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Abstract

A new simultaneous acquisition software for Precession Electron Diffraction (PED)
and Energy Dispersive X-ray Spectroscopy (EDX) mapping has been developed. This
approach has been used to study the RESET operation in Ge-rich Ge-Sb-Te (Ge-rich GST)
non-volatile Phase-Change Memory (PCM). Such an operation consists in the local
amorphization of the device’s active volume, which defines the memory state. Using PED
patterns indexing, we were able to segment the amorphous area, and access its composition
through EDX quantification. Moreover, both the spatial distribution and the chemical
composition of the two crystalline phases overlapped in the chalcogenide layer were retrieved
by using the spectral unmixing approach and PED patterns indexing. It evidences that Ge and
GexSbiTex (GST-212) crystals are separated in the studied devices. Despite this, we show that
Ge-enrichment is preserved in the active volume of a functional device, which is crucial to
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guarantee the RESET state stability at high temperature. We also link the origin of the failure
of the RESET operation observed in a dysfunctional device to the larger Ge-depleted area.

Keywords: EDXS; Electron diffraction pattern; Phase Change Memories; Spectral
decomposition; Transmission Electron Microscopy

Introduction

In the last two decades, Phase-Change Memory (PCM) technology has shown
outstanding progress. In a general context marked by the need of a next-generation of Non-
Volatile Memory (NVM) [1], Ge-Sb-Te (GST) based PCM has proven its reliability in terms
of scalability [2], programming speed [3] and endurance [4]. PCM is considered as the most
mature memory technology among the emerging ones, and it can be applied in both embedded
and stand-alone systems.

Among the stable compositions investigated along the SboTes-GeTe tie-line,
Ge>SboTes has been intensively studied for its advantageous tradeoff between crystallization
speed and activation energy [5]. However, its low crystallization temperature of about 170 °C
is not compatible with embedded automotive applications, requiring stability for several years
at 150 °C. With the aim of improving stability at high temperature, Ge-enrichment [5], and
nitrogen or carbon doping have been proposed [6-8]. Later on, an optimized Ge-rich Ge-Sb-
Te (Ge-rich GST), referred as T-alloy, has been presented [9] for automotive market
applications. This optimized alloy fits the challenging automotive specifications, ensuring
both code integrity and data retention in high temperature environments. Integrating this
Ge-rich GST alloy into state-of-the-art PCM, an innovative 28 nm FD-SOI e-NVM
technology for automotive application has recently been presented [10]. In such devices, the
control of GST stoichiometry is crucial in order to accurately meet the strict target
requirements. Ge-rich GST refers to the “as-deposited” composition which is amorphous and
homogenous. However, during annealing of full sheet deposited layers, a phase separation
between Ge and a GST phase occurs [9, 11-13], leading to chemical and crystalline
modifications. That could appear as well during the Back-End-Of-Line (BEOL) process
fabrication, which consists in a standard CMOS integration process. Moreover, composition
variations in the active region of the PCM cell have been reported after activation operation
[14, 15] and cycling [16], due to local Ge migration. If such mechanism were to trigger a
failure in standard Ge-Sb-Te alloys [17-19], it is intrinsic and necessary in Ge-rich GST for
the functionality of the device.

In this study, we focus on the understanding of the origin of the extrinsic RESET
programming failure of a Ge-rich GST based PCM device after BEOL process. To do that, we
have characterized both structure and chemistry of GST wall-structure PCM devices [2] used
in 28 nm FDSOI e-NMV technology developed by STMicroelectronics [10]. We applied the
Automated Crystal Orientation and phase Mapping technique developed for Transmission
Electron Microscopy (ACOM-TEM), also known as ASTAR. This technique was used for the
characterisation of phases, while EDX was applied for chemical quantification of both
crystalline and amorphous phases. Through the use of a simultaneous PED/EDX acquisition,
we report the benefits of an exact correlation between both datasets.



