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(57) Abstract: A method to deposit a multi-layer stack for device applications in-
cludes implementing a model driven target selection for deposition. One or more
targets may be procured with an initial stoichiometric composition or elemental
purity. The targets may be utilized to form the multi-layer stack, and measure-
ments may be made of chemical composition and electrical propetties of the mul-
ti-layer stack. The measurements may be compared to reference target values and
if measurement results are not within tolerance, the composition of the targets
can be changed to yield a successive multi-layer stack. The process can be iterat-
ed until measurement results are within tolerance of target results. Additional ex-
perimentation with post deposition thermal anneal can be performed to optimize
multi-layer stack properties.
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ITERATIVE METHOD OF MULTILAYER STACK DEVELOPMENT FOR DEVICE
APPLICATIONS

CLAIM FOR PRIORITY
[0001] This application claims priority to U.S. Patent Application No. 17/976,689, filed on
October 28, 2022, titled “ITERATIVE METHOD OF MULTILAYER STACK DEVELOPMENT FOR

DEVICE APPLICATIONS,” and which is incorporated by reference in entirety.

BACKGROUND
[0002] Fabrication of multilayer stack including a ferroelectric material for memory

applications is challenging.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] The material described herein is illustrated by way of example and not by way of
limitation in the accompanying figures. For simplicity and clarity of illustration, elements
illustrated in the figures are not necessarily drawn to scale. For example, the dimensions of
some elements may be exaggerated relative to other elements for clarity. Also, various
physical features may be represented in their simplified “ideal” forms and geometries for
clarity of discussion, but it is nevertheless to be understood that practical implementations
may only approximate the illustrated ideals. For example, smooth surfaces and square
intersections may be drawn in disregard of finite roughness, corner-rounding, and imperfect
angular intersections characteristic of structures formed by nanofabrication techniques.
Further, where considered appropriate, reference labels have been repeated among the figures
to indicate corresponding or analogous elements.

[0004] Figure 1 is a flow diagram of a method of iteratively developing a multilayer
stack for application to memory devices, in accordance with an embodiment of the present
disclosure.

[0005] Figure 2A is a representative tri-layer stack, in accordance with an embodiment
of the present disclosure.

[0006] Figure 2B schematically illustrates a perovskite crystal structure of a polar layer
of the material layer stack in Figure 2A, in accordance with an embodiment of the present
disclosure.

[0007] Figure 3A is a flow diagram of a method illustrating iterations in a multilayer
stack deposition as performed utilizing one or more targets in a tool, in accordance with an

embodiment of the present disclosure.
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[0008] Figure 3B is a flow diagram of a method illustrating iterations in a multilayer
stack deposition as performed utilizing one or more targets in a tool, in accordance with an
embodiment of the present disclosure.

[0009] Figure 4 is a polarization vs. electric field plot for a representative multi-layer
stack including a ferroelectric material.

[0010] Figure 5 is a flow diagram of a method of iteratively developing a multilayer
stack for application to memory devices, where the method further includes annealing the
multilayer stack, in accordance with an embodiment of the present disclosure.

[0011] Figure 6 is a cross-sectional illustration of a multi-layer stack including a
ferroelectric material, deposited in accordance with the flow diagram in Figure 1, in
accordance with an embodiment of the present disclosure.

[0012] Figure 7 is a flow diagram of a method of iteratively developing a memory
device, in accordance with an embodiment of the present disclosure.

[0013] Figure 8A is a cross-sectional illustration of a memory device obtained by
patterning the multi-layer stack obtained in Figure 7.

[0014] Figure 8B is a cross-sectional illustration of a plurality of memory devices, where
individual memory devices are at least laterally surrounded by an encapsulation layer.

[0015] Figure 9 is a flow diagram of a method of iteratively developing a memory device
coupled with transistor, in accordance with an embodiment of the present disclosure.

[0016] Figure 10 is a cross-sectional illustration of a 1T-1C transistor device, in

accordance with an embodiment of the present disclosure.

