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Understanding the Growth and Properties of
Sputter-Deposited Phase-Change Superlattice Films

Simone Prili,* Valeria Bragaglia, Vara Prasad Jonnalagadda, Jesse Luchtenveld,
Bart J. Kooi, Fabrizio Arciprete, Abu Sebastian,* and Ghazi Sarwat Syed*

Highly textured chalcogenide films have recently gained significant interest
for phase-change memory applications. Several reports have highlighted

that programming efficiency improves in devices featuring superlattice stacks,
such as Ge,Sb,Te; /Sb,Te;. However, to be technologically relevant, these
films must be deposited on foundry-scale wafers using processes compatible
with back end of the line (BEOL) integration and complementary metal-oxide-
semiconductor (CMOS) technology, such as, for example, sputter deposition.
In this work, we present our observations on the influence of temperature,
pressure, and seeding layer on the sputter growth processes of superlattice
films. By measuring various material properties, we construct a pseudo-phase
diagram to illustrate the growth of both individual and superlattice films with
different periodicities on technologically relevant substrates, namely SiO, and
carbon. These results provide important insights into the structure, intermixing
and electro-optical properties of superlattice films, and identify optimal growth
parameters critical for the manufacturability via sputtering of the material.

1. Introduction

In addition to data storage, phase-change memory devices
(PCM) are increasingly being applied in analog in-memory
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computing.[2] Conventional devices are
usually based on untextured films of
Ge-Sb-Te (GST) alloys, which are lim-
ited in performance by modest program-
ming currents and device non-idealities.
A unique solution does not exist and
different approaches can be taken ei-
ther at the device architecture or mate-
rial level.3! In the latter case, a promis-
ing solution could be found in the use of
textured chalcogenide superlattices (CSL)
as the active material of the device. A
superlattice (SL) is defined as a periodic
stack of two or more materials which, in
case of PCM, are usually chalcogenides
like GeTe, Ge,Sb,Te, (GST) and Sb, Te;.
The first investigations on GeTe/Sb,Te,
SL showed that the introduction of
these materials into standard devices no-
tably reduced the programming currents.
Such reduction was initially explained
supposing Ge atoms reorganization within the GeTe layers,°]
leading to a crystalline-to-crystalline transition rather than the
typical amorphous-to-crystalline transition via melt quenching.
However, subsequent works have shown that GeTe reacts with
Sb,Te, during deposition, forming GST and switching via melt-
quench dynamics.’-1% There is now growing evidence that the
improvements in the device performance can be attributed to
the layered nature of the CSL; more specifically, from the pres-
ence of van der Waals (vdW)-like gaps within the film. These gaps
render nanoscaled electro-thermal confinements, from reduced
cross-plane electrical and thermal conductivity.'!] Naturally, it is
expected that the performance benefits improve with the density
of these gaps (number of vdW layers divided by film thickness).

These gaps are naturally formed in materials such as Sb,Te,
and GST. A unit cell of Sb,Te, consists of a stack of three blocks,
each about 1 nm thick and composed of covalent bonded Te-
Sb-Te-Sb-Te planes. Furthermore, these blocks are separated by
vdW-like gaps,[!?] resulting in a layered trigonal structure with
a lattice parameter ¢ of approximately 3 nm (% (i.e., 3 blocks).
Undesirably, Sb,Te; has a low crystallization temperature, re-
sulting in poor state retention, thus limiting its employment
in device applications. In contrast, GST has a moderate crystal-
lization temperature and, like Sb,Te;, its stable phase features
a trigonal unit cell composed of blocks separated by vdW-like
gaps. Furthermore, the mass difference of Ge with respect to Sb
and Te provides a more improved thermal confinement in GST
based compositions.[!?] The lattice parameters of GST can vary
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Figure 1. a) An overview of the methods used to study the growth of highly oriented superlattice films; b) Schematics illustrating the two-step deposition

scheme of the superlattice films.

depending on the stoichiometry, with each block consisting of
alternating Te and Ge/Sb planes.['* For example, similarly to
Sb,Te;, in case of GST 124, the trigonal unit cell is composed of
three blocks of 7 Ge-Sb-Te planes. Conversely, GST 225 features
a unit cell consisting in one block of 9 Ge-Sb-Te planes.

As a result, the larger block size (1.8 nm for GST 225) suggest
that the density of vdW-like gaps in a textured GST film would
be constrained. This fundamentally presents the benefits of CSL
comprised of both GST and Sb,Te,;, with however an important
caveat. If a CSL is created with periods containing incomplete
blocks, such as depositing only halfa block of Sb, Te;, intermixing
with the subsequent GST block may occur. This can lead to the
formation of larger GST blocks or even not layered GST, which
undesirably reduces the density of gaps and affects performance
improvements.['*] Therefore, it is imperative to grow CSL of high
quality in which such intermixing effects are reduced. In this con-
text, although much work has been done to investigate the growth
of GeTe/Sb, Te, CSL with various techniques,[31624] 3 systematic
study on the sputter growth processes of GST/Sb,Te, type CSL
is still lacking. This is particularly relevant, as GST-based super-
lattices not only show a reduced tendency to intermix compared
to their GeTe-based counterparts,!*’! but have also demonstrated
promising results in actual devices.[267]

Considering its typical use in BEOL for wafer scale depo-
sition, here we investigate Ar* sputter deposition for growth
of GST/Sb,Te; superlattices on SiO, and C substrates (see
Figure 1a). Specifically, we carefully separate the effects of tem-
perature (T) and pressure (p), creating a p-T diagram that serves
as a framework for growing highly ordered GST and Sb, Te; films,
as well as CSLs with various periodicities. We utilized spectro-
scopic ellipsometry to monitor bandgap changes with periodic-
ity, X-ray diffraction (XRD) for structural characterization, mod-
ified transfer length measurements (m-TLM) to analyze resistiv-
ity, and transmission electron microscopy (TEM) to examine the
crystal structure and intermixing effects.