2. Material and Methods

2.1 Material

A scheme of the PCM stacking with a sectional view of the structure is shown in
Fig. 1. The active device is built on a stack comprising, from bottom to top, a silicon
substrate, a 25 nm-thick buried oxide, a <100> orientation Si thin film and a tungsten bottom
electrode. The bottom electrode is connected to the GST layer by a thin TiN element, named
“heater”. This conductive material is deposited by etching into an insolent silicon nitride
layer, and allows to obtain a localized Joule heating of the GST. We remind that PCM relies
on the transition between an amorphous resistive state (RESET state) and a crystalline
conductive state (SET state) of a small volume of GST above the heater. Both RESET and
SET programming are achieved by applying adequate current pulses. On the top of the device,
a 20 nm-thick TiN encapsulation layer is deposited onto the chalcogenide layer.

The first RESET programming operation of the PCM includes an initial activation
procedure, also named “forming” operation. It allows to switch the cell from a highly resistive
virgin state to a lower and suitable resistive state for embedded memory application [14, 15].
Such operation leads to the formation of a conductive path between the heater and the top
electrode, along which the material gets melted. This melted area then constitutes the
programming region of the cell, also called active area. At the end of the BEOL process
fabrication, the PCM test vehicle is submitted to a high temperature bake in order to explore
the RESET programming reliability after extreme BEOL conditions. We remind that we focus
our analyses on two cells, one programmed successfully in the RESET state (RESET-Pass),
and the other failing at the RESET programming (RESET-Fail) being its resistance below the
target one (i.e. IMQ). We analysed a region on interest on each cell (Fig. 1).

2.2 Experimental techniques

The sample was prepared along the bit-line direction by Ga* Focused Ion Beam (FIB)
milling using a FEI Helios 450 machine. A tungsten protection layer was deposited to protect
the two regions of interest from the tails of the ion beam and the specimen was deposited
onto a molybdenum TEM grid. Then, we used a 30 kV operation voltage for the initial
thinning and finished with a low beam energy in the range 5-8 kV to reduce FIB-induced
damage. Both cells were observed at 200 kV using a probe corrected Titan Themis FEI
microscope equipped with the Super-X detector system for Energy Dispersive X-ray (EDX)
spectrometry and a Gatan US1000 CCD camera for diffraction patterns acquisition. The
Super-X system comprises four 30mm? windowless silicon drift detectors placed at an
elevation angle of 18° from the horizontal with a symmetrical distribution along the beam axis
(45°, 135°, 225° and 315° azimuthal angles) and a 0.64 + 0.06 sr total solid angle [20]. EDX
was used for chemical characterization whereas ASTAR [21] technique was used to
automatically index diffraction patterns for phase identification.

Simultaneous acquisition of EDX spectrum and diffraction patterns was performed in
precession mode (PED-EDX) using a homemade Digital Micrograph (DM) script. This script
synchronizes (i) the beam shift between the acquisition points and the collection of (ii) the
diffraction patterns and (iii) the EDX spectra, while the precession is activated using the
precession option available in the user interface of the microscope. It only differs from
Scanning Precession Electron Diffraction in that EDX spectra are collected simultaneously
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with the diffraction patterns. Note that, by performing a simultaneous PED-EDX acquisition,
we ensure that the datasets have an exact pixel correlation. Hence, it allows an accurate
correlation between the structure and the composition. A schematic of the simultaneous
acquisition and datasets is shown in Fig. 2.

The TEM was used in microprobe mode with a gun lens of 1, a spot size of 4, a 30um
C, aperture, a probe current of 150-200 pA and a precession angle of 0.5°. Considering the
Full Width at Half Maximum (FWMH), we measured an electron probe size of 4.0 nm on a
monocrystalline [110]-oriented silicon of a 100-nm thick lamella. We also determined a beam
convergence semiangle of 1.2 mrad using a diffraction pattern obtained on the same [110]-
oriented silicon. Fig 1b presents a TEM image showing the two acquisition areas, one on the
RESET-fail cell and one on the RESET-Pass cell. Both cells were scanned over a 102 x 92
nm? area using a 2.6 nm pixel size and a 0.9 s dwell time. For each acquisition, both
diffraction patterns and EDX spectra were recorded as 40 x 36 pixel images.

