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ABSTRACT: Monocrystalline chalcogenide thin films in freestanding forms
are very much needed in advanced electronics such as flexible phase change
memories (PCMs). However, they are difficult to manufacture in a scalable
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manner due to their growth and delamination challenges. Herein, we report a ~ |As-grown

viable strategy for a wafer-scale epitaxial growth of monocrystalline germanium & [
telluride (GeTe) membranes and their deterministic integrations onto flexible w0
substrates. GeTe films are epitaxially grown on Ge wafers via a tellurization - T
reaction accompanying a formation of confined dislocations along GeTe/Ge o

interfaces. The as-grown films are subsequently delaminated off the wafers,
preserving their wafer-scale structural integrity, enabled by a strain-engineered
spalling method that leverages the stress-concentrated dislocations. The
versatility of this wafer epitaxy and delamination approach is further expanded
to manufacture other chalcogenide membranes, such as germanium selenide
(GeSe). These materials exhibit phase change-driven electrical switching characteristics even in freestanding forms, opening up
unprecedented opportunities for flexible PCM technologies.

KEYWORDS: GeTe, GeSe, Thin films, Membranes, Epitaxial growth, Ni spalling, Chalcogenide, Freestanding films, Flexible electronics,
Phase change materials, PCM

GeTe (200)

Intensity (.u}

GeTe (400)

Downloaded via UNIV OF CENTRAL FLORIDA on December 12, 2024 at 19:09:48 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Monocrystalline thin films are essential for high-performance
electronics due to their excellent charge transport properties
with minimized structural imperfections,' ™ offering oppor-
tunities for advanced device technologies.”> Among a variety
of methods to chemically manufacture them, the epitaxial
growth method leveraging the crystallographic similarity of
thin films vs growth wafers®™” marks a significant advancement
in semiconductor industries.”®’ This approach enables the
growth of various electronic materials on conventional wafers
in a scalable,'’ e.g,, molecular beam epitaxy (MBE) for III—V
compounds on silicon (Si),"" perovskite oxides on Si,'* and
chemical vapor deposition (CVD) for two-dimensional (2D)
layers on sapphire''* or on silicon carbide (SiC) wafer."®
With rapid advances in emerging technologies such as
mechanically deformable electronics, epitaxial growth methods
in producing high-quality monocrystalline materials accom-
modating various form factors have been significantly
demanded.”'”'® While 2D layers-based membranes are easier
to manipulate due to their van der Waals (vdW) bonding
nature,'” ™" covalently bonded conventional thin films are
difficult to fabricate in membrane forms preserving their
intrinsic monocrystallinity owing to the combined challenges
of their epitaxial growth and subsequent delamination.””"~**
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Herein, we demonstrate an epitaxial growth of high-quality
monocrystalline thin films and their controlled delamination
with germanium (Ge)-based chalcogenide systems, enabling
the manufacture of wafer-scale membranes. Specifically, we
report that Ge wafers directly reacted with vaporized tellurium
(Te) precursors yield an epitaxial growth of monocrystalline
germanium telluride (GeTe) thin films. The crystallographic
epitaxy of GeTe vs Ge is unveiled through extensive
characterizations at atomic-to-macroscopic scales. Importantly,
highly localized dislocations along GeTe/Te interfaces are
identified, reflecting a slight lattice mismatch between GeTe
and Ge. By leveraging the dislocations accompanying high-
strain gradients, we precisely delaminated GeTe thin films off
their Ge wafers using a nickel (Ni) stressor-assisted spalling
method. The delaminated GeTe membranes exhibit phase
change-driven electrical switching characteristics, evidencing
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Figure 1. (a) Schematic of CVD epitaxial growth of GeTe film on Ge wafer. (b) Optical image of GeTe-grown Ge wafer. (c) Indexed XRD pattern,
and (d) XRD phi (¢h) scan of GeTe-grown Ge wafer. (e) Raman spectrum and mapping (inset) images of GeTe-grown Ge wafer. (f) Cross-
sectional TEM image of GeTe/Ge interface. (g) FFT patterns obtained from respective regimes of blue, yellow, and red in (f).

a b

OO0 OO
OO ':':‘:'::: A
QO KR AL
OO
O] OO0

OO0 el
OO0 0
BGOOOO0

OO0

Ge+.GeTe
5 & W00
-(220)@1(11.1) E}//

+

c d

Intensity (a.u.)
Intensity (a.u.)