2. Results

We used a two-step approach for the deposition of CSL
films.[111628] This process, as illustrated in Figure 1b, involves
first depositing a few nanometers thick layer of Sb,Te, at room
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temperature (seed layer). Subsequently, the sample is heated to
the growth temperature (T,,,,y,) at which the rest of the film
stack is deposited. This procedure is critical for two reasons:
first, it initiates the crystallization of the seed layer, resulting
in a Te-terminated surface suitable for Sb,Te; vdW epitaxy; sec-
ondly, the elevated temperature facilitates the surface diffusion
of incoming atoms, thereby promoting the growth of a crys-
talline film. In the following sections, we develop an under-
standing of these growth processes. We detail the growth of
Sb,Te; and Ge,Sb,Tes in separate sections, which leads to an
understanding of the optimal parameters for GST/Sb,Te; CSL
deposition.

2.1. An Understanding of Sb,Te, deposition

As illustrated in Figure 2a, the crystal structure of stoichiomet-
ric Sb,Te; consists of vertically stacked Te-Sb-Te-Sb-Te quintu-
ple layers (QLs) separated by vdW gaps. However, during high-
temperature growth, desorption kinetics may be favored, lead-
ing to the formation of non-stoichiometric films. In the case of
Sb,Te;, this often results in Sb-rich films that include Sb, dou-
ble layers (DLs) intercalated between the Sb,Te; QLs, as shown
in Figure 2a. This deviation can affect both the properties of the
alloy as well as the characteristics of the superlattices./'”]

In the first experiment, the effect of a seed layer on the growth
of Sb,Te; was evaluated by fabricating Sb,Te, films at Ty, =
200 °C, with and without a 3 nm thick seed layer (this is detailed
in Supporting Information Section S1). We found that films with-
out seed layers exhibited spurious orientations (non-(00¢) diffrac-
tion peaks). Therefore, the absence of Te-terminated surfaces was
noted to be detrimental to the epitaxial growth of Sb,Te;, indicat-
ing the fundamental requirement for a seeding layer. In the sec-
ond experiment, the effect of seed layer thickness (up to 5 nm)
was investigated. We observed 3 nm to be the optimal thickness
for the seed layer, as the intensity of the diffraction peaks, indica-
tive of higher crystal quality, diminished with increasing thick-
ness (see Supporting Information Section S1).

To investigate how Te desorption is related to sputter growth
parameters, we grew Sb,Te, films under different pressures p
(3/6/9 pbar) and analyzed their structure using XRD, as shown
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Figure 2. a) Computed crystal structures of stoichiometric Sb,Te; (left panel) and Sb, bilayers intercalated due to Sb enrichment (right panel); b) XRD
patterns of Sb,Te; films grown at 200 °C under different p conditions; c) Raman spectra of Sb,Te; films grown at 200 °C with varying p values.

in Figure 2b. We make a few observations. The first is that the in-
troduction of a seed layer consistently results in Sb,Te; films ex-
hibiting (00¢)-only diffraction peaks, associated with proper ori-
entation, regardless of the pressure. However, at lower pressures,
these peaks broaden and shift: particularly the (003), (006), and
(0015) reflections, while the (0012) peak disappears for 3 pbar
case. This trend can be well attributed to an enrichment of Sb,
which accumulates as double layers (DLs) between Sb,Te; quin-
tuple layers.[?] Interestingly, due to the vdW nature of Sb, double
layers,[*) the desired out-of-plane orientation remains preserved
even if the overall material is no longer stoichiometric. This ob-
servation is further supported by the Raman spectra of the same
films shown in Figure 2c. The film deposited at 9 pbar shows clear
peaks at 68 cm™, 112 cm™, and 167 cm™!, corresponding to the
Sb,Te, A(llg), Eg), and A(lzg) modes, respectively, along with a small
bump at = 46 cm™!, which could be associated with Ef;) mode.!
As the pressure decreases, we observe a significant reduction in
the intensity of the Aglg) and Eg) modes, with the 3 ubar film show-
ing a red shift to 67 cm™ and 110 cm™, respectively. Notably,

31]

the E(gz) mode does not exhibit the same behavior. This particular
phenomenon has been experimentally and theoretically shown to
result from the introduction of Sb, layers between Sb,Te; quin-
tuple layers,[?°! thus verifying the formation of DL.

To further explore Sb enrichment, we deposited Sb,Te, films
across a broad temperature range (180-240 °C), at working pres-
sures of 9 ubar and 6 ubar. The diffraction patterns of the result-
ing samples are shown in Figure 3a,b. We observed that the out-
of-plane orientation in the films remains consistent regardless of
the (p, T) conditions. However, films grown at lower pressures ex-
hibit systematic broadening and slight shifts with increasing tem-
perature. The (003), (006), and (0015) peaks, being the most sen-
sitive to these variations, were fitted with pseudo-Voigt curves to
determine their 20 positions. These positions were used to mon-
itor Sb enrichment and are plotted as a function of temperature
and pressure in Figure 2c (dashed lines represent the 26 posi-
tions for Sb,Te, grown at 9 pbar and 200 °C). It is evident that,
within the given temperature range, pressure has an observable
effect on desorption phenomena. Specifically, for films deposited
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Figure 3. XRD curves of Sb,Te; films grown at 9 ubar (a) and 6 pbar (b) under various Tyouuh; €) 26 peak positions of (00£) Sb,Te; reflections as a

function of Ty
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1, at 9 ubar (dark blue) and 6 ubar (light blue). The film roughness as a function of temperature (d) and pressure (e).
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Figure 4. a) Computed structures of different cubic GST phases viewed with [111] axes in the vertical direction: ordered GST phases featuring 124, 225

and mixed 124-225 stacking (green box) and disordered cubic GST with vacancies randomly distributed in one sublattice (red box); b) XRD curves of

