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Ge Enrichment of Ge—-Sb-Te Alloys as Keystone of Flexible

Edge Electronics
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Massimo Longo, Fabrizio Arciprete,* and Raffaella Calarco

Edge computing architectures are intended to store and process data nearby
the sensor, while ensuring fast and safe data processing, low power
consumption and cost minimization. The stability, mechanical flexibility, huge
computational and storage requirements needed for these applications are
beyond the capability of current embedded devices. Memories based on
phase-change materials have the potential to overcome these issues.
However, their behavior on flexible substrates is yet to be understood and
alloys owning the required key features still need to be proposed. With this
work, it is demonstrated that Ge-Sb-Te (GST) alloys are large-area scalable
and directly processable on flexible substrates, while their large resistance
contrast enables the prospect of multilevel data encoding. Remarkably, the Ge

the demand for edge solutions was driven
by the idea of moving the computing
near-memory, and down to in-memory,
making use of ad hoc embedded de-
vices to safely process data physically
close to the sensors. This approach low-
ers the power consumption, shortens the
delay time, achieves real-time process-
ing of data, has high robustness and en-
sures data privacy.’] Furthermore, due
to the relatively small number of bit
cells, embedded memory arrays occupy
a small fraction of the total die area.l]
Hence, high cell density is not essen-

enrichment acts as both thermal and mechanical stabilizer within the alloy.
The highlighted features of Ge-enriched GST alloys show their potential as
new active materials for the most demanding flexible edge electronics

applications.

1. Introduction

Albeit most of the memory market is represented by high-density
standalone devices, the embedded non-volatile memories are in-
creasingly required in a wide variety of integrated circuits, with
applications ranging from a few bits to megabytes for data or
code storage.l!l The leading market is the automotive, followed by
smartcard and microcontrollers for Internet of Things.!!'?] Lately,

tial and larger cell sizes with respect
to standalone memories are still accept-
able. On the other hand, the computa-
tional and storage requirements needed
for edge applications are beyond the ca-
pability of current embedded devices to
be implemented within a battery-limited
power budget.*] In fact, the main constraints are the low pro-
gramming voltages required combined with the capability to
work in harsh environments.

In this context, phase-change memories (PCRAMs) have the
potential to produce reliable and low power consuming embed-
ded electronics within the frame of edge computing.

Memories based on phase change materials (PCMs) are well
known as a possible solution to overcome the von Neumann
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architecture, by a computational memory device that can simulta-
neously store data and compute, carrying out calculations where
the data are located.5-8] PCMs are characterized by significantly
different optical and electrical properties between their amor-
phous and crystalline phases.[”! Upon the application of a heat-
ing, these materials can be easily and reversibly switched between
the phases, which are stable in ambient conditions. Their reli-
ability was already demonstrated within rewritable optical data
storage, such as DVDs and blue-ray disks, using a laser pulse
as the heat source.l'% In electronic memories, the phase change
is instead induced by Joule effect, producing an intrinsic non-
volatile memory with low power consumptions, fast data transfer
rate and high endurance.[”*!!] Basically, the PCRAM is a vari-
able thin-film resistor, whose resistance at low field varies de-
pending on the phase of the active region, which is the PCM
itself."] If the resistivity ratio between the phases (correspond-
ing to the SET and RESET states) is large enough, it allows for the
development of multilevel memories and so enables in-memory
computing.>®! Several architectures have been proposed for em-
bedded PCRAMs, depending on the specific application. Con-
sidering the overwhelming compelling value required from a
new technology to replace a well-assessed one, PCMs still re-
quire further investigation to combine the device performance
(thermal properties, low energy consumption and speed) with its
cost.[1212]

In line with the circular economy model and toward the de-
velopment of green electronics as well, PCM-based devices also
have the potential to be fabricated with low-cost technologies
on flexible and recyclable substrates.['>**] From the embedded
electronics point of view, the development of memories on flex-
ible substrates would allow an easy integration with biosen-
sors and harvesting devices, already well demonstrated on such
substrates, 120 thus improving the scalability and the portability
of the developed electronics. Hence, the unconventional proper-
ties of PCMs are unique for the development of edge electronics
systems, considering the possibility of implementing high per-
formance, low power consuming and stable multilevel memories
directly on the flexible substrate.

However, at now phase-change materials or memories on flex-
ible substrates have been weakly investigated.['>"1>2!l As their
real behavior on such substrates is still not well known, the po-
tential of PCMs for flexible devices is far from being fully ex-
ploited. In fact, it still has to be demonstrated a phase-change
alloy owning the key features required for this application, that
are mainly thermal and mechanical stability while on the flexible
substrate.