00 oo o 200

Energy (eV) Distance (nm)

Figure 2. (a) Low-magnification cross-sectional TEM image of GeTe grown on Ge. (b) EDS mapping images corresponding to the red box in (a).
(c) EDS spectrum, and (d) line scan profile obtained from GeTe. (e) Cross-sectional HR-TEM image revealing epitaxial growth of GeTe on Ge.
(f) SAED patterns obtained from Ge only (top) and GeTe/Ge (bottom) regions. (g) Cross-sectional TEM image presenting Ge wafer, GeTe’ and

GeTe'’ areas. (h) Diffraction spots in the FFT obtained from (g).

that this delamination method effectively preserves the
structural integrity of epitaxially grown materials.

Figure 1 illustrates the CVD epitaxial growth of mono-
crystalline GeTe thin films on Ge wafers, which employs a
direct tellurization of (100)-oriented Ge wafers with vaporized
Te. Details about the CVD growth conditions are presented in
the Supporting Information. Figure 1b shows an image of a
wafer-scale (>cm®) GeTe-grown-Ge wafer, which is charac-

12824

terized by X-ray diffraction (XRD) and Raman spectroscopy.
Figure lc presents an indexed XRD pattern obtained from a
sample prepared at a CVD temperature of 350 °C. It displays
only two prominent peaks at 29.9° and 62.1°, which
correspond to (200) and (400) planes of cubic GeTe,
respectively, while the additional peak at 65.9° matches the
(400) plane of cubic Ge. The appearance of only a-axis aligned
XRD peaks of GeTe and Ge cubic structures indicates their
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Figure 3. (a) Schematic illustration of spalling-enabled delamination of GeTe thin film. (b) Images of GeTe film delamination. (c) Comparison of
Raman spectra for delaminated GeTe vs as-grown GeTe prepared at various conditions along with Raman mapping images of delaminated GeTe
(inset). (d) Raman spectrum of remaining GeTe on Ge. (e) Comparison of XRD patterns for as-grown GeTe (top) vs delaminated GeTe. (f)
Cross-sectional TEM image (left) and its corresponding GPA strain mapping images depicting strain distributions along x- (middle, ¢,,) and y-
(right, syy) orientations. (g) Direct visualization of individual dislocations existing within GeTe. (h) Schematic illustration of working principle for
GeTe delamination enabled by lattice mismatch-driven concentration of strains along dislocations.

epitaxial relation, suggesting a growth of monocrystalline at 450 °C is presented in Supporting Information, Figure S1,
GeTe. Additional XRD pattern obtained from a sample grown which displays a similar monocrystallinity of GeTe. It is
12825 https://doi.org/10.1021/acs.nanolett.4c03127
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interesting to note that the grown GeTe possesses a cubic
structure that is commonly achievable at much higher CVD
temperatures (e.g., ~700 K),**7%¢ indicating a possible role of
the cubic-phased Ge wafer in guiding the orientation of
growing GeTe. Figure 1d shows the XRD phi (¢) scan profile
obtained from the same sample, revealing four different peaks
through 360° rotation. This observation confirms the cubic
structure of GeTe accompanying a 4-fold rotational symmetry,
while three peaks are expected to appear in rhombohedral
GeTe.””*® Furthermore, the four peaks are observed to be
evenly separated by ~90° from one another, which indicates
that the monocrystalline GeTe is epitaxially grown on the
(100) Ge wafer resembling its cubic phase. Figure le presents
Raman characteristic peaks at ~86.7 cm™" and ~124.9 cm™,
which are assigned to E and A; modes of GeTe, respectively,
consistent with previous studies.””>" Further insights into the
monocrystalline structure of GeTe are obtained by trans-
mission electron microscopy (TEM) characterizations. Figure
1f displays a TEM cross-sectional image of as-grown GeTe on
Ge, focusing on their interface. Both Ge and GeTe exhibit a
(200) plane interplanar spacing of 0.28 nm, indicating a high
degree of lattice matching, thus suggesting the epitaxial growth
of GeTe on Ge through their coherent and continuous
crystallographic orientations across the interface. This epitaxial
relationship is predicable based on their highly comparable
crystal structures (Ge: ICDD: 04-0545, GeTe: ICDD: 65-
0305),”**? which is also consistent with the XRD observations.
An enlarged view of the TEM image is presented in Supporting
Information, Figure S2, which better visualizes lattice fringes
across the GeTe/Ge interface. Figure 1g presents fast Fourier
transform (FFT) images derived from three different areas of
the HR-TEM image, i.e., Ge wafer (red box), GeTe film (blue
box), and GeTe/Ge interface (yellow box). The nearly
identical indexed FFT images, revealing the diffraction features
of monocrystallinity, confirm the lattice coherency of the
materials, directly evidencing their epitaxial relation.