GST films grown at 200 °C and different p values. Red curve refer to a film grown without seed layer while green ones refer to samples featuring seed
layer; c) Detail of GST 2" diffraction order for films deposited with different T and p values; d) XRD curves of GST films grown at 9 pbar and increasing

Tg rowth?

values of Tyro4p-

at 9 pbar, the 20 shift from 180 °C to 240 °C is minimal and up
to T < 220 °C, a lattice parameter of 3.0519 + 0.0006 nm is ob-
served, which is close to stoichiometric Sb,Te;.*?] In contrast, at
lower pressures, the 20 shift is more pronounced: films grown at
6 pbar, 180 °C are poorer in Te compared to those grown at 9 ubar,
240 °C.

Given that the films must be grown on large-scale wafers, sur-
face roughness becomes a crucial parameter. Rough films can
lead to delamination issues during device fabrication and, in the
case of CSL, may additionally degrade the interface quality when
stacking GST and Sb,Te; layers. Root mean square roughness
(R,ns) Obtained from AFM tomographies of Sb,Te, films grown
at varying p and T is reported in Figure 3d,e. It is observed that
while high p enhances Te content, it also results in rougher films.
Similarly, although high T improves film crystallinity (evidenced
by more intense XRD peaks), it also leads to increased surface
roughness. Consequently, we find that when working with a
stoichiometric target, there is no single ideal growth condition.
For instance, it is possible to grow highly ordered, stoichiomet-
ric Sb,Te, films from a stoichiometric target by minimizing Te
desorption, as well as the Sb intercalation between Sb,Te; QLs
through optimal selection of (p, T) conditions. However, this is
achieved at the expense of increased film roughness.

In sum, all these findings can be summarized as follows. A
seed layer enhances the [001] out-of-plane orientation in Sb,Te,
films and reduces spurious orientations, with an optimal thick-

Adv. Mater. Interfaces 2025, 2500058 2500058 (4 0f10)

dashed black lines indicate t-GST reflections while (222) c-GST peak is indicated by a orange line; e) surface roughness measured at different

ness of 3 nm. In the typical temperature range used for growing
phase change alloys, pressure is crucial for controlling Te desorp-
tion, allowing for various compositions. By fine-tuning (p and 1),
stoichiometric Sb,Te,; films can be produced from stoichiomet-
ric targets with controlled Sb enrichment. Higher pressure and
temperature enhance film stoichiometry and crystallinity but in-
crease surface roughness, requiring trade-offs when designing
process conditions.

2.2. An understanding of Ge-Sb-Te deposition

Besides its thermodinamically stable trigonal structure, GST also
features a metastable rock-salt cubic (c-) phase which is the one
generally formed during electrical switching in a PCM device. It
consists of alternating layers of Te and Ge/Sb/vacancies stacked
along the [111] direction.**3*] Depending on the distribution of
vacancies, two possible phases can be obtained: a disordered
phase, where vacancies are randomly distributed in the cation
sublattice, and an ordered phase, where vacancies accumulate in
layers (representing depleted Sb/Ge planes), known as vacancy
layers (VL).13>3¢] Crucially, the formation of these vacancy layers
divides the ¢-GST into distinct blocks, with their size depending
on the number of Te and Ge/Sb planes between two vacancy lay-
ers. Figure 4a illustrates the computed structures of disordered
¢-GST (i) and ordered c-GST (ii), showing different stacking

© 2025 The Author(s). Advanced Materials Interfaces published by Wiley-VCH GmbH

85U80|7 SUOWIWD 3A 8.0 (el (dde 8Ly Aq peusenob e ssjolie YO ‘N Jo Sa|nJ Joy ArIqIT8UIUO A8]IM UO (SUORIPUOD-pUe-SW.B/Woo" A3 I Afeiq 1 [puljuo//Sdny) SUonIpU0D pue swie 1 8y} &8s *[5202/50/60] Uo AriqiTauluo A8|1M il eueiyo00 Aq 850005202 IWPe/Z00T OT/I0p/Woo" A3 1M Afeiq 1 [eul Uo peouepe;/Sdiy Woiy pepeoumoqd ‘0 ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

configurations. Unlike Sb,Te;, the formation of VL in ¢-GST is
understood to precede the creation of the vdW gaps of t-GST.3*-7]

In the first experiment, we investigate the role of the Sb,Te,
seed layer in the growth of GST, as well as the effect of deposi-
tion pressure. XRD curves of GST films (~ 20-25 nm thick) de-
posited at Ty, of 200 °C under different pressures, with (green
curves) and without (red curves) the seed layer, are shown in
Figure 4b. Seeding the substrate surface with Sb,Te, clearly re-
sults in higher quality crystalline films, as indicated by the over-
all increased intensity of the diffraction peaks. The peaks at ~
25.6° and 52.7°, detected in all cases, identify the as-grown films
as cubic GST with complete [111] out-of-plane orientation. Fur-
thermore, while GST deposited without a seed layer grows in the
disordered phase, films grown with a seed layer exhibit distinct
peaks at approximately 19° and 45.5°, indicating the formation of
VL.36]