DETAILED DESCRIPTION

[0017] At least one embodiment describes an iterative method of multi-layer stack
development for device applications. While various embodiments are described with
reference to ferroelectric random-access memory (FeRAM) or paraelectric random-access
memory (RAM), capacitive structures formed herein can be used for any application where a
capacitor is desired. For example, the capacitive structure can be used for fabricating
ferroelectric based or paraelectric based majority gate, minority gate, and/or threshold gate.
In the following description, numerous specific details are set forth, such as structural
schemes and detailed fabrication methods to provide a thorough understanding of
embodiments of the present disclosure. It will be apparent to one skilled in the art that
embodiments of the present disclosure may be practiced without these specific details. In

other instances, well-known features, such as process equipment and device operations, are
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described in lesser detail to not unnecessarily obscure embodiments of the present disclosure.
Furthermore, it is to be understood that the various embodiments shown in the Figures are
illustrative representations and are not necessarily drawn to scale.

[0018] In some instances, in the following description, well-known methods and devices
are shown in block diagram form, rather than in detail, to avoid obscuring the present
disclosure. Reference throughout this specification to “an embodiment™ or “one embodiment”
or “some embodiments” means that a particular feature, structure, function, or characteristic
described in connection with the embodiment is included in at least one embodiment of the
disclosure. Thus, the appearances of the phrase “in an embodiment” or “in one embodiment”
or “some embodiments” in various places throughout this specification are not necessarily
referring to the same embodiment of the disclosure. Furthermore, the particular features,
structures, functions, or characteristics may be combined in any suitable manner in one or
more embodiments. For example, a first embodiment may be combined with a second
embodiment anywhere the particular features, structures, functions, or characteristics
associated with the two embodiments are not mutually exclusive.

[0019] As used in the description and the appended claims, the singular forms “a”, “an”
and “the” are intended to include the plural forms as well, unless the context clearly indicates
otherwise. It will also be understood that the term “and/or” as used herein refers to and
encompasses all possible combinations of one or more of the associated listed items.

[0020] The terms “coupled™ and “connected,” along with their derivatives, may be used
herein to describe functional or structural relationships between components. These terms are
not intended as synonyms for each other. Rather, in particular embodiments, “connected”
may be used to indicate that two or more elements are in direct physical, optical, or electrical
contact with each other. “Coupled™ may be used to indicated that two or more elements are in
either direct or indirect (with other intervening elements between them) physical, electrical or
in magnetic contact with each other, and/or that the two or more elements co-operate or
interact with each other (e.g., as in a cause an effect relationship).

[0021] The terms “over,” “under,” “between,” and “on’ as used herein refer to a relative
position of one component or material with respect to other components or materials where
such physical relationships are noteworthy. For example, in the context of materials, one
material or material disposed over or under another may be directly in contact or may have
one or more intervening materials. Moreover, one material disposed between two materials
may be directly in contact with the two layers or may have one or more intervening layers. In

contrast, a first material “on” a second material is in direct contact with that second material.
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Similar distinctions are to be made in the context of component assemblies. As used
throughout this description, and in the claims, a list of items joined by the term “at least one
of” or “one or more of”’ can mean any combination of the listed terms.

[0022] The term “adjacent” here generally refers to a position of a thing being next to
(e.g., immediately next to or close to with one or more things between them) or adjoining
another thing (e.g., abutling it).

[0023] The term “signal” may refer to current signal, voltage signal, magnetic signal, or
data/clock signal.

[0024] The term “device” may generally refer to an apparatus according to the context of
the usage of that term. For example, a device may refer to a stack of layers or structures, a
single structure or layer, a connection of various structures having active and/or passive
elements, etc. Generally, a device is a three-dimensional structure with a plane along the x-y
direction and a height along the z direction of an x-y-z Cartesian coordinate system. The
plane of the device may also be the plane of an apparatus which comprises the device.

[0025] Unless otherwise specified in the explicit context of their use, the terms
“substantially equal,” “about equal” and “approximately equal” mean that there is no more
than incidental variation between two things so described. In the art, such variation is
typically no more than +/-10% of a predetermined target value.