With the gained insights into the monocrystalline continuity
of GeTe and Ge, we focus on unveiling their epitaxial growth
principle through in-depth atomic-scale studies. Figure 2a
presents a low-magnification cross-sectional TEM image of as-
grown GeTe on Ge, revealing their distinct image contrast.
Notably, laterally aligned dislocations are observed along the
GeTe/Ge interface within the GeTe region. The presence of
the lateral dislocations is further verified by a TEM image
taken at a higher magnification (Supporting Information,
Figure S3). Figure 2b depicts a cross-sectional energy-
dispersive X-ray spectroscopy (EDS) elemental mapping
image acquired from the red box in Figure 2a, revealing a
uniform distribution of Ge (red) and Te (blue) atoms. The
EDS spectrum in Figure 2c¢, along with additional EDS
quantification analysis presented in Supporting Information
Figure S4, confirms that the as-grown GeTe films possess
nearly stoichiometric atomic ratios of Ge:Te. Furthermore, the
uniform distribution of Ge (red) and Te (blue) within the
material is further verified by the EDS line profile in Figure 2d,
which also identifies the GeTe thickness of ~150 nm. Figure
2e shows a representative cross-sectional HR-scanning TEM
(HR-STEM) image demonstrating an atomic-scale visual-
ization of the GeTe/Ge interface along with its magnified view
(red box). It reveals that the GeTe film is seamlessly interfaced
with the underlying Ge wafer without a significant lattice
distortion or crystallographic discontinuity, evidencing its
epitaxially grown monocrystallinity. Figure 2f top presents an

indexed selective area electron diffraction (SAED) pattern
obtained from the Ge wafer in Figure 2e, clarifying its perfect
monocrystallinity. Figure 2f bottom presents a SAED pattern
obtained from a large area of the GeTe/Ge interface, exhibiting
a high similarity to that of the Ge wafer. However, a careful
inspection unveils intriguing features that signify the epitaxial
nature of GeTe growth on Ge. For instance, around the
monocrystallinity diffraction spots contributed by the Ge wafer
(yellow circles within the insets), periodically located satellite
spots are well resolved (green/red circles within the insets).
This observation suggests a presence of slight structural
variations within the GeTe film, leading us to hypothesize two
distinct phases of GeTe’ (green) and GeTe’’ (red). It is worth
mentioning that these distinct phases of GeTe still preserve
monocrystalline characteristics despite slight variations with
respect to the monocrystallinity of Ge. Figure 2g displays a
cross-sectional HR-TEM image with a larger field of view,
distinguishing the GeTe film into two phases: GeTe’ and
GeTe''. To identify which diffraction spots belong to which
phases, we performed in situ FFT analysis on the HR-TEM
image in a real-time manner. The FFT analysis video in
Supporting Information, Movie 1 clarifies that SAED patterns
sequentially transit from three different crystalline regimes of
Ge, GeTe’, and GeTe”, indicating a slight lattice mismatch
between GeTe and Ge. Figure 2h presents FFT diffraction
spots corresponding to Ge (orange), GeTe’ (green), and
GeTe" (red), further supporting the epitaxial growth of GeTe
on Ge resembling its monocrystallinity. These comprehensive
observations suggest that the epitaxial growth of GeTe on Ge
inevitably introduces structural variations into GeTe (ie.,
dislocations in Figure 2a), resulting in distinct phases. Indeed,
owing to the slight (6%) lattice mismatch between Ge (a =
5.67 A) and GeTe (a = 6.01 A),”>* the growth of GeTe on
Ge should involve an accumulation of lattice strain which
causes a formation of dislocations. The presence of these
intrinsic dislocations within GeTe films plays a critical role in
their controlled delamination, as discussed in the next section.