Using this data, we further estimate (this is detailed in Sup-
porting Information Section S2) the predominant GST stacking-
type by measuring the separation, Aq (where q = 4zsin (6)/4),
between the (222) GST reflection and the vacancy layers peaks
(VLp). This is computed, even in case of GeTe-rich compositions,
as 27/ Aq.383% We note that although the films were grown using
a stoichiometric GST 225 target, the vacancy layer peak (VLp) for
films grown at 200 °C under 9 pbar and 6 pbar yield Aq=0.43 A~1,
which is suggestive of a predominant c-GST 124 stacking. In con-
trast, films grown at (4 pbar) exhibit significantly broader VLp
peaks. This broadening is also observed for films deposited at
180 °C under4-6 ubar (as detailed in Figure 4c). In these cases the
VLp are fitted by two Gaussians: one with Aq = 0.36-0.38 A,
that is compatible with c-GST 225, and another that could be
linked to minor c-GST 124. Interestingly, while films grown at
4 pbar display this mixed stacking at both 180 °C and 200 °C (see
Figure 4c(i)), under 6 pbar (Figure 4c(ii)) the same phenomena is
observed only at 180 °C. In fact, increasing Ty, to 200-225 °C
result in films characterized by 124 stacking as can be observed
in Figure 4d. This suggests that unlike Sb,Te;, where p was the
most relevant parameter to influence film growth, in case of GST
the growth temperature plays a crucial role as it influences the
overall stacking of c-GST, favoring GST 124 at higher T. More-
over, in case of Ty, = 250 °C former GST (111) and (222) peaks
shift noticeably from their original positions (25.65° and 52.66°,
see Figure 4d) to 25.93° and 53.32°, respectively. This shift, along
with the appearance of additional features in the diffractogram,
indicates that the film grows in the trigonal rather than the cubic
phase.[***1] The emergence of the trigonal phase at a higher tem-
perature aligns with its known tendency to crystallize at higher
temperatures compared to the cubic phase. This observation is
further corroborated by film’s roughness (Figure 4e) as a function
of Tyyowtn- As long as the cubic phase is grown, R,,,,; changes very
little as function of Ty, (R = 0.76 nm -0.81 nm); however,
when the t+-GST formation is triggered, R, raises significantly
to 1.2 nm (at 250 °C).

Comparing these findings with the results on Sb,Te;, we ob-
serve that, in the case of GST, temperature rather than pressure
seems to have a more significant effect on the film’s structure.
This is possibly due to the presence of Ge atoms during growth
that have been suggested to preferentially bond with Te.I*! This
is consistent with our results, as it suggests that the presence
of Ge stabilizes Te adsorption, thereby reducing the impact of
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pressure on its desorption. In sum, the key observations are the
following: a Sb,Te, seed layer (thus, Sb,Te;) enables the growth
of ordered ¢-GST, pressure does not have significant effect on
the growth, but ¢-GST of different stacking-types, as well as t-
GST can be obtained starting from a stoichiometric GST 225 tar-
get by fine-tuning T,,,y,- Concerning roughness, as long as the
c-GST phase is obtained, the as grown films experience minor
R, variations as function of temperature and are smoother than
Sb,Te, films grown in the same conditions. On the other hand,
if t-GST is grown, due to its fiber textured nature, R, increases
significantly.

2.3. An Understanding of GST/Sb,Te, Superlattices Growth

The observations gathered for the growth of Sb,Te, and GST
films can now be combined to draw a (p,T) phase diagram (see
Figure 5a), which can point to the conditions that can yield highly
textured films with stoichiometric composition and low surface
roughness (R, ;<1 nm). This phase diagram, also serves as the
starting point for the growth of CSL films. For Sb,Te;, stoichio-
metric films can be grown at 9 ubar (or higher), with low depen-
dence on Ty, However, above 220 °C, the surface roughness
exceeds 1 nm, so this temperature is considered the upper bound
for CSL deposition at this pressure. At 3 pbar, despite the low
roughness, notable Te desorption occurs, making it unsuitable.
At 6 pbar, despite moderate Te desorption, good quality films can
be obtained within the low Ty, range. For GST, the pressure
in the investigated range has a marginal effect on film quality. In
terms of Ty, except at 250 °C, the films maintain low rough-
ness under the same (p,T) conditions as Sb,Te;. This indicates
that the GST growth window favorably overlaps with the region
where high-quality Sb,Te, is obtained, allowing for more stream-
lined parameter optimization for CSL deposition.

We start off with investigating the impact of pressure (up to
12 pbar) on the CSL growth. Using XRD, we find (the analysis of
diffraction curves Supporting Information section S3) that tex-
tured CSL films can be grown under all p conditions. However,
CSL films grown at lower pg,, values (e.g., 6 pbar) exhibits
broader peaks. We are able to attribute this to Te desorption in
Sb,Te; (see Sb,Te, section and ref. [17]). Nonetheless, we note
that while higher p,,,y, improves the overall structural quality,
it negatively impacts CSL surface morphology. SEM images (see
Figure 5b) show a gradual increase in number of flakes (bright
features) as pg,ou, increases. This effect is particularly evident for
CSL grown at 9 pbar, where the inset reveals numerous hexago-
nal and triangular flakes indicative of the trigonal structure char-
acteristic of Sb,Te, and GST. Interestingly, this phenomenon
occurs only in the case of CSL: GST and Sb,Te; films grown
under the same (p,T) conditions have smoother surfaces, as
noted in the SEM and AFM analysis (see Supporting Information
Section S3).