Within this framework and considering the stability requests
from the target application field, we decided to investigate Ge-rich
compositions of the family GeySb,Te; (GST X25) along the Ge-
Ge, Sh, Te; tie-line, outside the GeTe-Sb, Te,; pseudo-binary line of
the Ge-Sb-Te (GST) ternary phase diagram (Figure 1A). Itis well
assessed that these compositions can work in harsh conditions,
ensuring code integrity after the chip soldering on the board and
data retention in a broad temperature range.l?2}] Besides, among
other chalcogenides, these alloys are already qualified for produc-
tion in the embedded memory field from the top semiconduc-
tor manufacturers, such as STMicroelectronics, 2241 making it
plausible to exploit them in real applications. It is worth recall-
ing that, during the crystallization of Ge enriched GST films, the
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process of Ge segregation occurs.[?>-%] In the amorphous Ge-rich
GST alloys, Ge atoms are expelled with successive segregation of
Ge clusters, which further grow by dragging the Ge out of the
matrix and crystallize above 300 °C. When the Ge concentration
is low enough, crystalline GST can nucleate. Then, both the Ge
and the GST crystalline phases initiate a growth process to form
grains of larger sizes by coarsening and coalescence.?’] Actually,
the GST crystallite composition after Ge segregation is quite in-
dependent of the initial Ge-rich composition and almost always
close to the GeTe-Sb, Te, pseudo-binary line toward the GST 124—
225 compositions.[?7] The details of the crystallization process
have been debated for a long time and are strongly dependent on
both composition and annealing method, leading to quite differ-
ent scenarios. For example, recent works!?>3%! showed that upon
isothermal annealing the crystallization is divided into different
phases: initially, a phase separation in the as deposited film leads
to formation of Ge-rich and Ge-poor domains; then, GeTe Pnma
crystals are formed triggering the heterogeneous crystallization
of Ge; lastly, GST is formed from the addition of Sb in the cu-
bic GeTe. However it proceeds, it is commonly accepted that the
process of Ge segregation slows down the GST crystallization ki-
netics, leading to an almost linear increase in the crystallization
temperature.l?223?7] Interfaces and surface oxidation also play an
important role in the crystallization of GST films. In fact, GST
is a nucleation dominated materials and thus the phase transi-
tion should occur by the stochastic formation of nuclei within
the GST layer (homogeneous nucleation). However, several stud-
ies highlighted that in case an oxidized surface layer is formed,
crystalline nuclei are preferentially formed close to such interface
via heterogenous nucleation, resulting in a lower crystallization
temperature.l?l This effect becomes particularly relevant in case
of Ge-rich GST since the presence of such layer favors heteroge-
neous crystallization of cubic Ge, which ultimately facilitate the
phase separation required to initiate GST crystallization. More-
over, since in this case the crystallization preferentially proceeds
from the surface toward the bulk, significant redistribution of the
chemical elements occurs within the film3!32] Nevertheless, the
increase of the Ge content in the alloy results beneficial for the
thermal stability of the alloy and the endurance of the PCRAM
device. Practically, the Ge content in the alloy must be limited to
avoid SET instabilities and too high programming currents in the
memory.[2] For this motivation, we investigated the GST alloys
with low-medium content of Ge. It is worth noting that memo-
ries based on Ge-rich alloys have both states affected by the drift
effect, which is an undesired variation of the programmed re-
sistance over time or temperature attributed to structural relax-
ation and crystallization, respectively for SET and RESET state
of the residual amorphous phase at the grain boundary or of the
bulk amorphous volume.®}] Nevertheless, the drift is expected
to be a higher order effect and could be managed within the
device by modulating the programming algorithm (e.g., tuning
the write pulse in terms of shape, current level and falling time)
or by properly doping the alloy with light elements to limit ion
diffusion.[22334

At first, we evaluated the compatibility of these alloys with
large-area scalability and their processability on flexible sub-
strate. The behavior of these alloys on the polyimide (PI) flexi-
ble substrate was thoroughly investigated. In particular, the elec-
tronic properties and the compliance of the performance to the
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Figure 1. Ge-rich GST alloys on polyimide. A) Map of the GST alloys studied in this work on the GST ternary phase diagram. The compositions studied
in this work are highlighted along the Ge-GST 225 green line. B) Temperature of the crystallization onset as a function of the Ge molar fraction for the

Ge-rich films on PI (squares for the data fitted with the green line) and SiOx (crosses for the data fitted with the red line).

C) GI-XRD data measured at

RT for the cubic crystalline GST alloys deposited on PI. The trigonal GST 225 is reported too, as a reference for the reader.

target requirements were assessed with specific figures of merit,
such as the resistance contrast between the amorphous and
crystalline phases and the mechanical stability through bend-
ing tests. Additionally, the structural changes induced by an-
nealing the alloys were examined to gain insights into the
onset of crystallization and highlight some differences dur-
ing crystallization between film deposited on PI and stan-
dard SiOx, as a reference. With this work, we unveiled the
compliance of Ge enriched GST alloys to be used as active
material within the most demanding flexible edge electronics
applications.
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2. Results