Toward exploring the intrinsic properties of monocrystalline
GeTe films for unconventional applications such as flexible
devices, we investigate a strategy to delaminate them off
growth wafers, preserving their structural integrity. Specifically,
we developed a “spalling” process; i.e., the physical separation
of thin films from their growth substrates through a controlled
propagation of stress-concentrated cracks within them.””***°
This technique utilizes a distinctive fracture mode in brittle
materials, such as semiconductor wafers, where crack
propagation is controlled by externally deposited stressor
materials exerting tensile stress.’® Ni is employed as the
stressor material for GeTe owing to its strong adhesion and
high fracture toughness.”*** Following the deposition of Ni
on top of a GeTe/Ge wafer, a mechanical force is applied to
the wafer surface, which allows for a full delamination of the
GeTe film. Figure 3a illustrates the spalling procedure for the
delamination of a GeTe film conducted in the following
sequences: (1) electroplating Ni deposition on GeTe/Ge, (2)
attachment of thermal release tape (TRT) on Ni/GeTe/Ge,
(3) exertion of pulling force on the edge of the sample, (4)
removal of TRT by heating at ~180 °C. Subsequently, a
pulling force is exerted in a perpendicular orientation with
respect to the GeTe film, initiating a lateral propagation of
internal cracks along its strain-concentration regimes (ie.,
dislocations) promoted by the externally applied sheer stress of
Ni.”>**7%° Figure 3b shows images of the sequential steps for
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Figure 4. (a) Camera images of GeSe film grown on Ge wafer (left) and its corresponding delaminated GeSe on Ni/TRT (right). (b) Raman
spectra of identical GeSe in its as-grown on Ge (left) and delaminated on Ni/TRT (right) states. (c) XRD profiles obtained from identical GeSe in
its as-grown on Ge (top) and delaminated on Ni/TRT (bottom) states. (d) Camera images of GeSe/Ni (top) and removed TRT (bottom). The
scale bars are 1 cm. (e) Raman mapping images of GeSe film corresponding to Bs,, Agz, and Ag3 Raman peaks. The scale bars are 300 ym.

the spalling-enabled GeTe delamination (top column) as well
as their corresponding cross-sectional illustrations of the
sample prepared at each stage (bottom column). Figure 3c
presents a Raman spectrum obtained from the “delaminated-
on-TRT” sample in Figure 3b, alongside its corresponding
mapping images (top inset). The spectrum is also compared to
the Raman characteristic of as-grown GeTe/Ge samples
prepared under various CVD conditions (bottom)-—i.e.,
temperatures in a range of 350—450 °C with varying carrier
gas concentrations (argon (Ar): 90—100%, and hydrogen
(H,): 10—0%). Raman peaks from the delaminated sample are
located at 85 and 122 cm™, which are consistent with E and A,
peaks of the as-grown GeTe/Ge samples, respectively,
evidencing a successful delamination of GeTe. The variations
in the intensity ratio of E/A, peaks observed in Figure 3c are
attributed to the thickness difference of GeTe films resulting
from varying CVD conditions.”” Furthermore, the Raman
mapping images confirm a highly homogeneous distribution of
GeTe on the delaminated sample. Figure 3d presents a Raman
spectrum obtained from the “residual-on-Ge” sample in Figure
3b, revealing Raman characteristics consistent with those in
Figure 3c. The fact that the identical Raman characteristic
peaks of GeTe are observed in both the delaminated and
residual samples indicates that the spalling-enabled delamina-
tion occurs “within” GeTe rather than at the interface of
GeTe/Ge. To further verify the delamination efficacy as well as
the structural quality of the delaminated samples, we perform
XRD characterizations with identical samples before/after the
spalling process. Figure 3e compares XRD patterns obtained
from an identical sample in its pristine state of GeTe/Ge (top)
vs delaminated state of GeTe/Ni/TRT (bottom). Nearly
identical XRD peaks corresponding to (200) and (400) cubic
GeTe are observed in both states before/after the delamina-
tion. This observation strongly confirms that the delaminated
GeTe sample well preserves its intrinsic monocrystallinity even