Furthermore, the influence of the seed layer was investigated
in the growth of CSL films. Figure 5c shows the XRD curves of
superlattices (3 nm Sb,Te;/ 1.8 nm GST) deposited at 180 °C on:
bare SiO, (red), SiO, covered by 3 nm and 5 nm thick seed layer
deposited at 180 °C (orange and green), as well as on SiO, coated
by 3 nm thick seed deposited at RT. Depositing the CSL directly
on the bare substrate results in a film with a XRD curve (red)
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Figure 5. a) (p,T) phase diagram illustrating growth conditions for GST (green) and Sb,Te; (blue) films; b) SEM images of CSL films grown at different
Pgrowth Values. The inset illustrates flakes, indicative of delaminated Sb,Te; and GST grains; c) XRD curves of CSL deposited without seed layer (red
curve), with 3 nm RT seed layer (topmost blue curve) and 3 nm and 5 nm thick high Ty~ deposited seed layer (second and third curve from the

bottom respectively).

characterized by a number of low intensity peaks, most of which
are not related to the a superlattice structure. Peaks marked by
“*” at = 28.7° and 39° originate from non (00.£) t-GST planes**]
while those at ~ 25.8 and 53.3 from (00.£) t-GSTI**! that grows
without preferential orientation. The faint peaks at ~ 17.5°, 44.8°
belong to Sb,Te, (006) and (0015) planes respectively (see fig. 2)
while the one marked by a circle is a W cap layer. In conclusion,
a CSL is not obtained. On the other hand, introducing the opti-
mized 3 nm seed layer at RT, as observed for the films deposited
at different p, the resulting film shows a diffraction curve (blue)
in which the main CSL peaks, as well as its satellites, are clearly
observed. Undesirably, depositing an amorphous seed layer that
is later crystallized through annealing can induce stresses at the
substrate-film interface. This, combined with the layered nature
of Sb, Te,, can results in film delamination during the fabrication
process.['8431 On the other hand, since the layered nature of these
materials is what we are trying to exploit, the only factor on which
we can work to mitigate delamination is the RT-deposited seed.
Interestingly, depositing a 3 nm thick Sb,Te; seed layer at high
temperature yields a film (XRD curve shown in Figure 5c) that ex-
hibits the typical CSL features. Despite this, such peaks and satel-
lites are less intense than those observed in case CSL deposited
with the standard seed, indicating an overall lower material qual-
ity. Additionally, two minor peaks related to non (00.£) GST re-
flections are detected, suggesting the occurrence of intermixing
phenomena that lead to formation of a fraction of non-oriented
GST. These non-(00.7) features vanish if the high-T seed is de-
posited 2 nm thicker, as reported in Figure 5c, implying that with
a thicker seed a better control over the layer growth is achieved.

Adv. Mater. Interfaces 2025, 2500058 2500058 (6 0f10)

It is important to note that, even in this case, the overall inten-
sity and definition of XRD peaks are lower compared to CSL de-
posited on the standard seed. This suggests that the structural
and interface quality are likely worse than for CSL deposited on
the RT seed. However, a layered structure with properly oriented
vdW gaps is still obtained, meaning that if the RT-seed route
cannot be followed due to delamination, sacrificing some struc-
tural quality could be a viable option to successfully carry out de-
vice fabrication.

Another interesting aspect to investigate is the relationship be-
tween optical properties and CSL periodicity. In this regard, we
realized a series of CSL featuring different periodicities (A) on
SiO, coated with RT-deposited seed layer. The as grown films
were characterized via spectroscopic ellipsometry while the rel-
evant parameters were extracted fitting the raw data with a gen-
erated model. Further details can be found in the Experimen-
tal Section. Interestingly, regardless of the period, we measured
E,,, values falling within a rather narrow energy range (0.3-
0.34 eV), which align with previous reports on GeTe/Sb,Te,
superlattices.[**] These values, reported in Table 1, are reason-
able considering the bandgap energies of pure GST (~ 0.4 eV)
and Sb, Te; (~ 0.17 eV),l***"] possibly suggesting that the E,, of
CSLs could depend on the relative amounts of GST and Sb,Te,
in the films, and thus within each period. Within the limits of
our model, we do not observe a correlation between E,,, and
CSL period. Notably, the lowest E,,; is obtained for A = 4 nm
Sb,Te; /3.6 nm GST, which is the GST-richest superlattice we
measured. A similar behavior is observed for the refractive in-
dex (n) and the extinction coefficient (k), as shown in Figure 6.
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Table 1. Energy gap Eg,, and transition energy E,, extracted from ellipsom-
etry measurements of superlattices of varying periods A.

A Sb,Te, /GST [nm/nm] Egap [€V] E, [eV]
418 031 1.50
4/3.6 030 1.50
6/3.6 032 1.56
9/5.4 034 1.54

We observed only minor variations between CSLs with different
periodicities, with no clear trend emerging as a function of
A. This indicates that factors other than the simple proportion
of GST and Sb,Te; might influence the optical properties of
these superlattices.