2.1. Structural Evolution Upon Annealing

As anticipated, we focused our work on the Ge-rich alloys with
low-medium content of Ge. The compositions studied in this
work are reported in the ternary phase diagram in Figure 1A
and lie along the Ge-GST225 tie line (green line): GST 225 as
a reference (black) and at increasing Ge content GST 425 (blue),
GST 525 (light blue), GST 625 (green), GST 725 (yellow) and at
last GST 825 (red). As for our films, it is possible to identify the
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Figure 2. Structural evolution. A) Raman spectra of the Ge-rich GST alloys on Pl and SiOx annealed with the same standard procedure, the differences
are highlighted by a red circle. In the bottom panel is reported the typical spectrum for a Ge-rich film on Pl after a fast annealing process. For an easier
comparison, in graph A and E all the variations observed for the fast annealed Ge-rich films on Pl are highlighted by the blue arrows. B) Grain size (left
axis, full symbols) and microstrain (right axis, empty symbols) for cubic crystalline films, annealed with standard procedure, of Ge-rich GST on PI (green
squares) and SiOx (red dots) determined from the XRD data with the WH method. C) Intensity of the c-Ge peak relative to the GST peak at 154 cm™!
from Raman spectroscopy data as a function of the Ge molar fraction. The ratio is reported for cubic crystalline films deposited on Pl substrate (green

squares) and on SiOx substrate (red dots).

D) Grain size of the c-Ge for films on PI (green squares) and on SiOx (red dots), annealed with standard

procedure, calculated from the XRD data with the Scherrer equation. E) From top to bottom, comparison of resistivity, c-GST and c-Ge grain size, for
a typical Ge-rich GST film annealed with the standard procedure on SiOx (red dots) and with the standard procedure or fast annealing on Pl (green
squares). For an easier comparison, in panels A and E all the variations observed for the fast annealed Ge-rich films on Pl are highlighted in blue.

crystallization onset (T.) observing the diffractograms as a func-
tion of the annealing temperature. The obtained T, for GST films
grown on both PI and SiOx substrates are reported in Figure 1B,
showing a clearly linear increasing trend at increasing Ge con-
tent. The T, calculated for films deposited on the flexible sub-
strate (Figure 1B, squares and green line) are well in line with
those from the same materials deposited in the same conditions
on the rigid substrate (Figure 1B, crosses and red line). Hence, a
possible interaction with the substrate leading to a different ther-
mal conductivity in the GST film (e.g., due to a different preferred
orientation!®]), is expected to be negligible compared to the Ge
inclusion effect. It is worth noting that, as previously reported in
the Introduction, since our films are not encapsulated it is rea-
sonable to assume that in case a capping layer is used, T, could
change by some tens of °C.

In Figure 1C are reported the Grazing Incidence X-ray Diffrac-
tograms (GI-XRD) at room temperature (RT) for GST on PI, ob-
tained after thermal annealing as described in the Experimen-
tal Methods, where it is clearly visible the formation of the cubic
crystalline phase (c-GST). The trigonal phase (t-GST) was clearly
developed only in GST 225 films, as expected in this range of
temperatures.|?’] As detailed in the Supporting Information, the
data did not show significant peak shifts for the GST films de-
posited on P12l when compared to the corresponding films on
Si wafer with thermally grown silicon oxide (SiOx), reported in
Figure S2A (Supporting Information). In the case of the crys-
talline Ge-rich films, it is also possible to identify the Bragg re-
flections from crystalline Ge (c-Ge) (Figure 1C, blue lines). The
c-Ge peaks do not show significant shifts for GST films on PI,
when compared to both corresponding films on SiOx or pure c-
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Ge film (Figure 1C; vs Figure S2A,B, Supporting Information).
Instead, the peaks are quite weaker on PI than on SiOx, although
still visible for GST with Ge molar fractions higher than 0.45,
while it is not possible to identify them for the GST 525 and GST
425 alloys.

In order to better appreciate the fine structural evolution of the
alloys upon thermal annealing, the c-GST films were analyzed by
Raman spectroscopy.l*! Particularly, in the Raman spectra the c-
Ge mode appears ~300 cm™! (Figure 2A), having increasing in-
tensity for increasing Ge content. In Figure 2C the intensities
of the c-Ge peak relative to those of the GST peak, are reported
as a function of the Ge content in the alloy. It is worth noting
that, comparing the ¢-GST films on PI and on SiOx substrates,
the c-Ge peak intensity is clearly lower for the GST deposited on
PI, being absent for the GST 425 alloy. Furthermore, for all the
compositions the c-Ge peak position is not the same on the two
substrates, showing a red shift of 7 cm™ for the films on PI. The
lower intensity of c-Ge peaks in both diffractograms and Raman
spectra, as well as the red shift of the c-Ge peak, could be rea-
sonably explained by the formation of smaller c-Ge crystallites
in the Ge-rich films grown on PI. Actually, it has been reported
that gradual thermal treatments lead to the formation of small
Ge nanoclusters, lowering the Ge segregation and promoting the
preferential crystallization of GST:*’] besides, the dependence of
the Raman peak position on the particle size has been also de-
scribed for colloidal c-Ge nanocrystals,*®] in terms of a blue shift
and intensity rise for increasing particle dimensions.