after being delaminated, which is highly consistent with the
characteristics of epitaxially grown GeTe in Figure lc. The
inset in Figure 3e bottom corresponds to a magnified view of
the red dotted box, revealing the polycrystallinity of the
electroplated Ni (ICDD: 4-0850). These comprehensive
analyses suggest that the delamination is initiated within
GeTe from regions of high structural variations with
concentrated stresses. Based on the observation of the lattice
mismatch-driven formation of dislocations within GeTe films
(Figure 2a and 2g), we attempt to identify the spatial
distribution of stains associated with the dislocations and
quantify their amount. For this, we employ a geometric phase
analysis (GPA)-based strain mapping of TEM images. Figure
3f shows a representative cross-sectional TEM image (left) and
its corresponding GPA strain maps, revealing a spatial
distribution of strains across the GeTe’/GeTe’’ within the
GeTe film along x (&,,, middle) and y (&, right) orientations.
Consequently, this dislocations-concentrated region accom-
panying a large degree of the localized strain is believed to be
prone to the spalling-induced delamination. Additional HR-
TEM and GPA images obtained from a different location
further visualize the strain-concentrated dislocations (Support-
ing Information, Figure SS). Furthermore, the presence of the
strain-accompanying dislocations is directly evidenced by a
reverse FFT image method. Figure 3g presents reverse FFT
images extracted from two different locations of the HR-TEM
image in Figure 3f, revealing the existence of extra half-plane-
associated dislocations. Larger views of the corresponding HR-
TEM and reverse FFT images are presented in Supporting
Information, Figure S6. Figure 3h provides a detailed
schematic illustration of the dislocation-induced spalling
delamination of a GeTe thin film off its growth wafer. Initially,
the GeTe film is epitaxially grown on the wafer, introducing a
certain degree of compressive stress due to their slight lattice
mismatch. The thickness of the GeTe film increases as the
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Figure 5. (a) Schematic illustration of flexible GeTe device integrated on PI. (b) Camera image of identical GeTe before (left) and after (right)
delamination/integration. (c) Image of flexible GeTe device under mechanical bending. (d) I-V curves of flexible GeTe device in its crystalline
state (blue) and after amorphization RESET pulse application (red). (e) Resistive switching characteristics from another sample under repetitive

sweeps obtained with different SET/RESET conditions.

CVD reaction further proceeds, which intensifies the
compressive stress. Sequentially, a series of dislocations are
formed within the GeTe film near the GeTe/Ge interface in a
way that relaxes the stress, as previously described in epitaxial
growth studies.’”” The lattice imperfection around the
dislocations is subjected to the upward pulling force exerted
by the Ni stressor, which causes the delamination of the GeTe
film accompanying the propagation of dislocations-accompany-
ing cracks. Additionally, atomic force microscopy (AFM)
characterizations were performed (Supporting Information,
Figure S7), which confirms that the delaminated side of the
GeTe film exhibits a much smoother surface compared to the
top surface of the as-grown film, further suggesting the
dislocations-initiated delamination. Furthermore, we note that
the delamination efficacy is determined by complex interplays
of multiple factors, such as the physical properties (e.g.,
thickness) of the films to be delaminated as well as the stressor
layers. In-depth discussions on these factors are provided in
Supporting Information.

The versatility of this wafer growth/delamination approach
is applied to other covalently bonded polycrystalline
chalcogenide materials grown in a nonepitaxial manner.
Specifically, a nonepitaxial growth of GeSe with a larger lattice
mismatch and its subsequent spalling delamination is
demonstrated. Figure 4a shows images of a GeSe-grown-on
Ge wafer obtained by the direct CVD selenization reaction
similar to the GeTe growth (left) and its corresponding
delamination of GeSe (right). Figure 4b presents Raman
spectra of a GeSe film in its as-grown (left) vs delaminated
(right) states, revealing identical GeSe characteristic peaks at
81.5, 149.8, 174.7, and 188.0 cm™ corresponding to Agl, Byy

% and Ag3, respectively, consistent with previous stud-
ies.”¥*°~* Figure 4c compares XRD characteristics of an
identical GeSe sample before (top) and after (bottom) the
delamination, showing indexed peaks of (111), (400), (311),
(511), and (022) orthorhombic GeSe (ICDD: 48-1226).””*
The fact that identical peaks are observed for both states
indicates that the polycrystallinity of GeSe is well preserved
before/after the delamination. Figure 4d displays images of a
delaminated GeSe/Ni sample in a freestanding form (top) and
its corresponding remaining TRT (bottom). Figure 4e presents
the Raman mapping images obtained from the B;,, Agz, and Ag3
modes of the same sample, revealing a high spatial
homogeneity of GeSe over a large area of 700 pum X 500

pum. Additionally, we demonstrate the direct conversion of
GeTe to GeSe via the CVD reaction developed in this study
(Supporting Information, Figure S8), which further highlights
its versatility.