[0026] The terms “left,” “right,” “front,” “back,” “top,” “bottom,” “over,” “under,” and
the like in the description and in the claims, if any, are used for descriptive purposes and not
necessarily for describing permanent relative positions. For example, the terms “over,”
“under,” “front side,” “back side,” “top,” “bottom,” “over,” “under,” and “on” as used herein
refer to a relative position of one component, structure, or material with respect to other
referenced components, structures, or materials within a device, where such physical
relationships are noteworthy. These terms are employed herein for descriptive purposes only
and predominantly within the context of a device z-axis and therefore may be relative to an
orientation of a device. Hence, a first material “over” a second material in the context of a
figure provided herein may also be “under” the second material if the device is oriented
upside-down relative to the context of the figure provided. Similar distinctions are to be made
in the context of component assemblies.

[0027] The term “between” may be employed in the context of the z-axis, x-axis or y-axis
of a device. A material that is between two other materials may be in contact with one or both
of those materials. In another example, a material that is between two or other material may

be separated from both of the other two materials by one or more intervening materials. A
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material “between” two other materials may therefore be in contact with either of the other
two materials. In another example, a material “between” two other materials may be coupled
to the other two materials through an intervening material. A device that is between two other
devices may be directly connected to one or both of those devices. In another example, a
device that is between two other devices may be separated from both of the other two devices
by one or more intervening devices.

[0028] Capacitors with a wide variety of materials are implemented for memory
applications such as RAM applications. Nonlinear polar materials offer a wide array of
technologically important properties, including ferroelectricity, piezoelectricity, metal-like
electrical conductivity, semiconduction, pyroelectricity, etc. Perovskites are an example of
non-linear polar material (i.e., materials with the chemical formula ABOs). Perovskite
materials are implemented in capacitors for high density FeRAM applications owing to their
low power consumption and high on/off ratio. Perovskite FeRAM devices (herein FeRAM
devices) may be desirable over other forms of memory, such as magnetic tunnel junction
(MTJmemory device for fabrication advantages. The MTJ can include a stack of 10 or more
layers. In contrast, a perovskite based FeRAM device may include three layers for
functionality. The ferroelectric dielectric is typically contained between two electrode layers
independent of device geometry. The electrode layers may also include perovskite materials
to enable lattice matching and reduction in electrical resistance. Introduction of lead-free
perovskite materials offer additional environmental benefits without sacrificing device
performance.

[0029] However, integration of nonlinear polar materials into silicon semiconductor chip
fabrication processes can be challenging. From fabrication of a multi-layer stack to patterning
devices, and integrating one or more devices with one or more transistors, iterations in
experimentation can be technically challenging and extremely time consuming.

[0030] Challenges in iterations in experimentation for thin film development begins with
material selection and engineering. Film with thickness of less than 100 nm may be
considered to be sufficiently thin. While individual layers can be deposited in controlled
amounts and stoichiometry of films can be tuned with careful experimentation, deposition of
multiple layers in a multi-layer stack is even more challenging. Depositing an individual layer
in a multi-layer stack involves forming with correct stoichiometry, crystallinity, crystal
structure templating, thickness, and surface roughness to facilitate device functionality.
Depositing layers in a multi-layer stack is expected to have the same requisite chemical and

electrical properties as single layers, but also be compatible with each other to fabricate a
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functional memory device. Lattice matching between layers, preserving surface roughness of
layers so as to not amplify effects of roughness on upper layers, and avoiding interdiffusion
of elements while depositing are some challenges. Conductive layers to be implemented as
electrodes are expected to have the correct work function and the dielectric layer is expected
to have appropriate polarization and polarization charge density (above 0.1 micro
coulomb/cm?). Additionally the multi-layer stack is expected Lo provide operational
capability at adequately low operational voltage (such as below 2V) and devices formed from
the multi-layer stack are expected to have an endurance of at least €15 for commercial
viability.

[0031] In at least one embodiment, obtaining a multi-layer stack with requisite layer
properties begins with targeting the deposition process for individual layers. Depending on
the embodiments, the deposition process can be physical vapor deposition (PVD) or atomic
layer deposition (ALD) based. PVD deposition uses adequate targets for sputter deposition
and atomic layer deposition uses appropriate pre-cursors for nucleation. For PVD deposition,
targets can be elemental alloys or compounds. In at least one embodiment, modeling of
correct charge/mass or magnetic moment to mass for elements in the target and other
variables and estimating the correct deposition conditions (e.g., power, pressure, temperature,
etc.) is used to form layers with appropriate stoichiometry. Such modeling can enable
substantially accurate prediction of sputter yield, a useful parameter in PVD deposition. The
iterative nature of experimentation is sequentially and carefully based on results from one or
more previous experiments.