To clarify this aspect, the size of the c-Ge and the ¢-GST grains
was estimated. First of all, we had to rule out that the different
behavior in the GST alloy crystallization on the two substrates

© 2024 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH
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may be caused by strain effects induced by thermal stress. A sim-
ple way to evaluate both grain size and microstrain in polycrys-
talline films without a preferred orientation is the Williamson—
Hall (WH) plot method. The positive slope of the WH plots sug-
gests that the crystalline Ge-rich GST films are under a small ten-
sile strain regardless of the substrate (Figure 2B right axis). Be-
sides, the difference in coefficients of thermal expansion (CTE)
between ¢-GST and PI (17.4 x 107¢ K~! for ¢-GST 225 and 32 x
107% K~! for PI) is lower than the one with a SiOx substrate (0.5 X
10¢ K).39401 Moreover, we highlighted that the XRD peak posi-
tions, both for ¢-GST (Figure 1C; Figure S2A, Supporting Infor-
mation) and c-Ge (Figure S2B, Supporting Information), do not
show relevant shifts for the films deposited on the two substrates.
According to these results, significant strain effects due to the
thermal stress can be ruled out. As for the c-GST grain size trend
as a function of the Ge content (Figure 2B, left axis), it can be ob-
served a tendency to form larger grain for alloys with high Ge con-
tents. This could be possibly due to a reduction in the fraction of
four-membered rings, which are the building blocks of the cubic
crystalline phase, in favor of five and six-membered rings.!264!]
Since the basic route for the formation of cubic crystalline nuclei
is the reorientation of the four-membered rings, a reduction of
nuclei density might be expected by increasing the Ge content.
Hence, fewer nucleation centers would allow a coarsening pro-
cess of the crystalline population, resulting in the growth of en-
larged grains.[?’] Besides, the small pure Ge regions grow more
easily at high Ge contents, by dragging the Ge excess out of the
nearby GST matrix through coarsening and coalescence.l?’] On
the other hand, it should be pointed out that the size of the c-
GST grains on PI is smaller than those on SiOx. Since the mi-
crostrain can be considered negligible for our purpose, the grain
dimensions of ¢-Ge for the high Ge content compositions were
estimated through the Scherrer equation and the obtained val-
ues confirm a smaller dimension of the c-Ge grains too, when
the films are deposited on PI (Figure 2D).

As reported in Di Biagio et al.,!’”] smaller nanocrystals can be
induced by a gradual thermal treatment, hence delaying the crys-
tallization kinetics. To qualitatively confirm if this hypothesis also
holds true for the materials deposited on PI, Ge-rich GST films
were annealed at a different rate to try to obtain a more “SiOx-
like” film on PI. Compared to the standard sample, the anneal-
ing rate was increased in order for the temperature to imme-
diately reach the final value (further details are available in the
Experimental Section). This analysis is intended to give some
insights into the physical phenomena behind the peculiar be-
havior observed on PI, without being an exhaustive study of the
crystallization kinetics, which is out of the scope of this work.
The Raman spectra of the fast annealed Ge-rich GST films on PI
(Figure 2A bottom panel) clearly show a blue shift to the same
value obtained for the films on SiOx and an increased peak in-
tensity. Correspondingly, both the ¢-GST and c-Ge grain size, as
well as the resistivity, increase toward the values obtained when
the same GST-alloys deposited on SiOx are annealed with the
standard procedure on SiOx (Figure 2E). Hence, as presumed
the crystallization on PI exhibits a slower kinetics, which leads to
a resistivity reduction and a smaller grain size. The main draw-
back reported for Ge-rich alloys during the working cycles in a
PCRAM has been the increasing Ge segregation outside the de-
vice active area, which progressively pauperises the GST alloy of
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Ge.[2337] Since the residual Ge-poor GST has a lower crystalliza-
tion temperature the device is eventually led to failure. The differ-
ent structural evolution to crystallization of Ge-rich alloys on PI
might lead to lower Ge segregation, which is expected to increase
the stability and endurance of the memory. Even if our work is
still ongoing on this respect, it can be reasonably speculated that
this behavior is due to the lower thermal conductivity of the PI
with respect to the silicon (respectively, 1.8-0.12 W mK~! for the
PI and 170-55 W mK™" for the Si).

2.2. Electronic Features

The electrical characteristics of all the studied GST alloys were
measured using low electric fields, to avoid undesired phase tran-
sitions. The typical I-V curves are reported in Figure 3A, for films
both on PI (solid lines) and on SiOx (short dashed lines) sub-
strates. Linear characteristics symmetrical with the voltage sign
were observed for all the compositions, both for the amorphous
and the cubic crystalline samples, the latter obtained after stan-
dard annealing. In Figure 3B the resistance values are plotted as
a function of the probe distance for films deposited on PI and
SiOx, respectively in the top and the bottom graph. These data
confirm the good homogeneity of the electrical characteristics on
substrate dimensions that are already of interest for the produc-
tion of chips for in-memory computing. The resistivity values ob-
tained from these data are reported in Figure 3C (dots, squares
and triangles are referred to amorphous, cubic and trigonal films,
respectively), showing that the resistivity increases with the Ge
content in the alloy, for both phases on both substrates.