We further assessed the growth of superlattices on a carbon-
based film, which is becoming increasingly important for PCM
devices. In fact, this film serves a dual purpose: first, it acts
as a projection layer that minimizes the effects of resistance
drift; second, it enhances the adhesion between the active ma-
terial and the electrode, reducing the risk of delamination dur-
ing integration.[*] To that end, CSL films 57 nm thick consisting
of 12 repetitions of 3 nm Sb,Te;/1.8 nm GST were grown un-
der identical (p,T) conditions on both SiO, and the carbon-based
film using a RT-deposited seed layer. The corresponding XRD
curves (see Figure 7a) show the distinctive CSL peaks, including
the main CSL diffraction order and its related satellite peaks. This
indicates that CSLs can be successfully sputter-grown on carbon-
based substrates. This is further evidenced on high-resolution
STEM micrograph (see micrograph in Figure 7b), which clearly
shows the presence of vdW gaps throughout the entire cross sec-
tion of the film. However, the zoomed micrograph in Figure 7c
reveals that locally the nominal Sb,Te,/GST periodicity is not
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Figure 6. Index of refraction n and extinction coefficient k extracted from
spectroscopic ellipsometry measurements of superlattices of different pe-
riods A.
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always maintained. By counting the number of Te and Ge/Sb
planes, we can identify blocks constituted by five atomic layers
(Sb,Te; QLs, blue) as well as blocks with 7, 9, and 11 Te/Ge/Sb
planes, indicating the formation of GST124, 225, and 326 blocks.
This variation is likely due to the fact that, although GST is less
prone to intermixing compared to GeTe,!?! its intrinsic composi-
tional disorder and tendency to form blocks of different sizes!*!
allow neighboring Sb,Te; and GST blocks to react and form new
blocks of different compositions. An example of this is schema-
tized in Figure 7c, where an ideal nominal stacking sequence
of 3 nm Sb,Te; (three blocks) and1.8 nm GST (one 225 block)
is altered by interface reactions, leading to mixed blocks. There-
fore, since such intermixing could alter the nominal stacking se-
quence, these phenomena should be considered, especially when
growing CSL with smaller periods.

To evaluate the electrical properties of CSL, we measured
the in-plane (p;) and cross-plane (p,) electrical resistivity us-
ing a modified-Transfer Length Measurements (m-TLM). Unlike
standard TLM, which only estimate in-plane resistivity, m-TLM
uniquely involves creating variable resistances by etching the film
to different thicknesses (h). This is depicted in Figure 8a. In our
m-TLM structures (see Supporting Information Section S4 for
fabrication details), the CSL remains always capped and the con-
tacts with electrodes are always intact. This is fundamentally dif-
ferent from previous studies,'!l in which the film surface is ex-
posed to ambiance (thus, oxidation) during device fabrication.
The total resistance measured between the two contacts can be
written as Ry, = 2R, + 2R, + R where R is the contact resis-
tance with the electrodes, R, is the cross-plane resistance from
CSL, and Ry is the in-plane resistance of CSL.

Figure 8b shows an exemplar plot of R, as a function of the
channel length (L) for a superlattice 96 nm thick progressively
etched to vary the values of h. We first note that the increase
in measured electrical resistance as a function of L is perfectly
linear up to 40 um (the maximum pad distance), indicating ex-
cellent long-range uniformity of our films. p; is computed from
the slopes of these R, (L) curves, taking the value p; = 1.19 +
0.02 x 10~* Qcm (average of p, extracted from each curve: 0.99 x
10~* Qcm, 1.15 X 107* Qcm and 1.44 X 107% Qcm). This value is
in line with superlattices data reported in literature, as shown in
the supporting information.

In principle, modified TLM also allows to assess p, by plot-
ting the intercepts (q) of these R,.;(L) curves as a function of
h. Calculating the p, with this approach in the supplementary
information, we obtain, as expected, a p, value higher than p;.
However, the measured p, is also significantly higher than val-
ues previously reported in the literature. This discrepancy may
arise from surface oxidation on the structure’s sidewalls during
fabrication, which could also impact the contact resistivity (p.).
Therefore, both p, and p, could be misrepresented and further
investigations are needed. A discussion and a comparison to lit-
erature are provided in the supplementary information.

3. Conclusion

In summary, we have investigated the effects of growth parame-
ters, such as pressure and temperature, on the sputter deposition
of GST, Sb,Te,, and their superlattices (CSL). The seed layer of
a specific thickness was critical for achieving oriented growth,
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Figure 7. a) XRD curves of Sb,Te; /GST superlattices deposited on SiO, (orange) and on a C-based layer (blue) films. b) A TEM micrograph showing
the persistence of vdW gaps throughout the entire superlattice stack; c) Schematic representation of nominal and final CSL stacking with and without
local intermixing at the interface compared with detailed micrograph showing Sb,Te; (light blue) and GST (light green) blocks.

with pressure being particularly important for Sb,Te; due to its
impact on Te desorption. In this context, additional TEM mea-
surements on Sb,Te; could offer further insights into Sb accu-
mulation as a function of pressure. For GST, deposition optimiza-
tion enabled control over the stacking of the cubic phase, as well
as the growth of t-GST, without altering the target composition,
with temperature being the most influential factor. This is par-
ticularly relevant in light of renewed interest in textured GST as
active material.**°l A p,T diagram was developed to map opti-
mal growth conditions for these films, resulting in highly tex-
tured and uniform growth of CSL films with varying periodici-
ties on relevant substrates. CSL growth was also achieved using
a seed layer deposited at high T, useful to minimize potential
delamination. Atomic characterization revealed local intermix-
ing at the interfaces. Characterization of the optical refractive in-
dices showed no dependency on periodicity. The quality of inter-
faces could be explained by deposition defined desorption kinet-
ics and film roughness. These results provide a directed method-

ology for sputter growth of CSL as well as textured Sb,Te; and
GST. Finally, it would be interesting to explore how the struc-
ture and intermixing in superlattice films influence the electri-
cal behavior of memory devices, for example on the program-
ming efficiency and endurance. This is in the interest of a future
work.