2.3 Data analysis

Ge K-, Sb L- and Te L-lines were extracted from EDX spectra using the Kramer
background subtraction method implemented in Gatan Microscopy Suite 3 (GMS 3). The k-
factors were determined for GST quantification using the theoretical expression of kjj, the k-
factor of element 1 relative to element j:

o M; ij]-(x]-i
ij =
M] Qiu)i(xi &j

Where M; ; are the atomic masses, Q; ; are the ionization cross-sections (cm?), w; ; are the
fluorescence yields, @; ; are the relative intensities of the X-ray lines for elements i and j, and
g; j are the detection efficiencies for these lines. Using the net X-ray intensities of the Ka+Kb
and La+Lb+Lg lines for GST quantification, k-factors were determined relative to silicon
with @; j=1. From the NIST database [22], the total emission cross sections (Q.w) were
evaluated at 9.34 x 10723 cm2, 19.01 X 10723 cm?, 19.09 X 10723 cm? and 8.46 x 10723
cm? for the Ge K-, Sb-L, Te-L and Si-K lines, respectively. We assumed an Al contact and a
Si dead layer of 30 nm each to evaluate the detector efficiency at 96%, 99%, 99% and 97%
for the Ge K- Sb L-, Te L- and Si-K lines, respectively. Therefore, the theoretical k-factors
are 2.36, 1.89 and 1.97 for the Ge K- Sb L- and Te L-lines, respectively.

The two EDX maps, obtained on the RESET-Pass and RESET-Fail cells, were combined into
one to increase the number of spectra for statistical analysis. The acquisition conditions being
the same, we were able to concatenate the two images into a single dataset. Note that this
operation is not possible in case EDX acquisition conditions are varying as it would result in
non-comparable datasets and then an incorrect statistical analysis.

Using the open source Hyperspy toolbox [23], scikit-image [24] and sci-kit-learn packages
[25], Principal Component Analysis (PCA) was applied as a denoising method with a
weighting pre-treatment for Poisson noise normalization on the merged datasets [26]. This
method consists in identifying the components that yields most of the variance of the data,
and hence meaningful information, separating them from noise. The PCA scree plot was used
to determine the number of components that explains most of the variability in the dataset. Six
components were found, which is in agreement with the five expected chemical phases
(titanium nitride, silicon nitride, silicon oxide, GST and Ge), plus the EDX zero peak
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frequency detected as a component.
We then used Spectral Unmixing techniques to express the spectrum in each pixel of our
images as a linear combination of a given number of spectral endmembers. We used Vertex
Component Analysis (VCA) [27], to extract the spectral signatures of five components
present in the data. This approach differs from other multivariate statistical analysis already
used for EDX data such as Independent Components Analysis (ICA) [28], or Non-negative
Matrix Factorization (NMF) [29], because VCA have a pure-pixel hypothesis ensuring that
the extracted components are present in the original data. In our case, the five components
considered as pure pixels were in agreement with the five expected chemical phases
mentioned above. We then used the Sparse Unmixing by variable Splitting and Augmented
Lagrangian (SUNSAL) algorithm [30] to estimate their abundance fractions. Both VCA and
SUNSAL algorithms were performed using the python implementation proposed here [31].

Finally, the diffraction patterns were acquired and converted to the blockfile format of
the ASTAR software without applying any filter. Based on XRD analysis, two crystalline
phases were identified to characterize the chalcogenide layer: the Ge cubic phase (space group
n°227) and the Ge>SboTes cubic phase (space group n°225). We generated Ge>SboTes from
XRD observations realized on the bulk sample, also reported in [19], and in agreement with
[9, 32] (Table 1). Camera length for ASTAR indexation was calibrated using the silicon
substrate.

a, b, c (nm) A, B, y (deg) Space group Laue Class

Ge 5.650 90 fd3m m-3m

GST 6.027 90 fm3m 3-3m

Table 1: Parameters used for ASTAR theoretical templates creation. For Ge we used Crystallographic
Information File (CIF) ID 9008567, while for Ge.Te,Tes the CIF file was generated from XRD
observations reported in [19], and in agreement with [9, 32].

3. Results

Fig. 1b shows a standard High-angle Annular Dark-field (HAADF) image of the
RESET-Fail (on the left) and RESET-Pass (on the right) cells. Such images, based on the
collection of incoherently scattered electrons at high angles, are very sensitive to mass
thickness variations (Z-contrast) [33]. Within the GST layer, we observe multiple contrast
variations which are likely to reveal an inhomogeneous chemical distribution. Such variations
are compatible with either the phase separation mechanism described in Ge-rich GST
materials [12] or the void formation observed in [7]. However, both chemical and structural
information are required to distinguish between these two mechanisms.