A key requirement of a PCRAM concerns the programming
window, that must be large enough to avoid possible data encod-
ing ambiguity and to reduce resistance drift effects.l”!!] Besides,
the high resistance contrast enables a gradual crystallization of
an amorphous region by the application of repeated pulses. Hav-
ing a controllable fractional variation of the resistance extends
the possible operations to the multilevel domain. In fact, it has
been shown that gradual resistive switching is a basic concept
for analogue computing, as it enables logic summation within
a single PCRAM, as well as the implementation of neuromor-
phic hardware.l®] Considering our samples, the resistivity ra-
tio between the cubic crystalline and the amorphous films is
about six orders of magnitude. Particularly, the mean ratio for
the Ge enriched alloys is 3.83 X 10° on PI and 2.25 x 10° on
SiOx. It has to be considered that the resistance contrast of GST
films is usually higher than that in memory devices. Mainly,
the melt-quenched amorphized material produced by Joule ef-
fect in the memory cell has lower resistivity with respect to the
amorphous as deposited phase, reducing the reset resistance. Be-
sides, the contacts and the heater introduce parasitic resistances,
increasing the set resistance of the cell.”] Taking into account
these aspects, it is worth noting that the large electrical contrast
we measured is well above the minimum value for PCM films
(about five orders of magnitudel”’]), which is considered suitable
to develop memories with an ON/OFF ratio about two orders of
magnitude.l”:2334]

To further assess the electronic features of the Ge-rich GST al-
loys on the flexible substrate, their optical bandgap was estimated
by Visible/Near InfraRed (Vis/NIR) spectroscopy measurements.
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Figure 3. Electronicfeatures. A) I-V measurements at low field for the Ge-rich GST films on Pl (solid lines) and on SiOx (short dashed lines), as deposited
(left graph) and after annealing to the cubic crystalline phase (right graph). B) Resistance versus probe distance for the Ge-rich GST films on PI (top
graph) and on SiOx (bottom graph). A picture of the electrical measurement set-up is shown above the legend for Figure A and B. C) Resistivity of the
amorphous and the crystalline Ge-rich GST films on Pl and SiOx as a function of the Ge molar fraction in the alloy. D) Map of the gaps of the crystalline
phase of GST alloys on the GST ternary phase diagram. Our data lie along the green line, for the other compositions the values are collected from the
literature.[%#2-50] E) On the left axes (blue and green symbols), optical bandgap calculated from Vis/NIR spectroscopy data for Ge-rich GST films on
Pl, as deposited and crystalline, as a function of the Ge molar fraction in the alloy. On the right axes (orange symbols and line), the variation of the
lattice parameter with the Ge molar fraction, calculated from the XRD data for the cubic crystalline films. The lattice parameter is reported as the relative
difference in percentage with respect to those of GST 225 (ayps = 6.0079 A).

