point of view (see bottom
EELS map of Figure 3b), Ge segregation appears at the crystallization front (see arrows in the
EELS map), according to the description of the phenomenon given in the literature [13-15].
Thus, having increased the number of available interfaces for heterogeneous nucleation in the
Fully confined structure, faster crystallization kinetics can be assumed. As a consequence, for
the same amount of thermal budget (i.e., same BEOLI) the Fully confined architecture

experiences stronger segregation at the end of the process.
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Figure 3. Results of statistical methodology on Wall and Fully confined architectures: a) on the
top effective metric for segregation and crystallization of GGST in the two architectures is
reported, on the bottom corresponding Sb vs. Ge-Te scatter plot are shown; b) DF-STEM and
EELS analysis for a partially crystallized GGST in Wall architecture, perpendicularly to
chalcogenide strip direction. Dashed line indicates crystallization front and arrows highlight Ge

segregation.

With this result, we have also demonstrated the potential of this methodology in the evaluation
of GGST segregation in different architectures.

A similar analysis can also be performed for different alloy compositions with the same
architecture, in this case a Fully confined structure. The choice of the Fully confined
architecture was dictated by the higher segregation found previously, which should maximize
the possible differences between the two compositions at the end of the process.

Figure 4 shows the two compositions chosen for the analysis according to their main
characterizing properties: Ge amount and crystallization temperature. In fact, by increasing Ge
from Ge,SbyTes along the pseudo-binary line reported in green in the ternary diagram (see
Figure 4a), it is possible to increase the crystallization temperature of the corresponding alloy
to 350°C and above (see Figure 4b, here measured with a ramp rate of 10°C/min) [6].
Specifically, in Figure 4b, the two dashed lines are indicating the chosen compositions: the
GGST one, optimized to have a temperature of about 370 °C (see Experimental Section) [2,3],
reported in purple; and the yGST, characterized by a smaller amount of Ge and a lower

crystallization temperature (of about 250 °C, measured with minute time-range ramp), reported



in magenta. The choice of yGST, which is characterized by a reduced amount of Ge, is aimed
at verifying a possible mitigation of material segregation at the end of the same integration
process, i.e., BEOLI. In fact, the lower the amount of Ge, the weaker the propensity of the Ge-
rich alloy to decompose [17,18].
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Figure 4. Exploration of Ge-rich corner of Ge-Sb-Te ternary diagram: a) specific pseudo-binary
line explored by increasing Ge amount from GezSboTes; b) measured crystallization
temperatures (ramp rate 10°C/min) along pseudo-binary line. The two dashed lines indicate the
chosen compositions for the study, GGST and yGST reported in purple and magenta,

respectively.

In Figure 5, complete characterization and statistical analysis of both GGST and yGST are
reported. By graphically comparing the physical characterization results of the two selected
compositions (first two columns of Figure 5), it is observed that YGST has a coarser grain
texture than GGST and wider Ge- and Te-rich areas. In this case, it is difficult to rely on these
qualitative observations, because the two alloys have a completely different composition, thus
probably different crystallization kinetics (i.e., different grain sizes) [14,17] and different
center-points for the chemical data (i.e., different colorations and sizes for Ge- and Te-rich
areas). However, the statistical methodology takes into account the value of the center-points
of the chemical distributions (see third column of Figure 5), normalizing the metrics to the
actual composition of the material [20]. Therefore, this analysis procedure allows us to compare
the level of chemical segregation in the two cases. The obtained results are reported in the fourth
column of Figure 5: yGST shows slightly more segregation than GGST, probably because,
although it has less Ge, the thermal budgets of BEOL1 are more impactful due to its lower

crystallization temperature (of about 250 °C), accelerating the evolution process [18].
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Figure 5. Physical characterization and statistical analysis for GGST and yGST in Fully
confined architecture: in the first and second columns DF-STEM images and EELS maps coded
with RGB color scale are reported; in the third column Sb vs. Ge-Te scatter plots are shown; in
the fourth column effective metric for segregation and crystallization of GGST and yGST is
reported.