4. Experimental Section

The sputter deposition of the films were carried out using FHR.Star.75.Co
DC magnetron sputtering tool. Single GST 225 and Sb,Te; stoichiometric
targets were used, and depositions were carried out with ~ low 1077 pbar
base pressure. Films were deposited on 20 mm x 20 mm Si(100) chips
covered by ~100 nm thick bare, and amorphous carbon coated, thermal
SiO,. Prior to material deposition, each substrate was cleaned with ace-
tone and isopropanol for 10’ and in-situ with Ar+ inverse sputtering etch-
ing (ISE) process to remove native oxide. Deposition rates of Sb,Te; and
GST films were evaluated via X-ray reflectivity measurements. To main-
tain low deposition rate, 30 W sputtering power was used. Depending on

b)
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Figure 8. a) Cross section schematizing of the structures realized for m-TLM measurements and top view from optical microscope after fabrication;
b) R(L) measurements (dots) and related linear fit (dashed lines) of CSL featuring different etch depth h.
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the subsequent processing steps, samples were capped in situ either with
SiO, or W. Out of plane diffraction curves were acquired in 6—26 symmet-
ric geometry using Bruker D8 discovery diffractometer mounting Cu an-
ode and using Ka radiation (4 = 1.5406 A). Ellipsometry measurements
were performed in a J.A. Wollam spectroscopic elllipsometer. Data col-
lected at room temperature at three incidence angles (60°, 65°, and 70°).
Optical constants and other relevant parameters were extracted by fitting
experimental data to a Tauc—Lorentz oscillator modell®'52] on WVASE soft-
ware package. Each sample was simulated with a layered model featuring
one layer for the substrate, one for the active material and one for the
capping layer and/or surface roughness. Imaging was performed using a
probe- and image-corrected ThermoFisher Scientific ThemisZ S/TEM mi-
croscope operated at 300 kV in STEM mode. A current of approximately
20 pAwas used not to destroy the phase-change material, at a convergence
angle of approximately 25 mrad. The detectors used were a high-angle an-
nular dark-field (HAADF) detector, a four-segment annular detector (DF4)
for integrated differential phase contrast (iDPC). For the images, the dwell
time was set to 2 ps for a 4096 x 4096 pixel resolution. The elemental maps
of 1024 x 1024 pixels were collected with drift correction over several hours
to get sufficient counts with the low current.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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S1. AN UNDERSTANDING OF THE SEED LAYER
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FIG. 1: a) Sb,Te; films grown in identical conditions with and without seed layer; b) Intensity of (00¢) XRD peaks plotted as
function of the thickness of the seed layer employed for the growth of the related film

In the Section detailing Sb,Tes in the main text, we noted that using an Sb,Tes seed layer enables a highly textured
growth. Here we discuss this further. The effect of the seed layer was investigated by initially depositing ~ 25nm
Sb,Tes on SiO, under identical conditions, with and without a 3nm thick Sb,Te; seed. The XRD curves of the
resulting films are shown in Figure [Th. In both cases, crystalline films were achieved. Notably, the film deposited
using the seed layer was completely out-of-plane oriented, as indicated by the presence of (00¢) diffraction peaks.
In contrast, when no seed layer was used, the Sb,Te; still grew predominantly oriented, but a minor component of
misoriented Sb,Te; was also formed. This can be inferred from the appearance of the (012) peak, which is the most
favored orientation in Sb,Te; powders. Figure[lb shows the intensity of (00¢) diffraction peaks from films deposited
under identical conditions but with seed layers of varying thicknesses. The data indicate that the highest number
of counts (XRD peaks intensity) was achieved with a 3nm thick seed layer, corresponding to three quintuple layers
stacked one on top of the other. This suggests that a 3nm seed layer provides the optimal thickness for achieving
high-quality crystalline Sb,Te; films.

S2. AN UNDERSTANDING OF THE TYPE OF GST BLOCKS

In the Section discussing Ge-Sb-Te in the main text, we calculated the predominant stacking sequence of c-GST by
fitting VLp in the diffraction curves. Here, we present the detailed description and results of these fittings. It is well
established in the literature that XRD is a valuable tool for determining the predominant stacking of c-GST*4. This
involves fitting the GST(111)/GST(222) XRD peaks along with the VLp feature. Typically, the main GST features
are modeled using a pseudo-Voigt function, while the VLp is fitted with one or more Gaussian curves. Given that
the second-order diffraction peak of the VLp is usually more intense than the first, our analysis focuses on fitting
the GST(222) peak and its associated VLp. After fitting the XRD curve, the stacking (S) is calculated based on the
distance Ag between the GST(222) peak and the Gaussian used to fit the VLp, according to the relation S = 27/Aq.
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FIG. 2: XRD curves, and related fits, of GST films grown in different conditions: 180 °C and 6 ubar (a); 200 °C and 6 ubar (b);
200 °C and 9 ubar (c); 225 °C and 9 pbar (d). Red curves are pseudo-Voigts functions used to fit GST(222) reflections while green
and blue curves are Gaussian for VLp modeling

The results of this analysis are shown in Figure 2} illustrating the some of the cases described in the main text. For
films deposited at 6 ubar, two Gaussians are required to model the VLp of GST grown at 180 °C, while only one
Gaussian is sufficient for the film deposited at 200 °C. By computing the Ag distance between the GST and VLp
peaks for the film grown at 180 °C (Ag = 0.38 A~! and 0.5 A~"), results in blocksizes compatible with mixed 124/225-
predominant 225 stacking®. Similar results are obtained with films grown under 4 ubar at 180-200 °C. Conversely,
complete 124 stacking is observed under 6 pbar at 200 °C and under 9 ubar at both 200 °C and 225 °C, as proved by
the single-component VLp located at Ag ~ 0.43-0.45 A" .