For the readers’ reference, we reported in a GST ternary phase di-
agram (Figure 3D) the values obtained in this work for the crys-
talline films with respect to the data reported in the literature for
several GST alloys.[>#2-0] It is quite clear from the map that the
trend is strictly dependent not only on the composition, but also
on the deviation of the alloy from the most stable phases. As for
the GST X25 family of alloys under investigation, reporting the
calculated values as a function of the Ge content (Figure 3E) we
observe that for amorphous alloys the gap follows the resistivity
trend. In the case of crystalline GST, the data highlight a differ-
ence between the GST 225 and the Ge-rich alloys. For the GST
225, the obtained gap values are well in line with those reported
in the literature for films deposited on rigid substrates.[42>1:>2]
Just a small reduction in the gap between ¢-GST and t-GST can
be observed, while the resistivity value differs of almost one or-
der of magnitude. An explanation of the conduction mechanism
in GST 225 is suggested by ab-initiol'”) and density functional
theory!>3l calculations, as well as by experimental results,[>* that
correlate the resistivity change between the cubic and the trigonal
phase with the ordering of the vacancy distribution. On the other
hand, the Ge-rich alloys have lower gaps and higher resistivities
if compared to those of GST 225, with a clear trend as a function
of the Ge content. It is worth recalling the crystalline structure of
the ¢-GST 225, where Te atoms fully occupy the anionic sublat-
tice, while Sb/Ge atoms occupy the cation sublattice with 20% of
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the total atomic density of vacancies, which ensure the energetic
minimum introducing three p-electrons per site.[2264355] Vacan-
cies introduce trap levels 2100 meV above the valence band max-
imum, the Fermi level is then pinned close to the valence band
maximum, thus causing the p-type quasi-degenerate behavior of
the crystalline GST.[%>°] At low Ge enrichment, the additional Ge
atoms could either be positioned at the grain boundaries or be-
ing incorporated in the GST, substitutional to Sb, interstitial or
maybe occupying the vacancies even though not so energetically
favored.[>] The first case seems not to occur, as the GST lattice
parameter would not increase (Figure 3E, right axes). Instead,
the GST lattice is expected to expand if the Ge atoms occupy in-
terstitial sites or compensate the existing vacancies, shifting the
Fermi energy toward the midgap and increasing the resistivity.
Our crystalline GST 425 and GST 525 did not show such a rele-
vant resistivity increase, while they exhibit a clear lattice expan-
sion (Figure 3E, right axes) and gap reduction (Figure 3D,E, left
axes) compared to the GST 225 values. It is worth recalling that
for PCMs the gap values are strictly dependent on the annealing
temperature and rate.[*>*8] For example, for GST 225 in the cu-
bic phase has been reported a gap variation from 0.5 to 0.36 eV
increasing the temperature from ~177 to 207 °C.[*®] Hence, it is
reasonable to observe a gap narrowing in low Ge content alloys
annealed at high temperature. On the other hand, at higher Ge
enrichment the Ge segregation occurs, as previously described.
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Figure 4. Mechanical stability. A) Scheme of the method adopted in this work for the static and dynamic bending tests. B) Linear fitting of the resistance
versus probe distance data of the films during the bending tests, reported respectively for cubic crystalline GST 225 (under the black arc), GST 525
(under the light blue arc) and GST 725 (under the orange arc) on PI. Static (solid and dashed lines) bending tests and dynamic (dotted lines) bending
tests after 1000 cycles. The complete data points are available in Figure S3 (Supporting Information). C) Resistivity as a function of the cycle number for
the different compositions of cubic crystalline Ge-rich GST on PI. For the static bending test, a bent sample under measurement is shown in the image,
while the values of resistivity of the sample flat and bent are both reported at 0.1 cycle number. D) Optical transmission microscopy images of the films
after the 1000 cycles bending tests. E) Raman spectra for the Ge-rich GST on PI after the bending tests; on the bottom the spectrum of the GST 725

before any stress is reported as a reference.

In fact, above the 0.4 value of Ge molar fraction both the resistivity
and the gap increase, while above the 0.45 the GST lattice param-
eter decreases and the GST is slightly compressed. Reasonably,
at low Ge contents the Ge atoms are interstitial or partially incor-
porated in the GST matrix. Increasing the content of Ge, it starts
being expelled leading to a crystalline Ge phase and a residual
c-GST with a composition close to those along the GeTe-Sb,Te,
pseudo-binary tie-line.

2.3. Mechanical Behavior

The main feature of a material for flexible electronics is the abil-
ity to maintain their performance while under bending or after
repeated mechanical stresses. Hence, we performed static and
dynamic bending tests on the Ge-rich GST films on flexible sub-
strates, as schematized in Figure 4A. For the static bending test,
the resistance as a function of the probe distance was initially
measured with the sample on a plane surface before any me-
chanical stress, then in curved position and lastly after bending
in plane again. For the dynamic bending test, the sample under-
went repeated bending cycles and the resistance values were col-
lected every 10-50-100-500-1000 cycles. The tests were performed
on the crystalline films, which are expected to be more sensitive
to this kind of stress. Besides, compared to amorphous films, any
increase in resistivity would be more easily detected and precisely
quantified.

Adv. Electron. Mater. 2024, 2400184 2400184 (7 of 10)

The resistance curves as a function of the probe distance of
the static test and after 1000 cycles of dynamic bending are re-
ported in Figure 4B (the complete data are available in Figure
S3, Supporting Information). The static bending tests indicate
that the electrical features of the GST alloys show little varia-
tion if measured under bending. The dependence of the resis-
tance on the distance between the contacts is well described lin-
early in the considered range, confirming the good homogene-
ity of the electrical characteristics of the material on the sam-
ple area. The linear trend is confirmed during bending and after
cycling. Correspondingly, the resistivity variations are negligible
as can be observed from the data reported in Figure 4C. In the
graph, the resistivities calculated for both tests and for the differ-
ent alloys are reported as a function of the number of bending
cycles.