Lastly, we demonstrate electrical measurements of delami-
nated chalcogenide films by focusing on leveraging the phase-
change switching characteristics of GeTe films in flexible
forms. Chalcogenide thin films are extensively employed as
switching media for PCMs, which employ their electrically
triggered transition between crystalline and amorphous
states.” ™ GeTe is particularly promising as a PCM
component owing to its combined advantage of excellent
switching speed and thermal stability.*”*”*" Realizing such
characteristics in freestanding GeTe membranes may open up
opportunities for flexible PCM device applications, which
remain unexplored due to a lack of suitable materials. Figure Sa
illustrates a cross-sectional view of a delaminated GeTe film
integrated onto a flexible polyimide (PI) substrate, where top-
to-bottom electrode contacts are configured with Ni and gold
(Au). Figure Sb shows a representative image of the remaining
GeTe/Ge after the delamination (left) and the corresponding
delaminated GeTe/Ni on TRT (right). Figure Sc displays an
image of a fabricated device under mechanical bending before
electrical measurements. Figure Sd illustrates the current—
voltage (I-V) characteristics of the device obtained from
modulated electrical pulse applications. The device initially
exhibits a linear I-V curve (blue) accompanying a low
resistance of ~15.57 Q, reflecting the monocrystallinity of the
delaminated GeTe. It is then subjected to an amorphization
“RESET” voltage pulse, which introduces the crystalline-to-
amorphous transition into GeTe. Details for the pulse
conditions are described in Supporting Information. Upon a
sequential I-V sweep following the RESET process, the device
initially exhibits a high resistance of ~116.72 Q, followed by an
abrupt surge in current at a certain threshold voltage (V) of
~0.72 V. This observation of the threshold switching indicates
that the device undergoes a transition from a low resistance
state (LRS) to a high resistance state (HRS) introduced by the
electrical pulse-driven Joule heating.*>** Figure Se shows the
I-V curves of another device where the switching character-
istics are modulated with different pulse conditions. Upon
repetitive I—V sweeps, this device exhibits pinched hysteresis
loops showing typical memristive characteristics, reflecting
reversible transitions between partially crystallized and
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amorphized phases, consistent with previous observations.” In
between each I—V sweep, the device is subjected to SET and
RESET pulses for the partial crystallization and amorphization
of GeTe, respectively. Pulses of 10 V amplitude and 75—100 ns
duration are applied for RESET, while 5 V and 10 us duration
are for SET. The device displays well-resolved LRS and HRS
over 20 sweep cycles despite the small resistance contrast
between them, as well as the accompanying Vy, of ~0.75 V.
Beyond confirming the intrinsic switching characteristics
inherent to phase-change GeTe films, it is noteworthy that
performances of flexible PCM devices can also be affected by
externally introduced mechanical stimuli, which often alter the
electronic structures of PCM materials.”* In fact, mechanical
bending can introduce defects into GeTe films as well as alter
their crystalline—amorphous transition dynamics, potentially
causing variations in SET/RESET voltages, switching speeds,
and endurances.”* Investigations into the correlation of these
mechanical inputs vs performance parameters are believed to
be essential in further improving flexible PCM devices.

In conclusion, we report a high-quality wafer-scale
monocrystalline growth of GeTe thin films and their
spalling-assisted delamination by utilizing the strain-accom-
panying epitaxial relation with Ge wafers. We identify that the
delaminated GeTe films preserve their intrinsic structural and
electrical characteristics even in freestanding forms, confirming
the high scalability and reliability of the developed growth/
delamination method. Furthermore, we clarify the specific role
of the epitaxy-driven formation of dislocations in governing the
delamination efficacy, as well as demonstrate the high
versatility of this strain-assisted delamination approach. This
study highlights promising aspects of chalcogenide membranes
for unconventional device applications such as flexible PCM
technologies.
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