Fig. 3a-c show an example of the template matching method of the ASTAR indexing,
which consists in correlating the recorded PED patterns with simulated templates [21]. The
ASTAR correlation index (Q) reflects the degree of matching. We present here an example of
PED pattern recorded on the RESET-Fail device and its indexation according to the
Ge>SbhoTes template (correlation index Q = 833). Note that, on the same diffraction pattern,
the Ge template has a much lower correlation index (correlation index Q = 492). Despite the
structures similarities between Ge and GST structures, we show that phase identification can
be achieved with a comfortable percentage difference of the matching indexes (41%), which



is the best parameter to estimate the reliability of the indexing [21]. Usually, values above
15% are sufficient to confirm the validity of the detected phase [21]. Fig. 3a-c also illustrate
the importance of using precession to extend the visible reflections on the collected diffraction
patterns. Due to Ge and GST structures similarities, the presence of high-order reflections is
crucial to enable a reliable pattern indexing.

Fig. 4a presents the ASTAR index correlation map obtained on the RESET-Pass cell.

Firstly, we observe an amorphous dome located above the TiN heater. Indeed, diffraction
patterns extracted from this area (see inset in Fig. 4b) present characteristic halo ring patterns
revealing an amorphous material. Thus, Fig. 4a enables to measure a dome diameter of 8 + 2
nm. Note that crystalline phases are likely to partially cover the amorphous area, leading to an
underestimation of the dome size.
In order to better highlight the chemical and morphological aspects of the amorphous dome,
Fig. 4b shows a view overlapped with the STEM-EDX hyperspectral map. To segment the
active dome, ASTAR correlation index was used to distinguish amorphous from crystalline
areas. Indeed, as halo ring patterns do not match Ge and GST templates, both correlation
indices are low (< 50). Then, an X-rays intensities-based mask was applied to extract the
amorphous GST dome from the amorphous nitride, as summarised in the schematic flow chart
in Fig. 2. Fig. 4c shows the results of the amorphous dome spectra quantification. We observe
that the compositions remain close to the Sb,Tes-Ge tie-line which is investigated in the frame
of high thermal stability GST development by increasing the Ge content in GST materials [5,
34]. Such Ge-rich GST alloys, dedicated to achieve the automotive market requirement [34],
are the ones of interest in this study. Hence, the agreement between the type of Ge-rich alloy
studied and the composition displayed in Fig. 4c supports the quantification reliability. Due to
grains overlapping along the lamella thickness [35, 36], this method could not be applied to
determine the GST phase stoichiometry. Indeed, since the EDX signal is averaged by the
grain distribution in each pixel, the spectra recorded are combinations of Ge and GST signals
which have to be unmixed for proper GST phase stoichiometry determination. This spectral
unmixing step, performed using VCA, is described in the following section.

Fig. 5 shows the five endmembers signatures extracted by VCA and their abundance
maps in insets. As mentioned, the number of components chosen is in agreement with the
scree plot and the number of phases expected in the acquisition area (Fig. 1). Then, by
comparing spectral signatures, abundance maps and device architecture (Fig. 1), endmembers
can be clearly identified. Endmembers 3, 4 and 5 corresponds to titanium nitride, silicon
nitride and silicon oxide, respectively. Endmembers 1 and 2, which are distributed in the GST
layer, can be identified as GST and Ge pure phases, respectively. No significant Sb L- nor Te
L-lines are observed in endmember 2 spectral signature, indicating that pure Ge crystal phases
are present, as shown by XRD results. The same GST phase is found in both RESET-Pass and
RESET-Fail cells, showing that no difference in the stoichiometry is detected. VCA was also
performed on both datasets separately to confirm that the same GST stoichiometry was found.