By optical (Figure 4D) and atomic force microscopy (AFM,
Figure S4, Supporting Information) observations, the films seem
to be continuous, without cracks, ruptures or lacks of adhesion
after the bending tests. This remark is in line with the fact that all
the films still preserve the electrical continuity and good conduc-
tivity. A possible interpretation of the good mechanical behavior
of these materials may lay in few peculiar features of the GST. In
fact, both GST and PI are quite stiff, having rather similar high
Young moduli (E = 3.2 GPa for PT and ~30 GPa for GST 22539¢),
Akin mechanical response is then expected under tensile stress,
with little deformation. Besides, it has been already demonstrated
that epilayers of van der Waals (vdW) bonded materials, such as
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GST 225, grow directly fully relaxed, therefore lattice matching
with the substrate is not required.*’]

Interestingly, our bending tests highlight that the mechanical
behavior of the films improves when increasing the Ge content
in the alloy. Atlow Ge content in the alloy, we observed in the pho-
tomicrographs (Figure 4D) some straight lines not dependent on
any substrate feature, but perpendicular to the bending direction
and spaced down to ten microns. It is worth noting that length
and number of the lines increase for decreasing Ge content in
the alloy. In fact, the GST 725 after the tests do not present any
morphological variation from the flat film (Figure S4, Supporting
Information; Figure 4D) and its electrical characteristics are unaf-
fected by bending stress (Figure 4B). Observing the correspond-
ing Raman spectra of the films after the bending tests (Figure 4E),
it can be noted that the c-Ge peak is clearly blue shifted. Hence, it
can be deduced that the Ge crystallites are compressed after the
bending stress.

To get some insights into the physical mechanism beyond
these observations, it should be recalled that, in a polycrys-
talline material, the grain dimension affects its mechanical
properties.’®% While in the micrometer range a grain size re-
duction leads to an increase in ductility, in the nanometer range
a deviation from the Hall-Petch relation has been observed.l*
The nanocrystalline materials are likely to have a reduced ductil-
ity, due to a low work hardening rate, which leads to early strain
localization and failure, and to a reduced capability to fix the pro-
gression of cracks by wide plastic deformation. In nanostructured
materials with grain size from ~300 nm down to 30 nm, the grain
boundaries have been shown to be no longer effective for dislo-
cation accumulation.5>% The grain size is so small that lattice
dislocation sources are not stored inside the grain and the grain
boundaries become active sources or sinks of dislocations. With
finest grains, under 30 nm, the plastic deformation mechanisms
are different from lattice dislocation slip. Generally, brittle behav-
ior is expected due to the excessive volume fraction occupied by
the grain boundaries, which leads to high values of the flow stress
and quickly intense nanocrack generation followed by macro-
scopic fracture. It has been already demonstrated that the duc-
tility might be enhanced by bimodal grain structures, with fine
and coarse grains, or by second phase inclusions, respectively due
to the strengthening effect provided by the large grains or the
inclusions.’>%) Considering our materials, the c-Ge nanocrys-
tals can act as fine grain second phase inclusion, generating a
strengthening effect and resulting in the increased ductility of
the alloy observed.

3. Discussion

In this work we highlighted the unique features of Ge-rich GST
as active material for flexible memories in embedded electronics.

Several remarkable features of the studied GST alloys indicate
their compatibility with large-area scalability, as the possibility to
process them directly on flexible substrates without a rigid car-
rier, as well as the good morphology and the homogeneity of their
electrical characteristics on sample areas up to dimensions of in-
terest for a chip production.

The large resistance contrast between amorphous and crys-
talline phases observed on the polyimide substrate is in line with
the values expected from any active material to be considered
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suitable to develop memories with a large programming window,
in order to avoid data encoding ambiguity. Properly managing the
drift effects, as already demonstrated for Ge-rich alloys on rigid
substrates,[**! it would allow the prospect of multilevel data en-
coding and so to enable operations within the multilevel domain.

Particularly, for their high crystallization onset temperature,
the Ge-rich alloys ensure the stability required for the target ap-
plication. If correctly exploited in a device, the observed delayed
crystallization kinetics is expected to increase the stability and en-
durance of the memory. This interesting feature is valuable to
counterbalance the performance loss typical of flexible devices.

Besides, we pointed out the excellent mechanical features of
GST alloys, which are quite unique among inorganic semicon-
ductors. After the bending tests, none of the crystalline films
showed cracks, ruptures or lacks of adhesion, preserving the elec-
trical continuity. For all the considered compositions, significant
strain effects, which might have been induced by the flexible sub-
strate, were excluded and minimal variation in the resistivity un-
der mechanical stress was observed. Remarkably, the Ge enrich-
ment of GST acts not only as thermal stabilizer for the alloy, but
italso has a fracture toughening effect. In fact, the electrical char-
acteristics of the GST 725 films are fully unaffected by repeated
mechanical stresses.

Overall, the work done demonstrated that the Ge-rich GST fea-
tures and performances are well in line with the current indus-
trial targets for flexible edge electronics.

4. Experimental Section

Alloy Deposition on the Flexible Substrate: The GST layers were de-
posited by RF-sputtering in a custom-made high vacuum system (IONVAC
PROCESS srl). Ge-rich GST films were deposited by co-sputtering from
Ge,Sb,Tes and Ge targets in Ar atmosphere at RT. The GST films were de-
posited without adding further capping layers. The targets were provided
by Robeko GmbH & Co. KG, with nominal composition within a 99.99%
purity. The deposition rate was kept at 0.35-0.68 nm s~! depending on
the composition. The thickness of the deposited layers is 2130 nm. The
GST compositions indicated throughout the paper are referred to the com-
position measured by X-ray fluorescence spectroscopy on the samples as
deposited.