S3. AN UNDERSTANDING OF THE EFFECT OF PRESSURE ON CSL STRUCTURE AND MORPHOLOGY
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FIG. 3: XRD curves of CSL grown at 200°C under different pressure conditions

In the Section detailing CSL growth in the main text, we discussed the effect of growth pressure on the superlattices.
Here, we present the XRD curves along with additional AFM and SEM data. The effect of pressure on CSL films
was evaluated by growing them at 200 °C under different increasing pressures. The XRD curves reported in Figure[3]
show no spurious signals from segregated unoriented GST/ Sb,Tes, while the first and second orders of diffraction
of the CSL are very clear. Qualitative information about the structural quality can be deduced from the satellite
peaks observed on the left of the main CSL peaks. As the pressure decreases, these peaks change modestly from
12 pbar to 9 pubar, while a clear broadening is observed in the film grown at 6 ubar. This is not surprising considering
that Sb,Tes experiences Te desorption at 6 ubar while it remains stoichiometric at 9 ubar or above. Therefore, since
Te depletion causes broader CSL peaks4, we can attribute this broadening to Te loss in Sb,Tes.

In figure [#, we present AFM and SEM images of the surfaces of SbyTes3, GST, and a superlattice, all grown under
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FIG. 4: SEM and AFM images of Sb,Te3, GST and CSL grown at 200 °C and 9 pbar

identical conditions. It is clear that while the CSL shows a number of flakes, seemingly due to delamination, the GST
and Sb,Te; grown under the same conditions are perfectly flat, with no signs of flaking.

S4. FABRICATION OF TLM DEVICES AND CROSS PLANE RESISTIVITY
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FIG. 5: Schematics of the fabrication process of the test structures used for m-TLM. The figure shows for each of the 8 steps both
side view (cross section) and top view of the chip. SiO, substrate is blue, CSL film is orange, W is gray and the negative resist is
green. Pictures not in scale.

In Section discussing electrical characterization in the main text, we presented data obtained from m-TLM to assess
in-plane and cross-plane resistivity. Here, we provide a detailed description of the 8 fabrication steps schematized in
Figure 5| Initially, the substrate underwent the usual chemical cleaning procedure to prepare it for film deposition.
Next, the CSL film was sputter-grown on the cleaned substrate. After allowing the film to cool down, it was capped
with a 10nm layer of tungsten (W) deposited at room temperature (1). This W layer will be the starting point
for the contacts and, since it is deposited in situ, it effectively prevents CSL surface exposure to atmosphere (thus
oxidation). Following film deposition, the chip was removed from the growth chamber for a first lithography step
that employed a negative resist to define the area of the TLM test structure (2). After the resist was developed, an
ion milling etching was performed to isolate the test structures (3). The resist was then removed (4). Subsequently,
another lithography step (5) with negative resist was carried out to define the pad area (100 um x100 um). This
consisted of leaving the contact area free from resist while the channel area remained covered. Subsequently, the
chip was placed in a sputter tool for the deposition of100nm W pads (6). Prior this deposition inverse sputter etch



was conducted to remove any native W oxide that may have formed (1-2nm). The process then continued with
a liftoff that removed the resists and defined the final test structures (7). A final ion milling step (8) ended the
fabrication of the device, etching the remaining W in the channel as well as a portion & of the superlattice. In this
way, we fabricated 80 TLM test structures, 10 for each channel length (L=5, 10, 15, 20, 25, 30, 35, 40 um).

--- Fit
111 & Data }
104 ‘,J” TABLE I: Table reporting in plane and cross plane
e electrical resistivity from various superlattices reported in
a e literature grown with various techniques
-
- f’I Material In plane Cross-plane  Ref.
L (Qcm) (Qcm)
81 /'/ GST/Sb,Te; S 1.19 x 1073 169 This work
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[ GeTe/Sb,Te; SL 4.8 x 1073 194 :
71 . . . . . . In,Se; nanowire SL 2 x 103 40 Z
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FIG. 6: Intercept q(hecpeq) as function of the etch depth i and
linear fit (dashed line) used for p, evaluation

For p,, the intercepts (¢) of the Ry1(L) curves are plotted as a function of h and, since the intercept effectively
equates to ¢ = 2R, +2p, h/A. Consequently, p, can be extracted from the slope of the g(h) curve in Figure|f] yielding
p1 = 169£36 Qcm. This translates in a stark contrast between the cross-plane and in-plane resistivity, on the order

of 100000 x. However, as summarized in Table|l} the p, /pj ratio observed here is significantly higher than previous

reports in the literature®®®, primarily due to an unusually high cross-plane resistivity. While a substantial difference

between in-plane and cross-plane conductivity is expected, such an elevated value could be influenced by additional
factors. For instance, all the sidewalls of the vertical pillars, which contribute to the cross-plane resistivity, are directly
exposed to the atmosphere, increasing the surface area susceptible to oxidation. This could compromise the accuracy
of the cross-plane resistivity measurement. Therefore, to validate the reported p, value, further investigations are
necessary to rule out the influence of such effects. Moreover, since the vertical pillars contribute also to the contact
resistance, even this value is likely affected by oxidation. As a result, isolating the contact resistivity (p.) from p
is not straightforward. However, for completeness, we estimate the contact resistivity using p, value reported in

ref?, yielding 4.4x10~* Q cm?. Conversely, p| is less affected as the portion of film involved in the evaluation of P
exposes much less area to the ambiance. As a result, the measured p| value is in line with previous reports (see table

1.
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