In each spectral signature Si K-, N K-, Mo L- and Cu K-lines are visible. Firstly, it is known
that X-ray emission from the pole piece of the microscope and the specimen holder causes Mo
L- and Cu K-lines. Moreover, the silicon nitride which surrounds the cells cannot be
completely removed during FIB milling without deteriorating the device (as shown in 3D
architecture reported in [10]). Hence, a thin amorphous silicon nitride layer remains on both



sides of the TEM lamella, producing the Si K- and N K-lines in each EDX spectrum.
However, as this layer distribution is homogeneous along the studied areas (no more
components are detected by PCA), it has no influence on the endmembers extraction. The
estimate of the GST phase composition, shown in Fig. Sa, was determined by quantifying the
spectra with more than 90% of the highest abundance of GST phase. Taking into account the
uncertainties related both to the statistical uncertainty and the use of theoretical k-factors, the
composition measured is compatible with Ge>SbiTe> (GST-212) [6]. Fig. Se displays, in a
ternary plot, both experimental GST and GST-212 phases. It should be noted that a larger
statistical sample would be required to definitely confirm the GST stoichiometry found. A
larger scanned area would provide such a large statistical sample, but it was not performed in
this study.

Fig. 6a-b show the index correlation and ASTAR phase maps obtained on the RESET-
Pass cell. We first observe that, despite the Ge and GST structures similarities, both phases
are detected. Thereby, this result is in agreement with the XRD analysis and the phase
separation described in Ge-rich GST materials [12]. Also, comparing ASTAR phase map to
abundance maps of both GST and Ge endmembers presented in Fig. 6¢c-d, a good agreement
can be observed.
Fig. 6e-f show the index correlation and ASTAR phase maps obtained on the RESET-Fail
cell. As in Fig. 6b, Ge and GST grains are detected within the polycrystalline GST layer.
However, we notice that a larger GST grain is located above the titanium nitride heater with
respect to previous analysis, and that a lower Ge abundance is measured in this area with
respect to the active volume of the RESET-Pass cell. Thus, the active area of the RESET-Fail
cell shows a composition closer to GST-212. Also, the GST layer either contains an
amorphous dome too small to be detected or it remains fully crystalline. In both cases, this
observation corroborates the low resistance value measured for the RESET-Fail cell.
Despite disagreements for a few pixels between ASTAR and VCA results, the phase indexed
by ASTAR is detected as the most abundant by VCA in most cases. We thus observe an
excellent agreement by comparing the ASTAR phase with the VCA abundance maps. It
supports that, despite structure similarities and grains overlapping, ASTAR indexation and
VCA unmixing provide reliable results. Note that more details can be found in the
Supplementary Information accompanying this contribution. All these experimental results
are discussed in the following section.

4. Discussion

Fig. 7 summaries the main findings of our study. It displays (i) the GST crystalline
stoichiometry found by VCA for both cells, (ii) the amorphous dome composition of the
RESET-Pass cell, calculated by taking the average of compositions shown in Fig. 4¢, and (iii)
the composition of the RESET-Fail cell active area occupied by the large GST grain. While
the core volume of the RESET-Fail cell is occupied by a large GST-212 grain, the GST-212
phase is enriched in Ge-content in the active volume of the RESET-Pass cell.

We remind that, as explained in [14, 15], the activation procedure allows to switch the
cell from a highly resistive virgin state towards a steady working state. This operation, based
on the atomic reorganization that takes place in the active volume of the cell during the



activation process, is responsible for the PCM cell reversible and non-volatile resistance state
transitions. It leads to the formation of a conductive path between the heater and the top
electrode, causing the Ge migration towards the periphery of the melted volume. This half-
dome shaped area, visible in Fig. 6d, is the active region of the cell. The higher content in Ge
with respect to GST-212 phase found in the amorphous active volume, demonstrates the
capability of the cell to feature a higher retention temperature with respect to standard GST-
212, required to satisfy automotive specifications. Indeed, an alloy with such Ge-enrichment
has a crystallisation temperature higher than 250 °C [15].

VCA results show that the same GST crystalline phase stoichiometry is found in both
RESET-Pass and RESET-Fail cell. However, we can observe that its spatial distribution is
different in the two cases. The RESET-Pass cell exhibits multiple fine GST and Ge grains,
and an amorphous Ge-rich GST-212 core volume, while the RESET-Fail cell shows a large
GST-212 grain above the heater which occupies the majority of the acquisition area. This
result confirms that the properties of Ge-rich GST materials do not result from a specific
crystallographic phase but from atomic diffusion [11], and the spatial distribution of the
different phases in the microstructure.