A Pl foil (thickness = 75 um) was used as the flexible substrate, due to
its low thermal expansion coefficient, high thermal resistance (glass tran-
sition temperature T, > 300 °C, decomposition temperature 500-600 °C)
and chemical resistance. Such substrate was used free-standing without
a rigid carrier, in line with the requirements for large-area compatible pro-
cesses, e.g. roll-to-roll printing techniques.[®!] The substrate thermal sta-
bility up to 400 °C was properly verified before growing and characterizing
the PCMs. The substrate was annealed up to 400 °C and GI-XRD data were
collected as a background reference for the subsequent GST film analysis
(in Figure S1A, Supporting Information for the Pl reference diffractogram,
Figure S1B, Supporting Information for the reference diffractogram of the
sample holder peaks). The thermal stability of the substrate in tempera-
ture was confirmed also by Raman and Fourier Transform Infrared mea-
surements after annealing at 400 °C; the related data are reported in Figure
S1C,D (Supporting Information).

As reference for a rigid substrate, it was used a silicon wafer 350 pm
thick, with 100 nm thermally grown silicon oxide to avoid substrate-
induced preferential orientations of the deposited GST layers and to allow
the electrical characterization of the films. The deposition on a rigid sub-
strate is proposed to allow a fair assessment of the GST properties on PI,
having the same material deposited and characterized in the same way on
the rigid and the flexible substrate. In fact, any other rigid substrate without
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a preferred orientation might have been chosen, but SiOx was preferred
as it allows easy comparison with the literature.

In Figure S4 (Supporting Information) is shown a comparison of typical
GI-XRD data for crystalline Ge-rich GST films on SiOx, native or thermal
deposited, with or without capping layer. The data did not show significant
variations, either due to the SiOx thickness and quality or to the capping
layer.

Structural Characterizations: GI-XRD measurements were performed
with a D& Discover diffractometer (BRUKER, Cu-Ka 1 radiation 4 = 1.5406
A, 40 kV and 40 mA). The DHS1100 dome-type heating stage (ANTON
PAAR) was used for the characterization of the GST film structural evolu-
tion. @ — 26 scans (w = 0.60° — 0.65°) were acquired in the temperature
range of 30 — 400 °C during sample annealing with a ramp of 60° min~", in
N, atmosphere. The diffractograms were collected every temperature step
of 50 °C. The crystallization onset (T,) was defined as the temperature at
which the most intense XRD peaks of the cubic phase (c-GST) appear, in
particular both c-GST (200) and (220) reflections. The standard annealing
was carried out with annealing rate 60 °C/min~", keeping the tempera-
ture constant for 25 min every 50 °C to collect the data. The fast annealing
(for polyimide samples) was carried out with annealing rate 60 °C/min~!
from RT to the final temperature, which was kept for 1 h 15 min, and the
data were collected just after the annealing. The total annealing time was
~3 h for a standard and 1 h 30 min for a fast annealing. To ensure repro-
ducibility in the material structure, for the other measurements (electrical
characterization, spectroscopy) samples annealed with the standard pro-
cedure were used; for the c-GST 225 samples annealed up to 200 °C, for
the t-GST 225 samples annealed up to 300 °C, for any cubic Ge-rich GST
samples annealed up to 400 °C.

Raman spectra were acquired by means of a Raman imaging micro-
scope equipped with a 532 nm laser source, 4 mW power at the sample
surface and a 50x objective (DXR2xi, THERMOFISCHER). The data acqui-
sition was performed at RT in back-scattering geometry.

Further details on the structural characterizations are reported in the
Supplementary Information (assignation of the XRD and Raman peaks;
grain size determination).

Electronic and Mechanical Characterizations: The |-V characteristics in
DC were measured in air in a probe station equipped with sourceme-
ters (KEITHLEY 2440 and 236, TEKTRONIX INC.). The four-point collinear
probe technique was used to calculate the resistivity as p = 7/In2 X R X
tx R1, where R is the resistance, t is the film thickness and R1 the Haldor
Topsee correction factor for thin samples of finite rectangular shape.[6?]
The bending tests were performed with a custom-made system, equipped
with a stepper motor.[%3] The morphological characterization of the GST
layers was performed by means of an optical microscope (CARL ZEISS
AG).

The UV/Vis/NIR spectrometer used for the Tauc plot extraction was a
Perkin-Elmer Lambda 19, the data were acquired in transmission mode.
The absorption coefficient and the optical gap of a semiconductor (Eg°Pt)

follow the Tauc equation ahov o (hv — Eom)’, where «a is the absorption co-
efficient of the material and hv the photon energy, related to its frequency
v through the Planck’s constant h. The optical bandgap is found from ab-
sorption spectra by linearly extrapolating to the abscissa, with r = 2 (indi-
rect bandgap) for both phases.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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