5. Discussion

Figure 6 shows a summary of the statistical metrics extracted from the test cases displayed
from Figure 1 to Figure 5. The linear modulation of segregation as a function of the different
trials explored (BEOL, architecture and composition) can be identified from the graph on the
top. Thus, assuming a pseudo-linear trend of the metric as a function of the tested variables:
Dispersion « segregation ~ a - BEOL + b - architecture + c - composition, (D)
it might be interesting to investigate how much the individual variables weigh on the amount
of final segregation. A fitting model can then be applied according to the law given in (1),
eventually returning an estimation of the variable’s weight on the assumed trend [23,24]. It is
worth mentioning that the variables considered are categoric, so the actual implementation of
the fitting model requires a variable management step to apply a pseudo-linear trend [23]. The
graph on the bottom of Figure 6 shows the results of the fitting displayed by individual
variables. The dashed red lines indicate the conditions of the variables for the reported curves.
Only one condition is shown in the graph because no inversion or distortion of trends has been
observed by varying variables’ choice for center-point [23,24]. The error bars are reported in
blue, while the background color highlights the resulting variable’s weight on the linear trend.
Looking at the steepness of the curves, it is evident that the segregation is most primarily
modulated by BEOL and architecture, with the latter being the most influencing factor (see the
background colors). On the other hand, the composition variable seems to have less impact on
the assumed modulation, as shown in the graph by its low linear coefficient [24]. Therefore, we

can conclude that the main factors impacting segregation in this experiment are related to the



device process (i.e., BEOL and architecture) and that careful optimization of its characteristics
is mandatory. We already know that process integration features can impact the final
performance of memory cells, tuning the segregation level of the material and eventually its

programming features [10].
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Figure 6. Summary of the effective metrics extracted from BEOL, architecture and composition

trials and related fit results: on the top effective metric for segregation and crystallization in
function of BEOL, architecture and composition; on the bottom results of the fitting of effective

metric displayed by single variable.

From the point of view of the out-of-fab material segregation reported in this analysis, adjusting
material composition to mitigate alloy inhomogeneity at the end of the process is not totally
resolving, because of the compensation effect between the lower Ge content (i.e., the lower
segregation propensity [17]) and lower crystallization temperature (see Figure 4b). Moreover,
reducing the Ge amount in the material will have an impact on the electrical behavior of the
device after program, also reducing its retention capability [3]. Thus, a higher Ge content is
suggested for automotive and consumer applications, e.g., according to the GGST sample. In
this view, fine optimization of process integration and device characteristics has been

demonstrated to be the strongest players in improving the quality of out-of-fab material, 1.e.,



degree of segregation and crystallization, thus improving the device electrical performance

[10,20].

6. Conclusion

In this work, an extended test case of device-dependent segregation of Ge-rich GST alloys has
been evaluated through the application of a statistical method [20]. Device architecture and
material composition have been explored as possible modulating factors of material
segregation. A Fully confined architecture has been compared with a more standard one, namely
the Wall architecture, showing a higher level of crystallization and segregation due to the
presence of multiple heterogeneous nucleation interfaces [14]. Then, two Ge-rich GST alloys
have been analyzed, which returned a similar level of segregation due to the balance between
the Ge amount in the alloy and the sensitivity to thermal budgets [17,18]. In conclusion, a fitting
on segregation level has been performed, in function of all the already known sources of
material inhomogeneity (BEOL, architecture and composition), revealing the main players in
the segregation evolution of Ge-rich GST alloys at the industrial level [23,24]. BEOL and
architecture have been proved to be the main modulating factors of segregation, which is an
already well-known parameter for regulating cell reliability []. Thus, considering the weakness
of less Ge-rich alloys about retention performance [3], this work highlights the need to carefully
tune process integration and device characteristics to optimize the final electrical performance

of appropriately Ge-rich GST-based embedded PCMs [10,20].
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