The GST grain formation observed in the RESET-Fail cell, which also corresponds to
a larger Ge-depleted volume with respect to RESET-Pass cell, is compatible with an
“overshoot” phenomenon. This phenomenon likely happened during the activation operation,
when the cells are gradually activated with a staircase up programming voltage [15]. We think
that the presence of a region particularly rich in Ge content or containing a pure Ge grain
above the heater would require a higher voltage during the activation step with respect to a
standard cell. Such a Ge enriched region likely remained after the partial segregation of the
Ge-rich GST alloy triggered during the high temperature bake [19]. It means that the
overshoot current generated during activation operation, in such case, leads to a higher
temperature in the active volume of the device. Consequently, a higher Ge depletion is created
(i.e a lower Ge content in the active volume is achieved).

This hypothesis is in agreement with results from [15], where the surface (i.e. volume)
of the Ge-depleted region is found to increase linearly with the current applied during the
activation procedure. The final composition in the active volume depends on this
phenomenon, leaving a material poorer in Ge and richer in Sb content, known to require a
higher programming RESET current [37]. This could explain the almost absence of
amorphous dome in the RESET-Fail cell, that would have required a higher RESET current to
be generated than was required for the RESET-Pass device.

As Ge-rich GST materials exhibit both chemical and structure segregation at the
nanoscale, an exact correlation between diffraction and EDX signals shows important
benefits. Through the application of a simultaneous acquisition system for EDX and PED,
coupled with hyperspectral unmixing, we outlined that a better characterisation of PCM cells
can be achieved, including amorphous dome characterisation (size and composition) and GST
crystalline stoichiometry determination. This new methodology could be applied to study the
cycling behaviour of the PCM or to characterize the cells at different steps of the fabrication
process.



Conclusion:

In this article, we studied the RESET operation in Ge-rich GST PCM devices by applying a
new simultaneous acquisition system for Energy Dispersive X-ray Spectroscopy and Electron
diffraction in precession mode. We highlighted the origin of the failure of the RESET
operation that could happen after high temperature bake. In particular, we demonstrated the
different composition (i.e. lower Ge content) achieved in the active volume of the
RESET-Fail cell with respect to a standard RESET-Pass. By using VCA for hyperspectral
EDX image unmixing, we detected the same GST-212 crystalline phase in both cells.
However, the higher Ge-content with respect to GST-212 phase measured in the amorphous
active volume of the RESET-Pass cell demonstrates the capability of the cell to feature a
higher retention temperature with respect to standard GST-212, required to satisfy automotive
specifications. We also evidenced that a large GST-212 grain occupies the majority of the
acquisition area of RESET-Fail cell, suggesting that too much Ge has been expelled during
the forming operation.
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(correlation index Q = 492) or (c¢) as Ge.Sb,Tes (correlation index Q = 833). In (b) and (c), the
experimental PED pattern collected is compared to Ge (green) and Ge,SboTes (blue) templates
generated by ASTAR, respectively. As indicated by the higher correlation index Q and as seen in the
superposition, the local crystal has not a crystal Ge structure.
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Fig. 5. Spectral components extracted by VCA. Endmembers 1 and 2 can be associated to GST and Ge
phases, respectively. In order to estimate the GST phase composition displayed in the ternary plot,
spectra with more than 90% of the highest abundance of GST phase were quantified. Endmembers 3
to 5 correspond to titanium nitride, silicon nitride and silicon oxide phases, respectively. The ternary
plot displays both GST experimental (i.e. endmember 1) and GST-212 phases.
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Fig. 6. (a-d) and (e-h) show results obtained on the RESET-Pass and the RESET-Fail cells,
respectively. (a, e) show index correlation maps given by ASTAR software, (b, f) Ge,Sb,Tes, Ge and
TiN PED-based phase map, (c, g) and (d, h) abundance maps of the first and second spectral
components extracted by VCA, respectively.
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Fig. 7. Ternary plot showing the GST compositions of both RESET-Pass and RESET-Fail cells core
areas. The composition of the RESET-Pass core area is calculated by taking the average of
compositions measured from the amorphous dome (shown in Fig. 3.c). For RESET-Fail cell, we
quantified EDX spectra extracted from the GST grain above the heater.
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