[0032] When a multi-layer stack is patterned to form a device, the chemical and
mechanical properties can be altered during the fabrication process. Air breaks can introduce
additional oxygen and/or hydrogen (among other contaminants) leading to chemical reactions
at interfaces and formation of undesirable residual layers. Such residual layers may cause
increased circuit resistance. Furthermore, interdiffusion of elements in the residual layers can
adversely impact parameters such as remnant polarization. Performing thermal anneal can
mitigate potential grain size and defect issues as well as device patterning related issues.
Thermal anneal can provide hydrogen terminations of dangling bonds. However,
implementation of thermal anneal post stack deposition/and or post device fabrication may
use careful consideration of thermal budget.

[0033] In at least one embodiment, integrating one or more devices with transistors
involves experimentations to engineer multi-layer stack to address asymmetry in 1T-1C (one

transistor, one capacitor) bit-cell operational voltage characteristics. Other aspects of
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experimentation involves addressing integration issues associated with fabricating a memory
device on a same substrate as a transistor, but post transistor fabrication. Yet other
experimentation involves determining appropriate device layout and density requirements to
form a useful memory chip. Size of memory devices and transistors may be matched for
optimal integrated memory performance. A high operational capacitor voltage may
necessitate a transistor that can provide a high current or operate at sufficiently high voltages.
Furthermore, where the sequence of fabrication involves fabricating a transistor prior to
multi-layer stack deposition, thermal budget for performing an anneal can be an important
factor for material selection. Thus, experimentation around a total thermal flux is used for
integrated 1T-1C device fabrication.

[0034] Figure 1 is a flow diagram of method 100 of iteratively developing a multilayer
stack for application to memory devices, in accordance with an embodiment of the present
disclosure. In at least one embodiment, method 100 begins at operation 110 with determining
a target multi-layer stack, where the initial material layer stack comprises an initial
ferroelectric material of a form AA'BB’Oas. In at least one embodiment, the initial material
layer stack comprises an initial ferroelectric material of a form AA'BB’O3;NxFy. In at least
one embodiment, method 100 continues at operation 120 by implementing a model driven
target selection based on charge:mass ratio and a magnetic moment:mass ratio, and other
variables, that enable accurate prediction of sputter yield. In at least one embodiment, method
100 continues at operation 130 by procuring an initial one or more targets, wherein individual
targets in the initial one or more targets comprise single elements or a combination of
elements with a respective initial stoichiometric composition. In at least one embodiment, the
method to procure targets uses communication with external parts suppliers to request targets
that include alloys with certain stoichiometric properties as referenced by operation 132.
Such targets can use fabrication lead time from third parties if they are not readily available.
[0035] In at least one embodiment, method 100 continues at operation 140 by depositing
a multi-layer stack using an initial one or more targets to form the initial multi-layer stack. In
at least one embodiment, method 100 continues at operation 150 by performing
measurements of chemical composition and electrical properties of the initial multi-layer
stack. In at least one embodiment, method 100 continues at operation 160 by matching
measurements of chemical composition and electrical properties of the initial multi-layer
stack against target results and determining whether the measurements are within a tolerance
level of the target results. In at least one embodiment, method 100 may end at operation 170

if measurements are within a tolerance level (e.g., within 5%) of the target results. In at least
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one embodiment, the method continues at operation 180 by making modifications in response
to determining that the measurements are not within the tolerance level. In at least one
embodiment, modifications include changing composition of one or more layers in the initial
multi-layer stack to form a successive multi-layer stack by implementing a model driven
selection, modifying the single elements or the combination of elements in a successive one
or more largets Lo comprise a respective second stoichiometric composition, and procuring
the successive one or more targets. In at least one embodiment, method 100 iterates (denoted
by arrow 190) by implementing a model driven selection, modifying stoichiometric
composition of the one or more targets in the successive one or more targets, procuring the
successive one or more targets, and depositing successive multi-layer stacks, performing
compositional and electrical measurements, matching measurements with target values, and
determining whether measurement results are within the tolerance level of target values, until
target results are obtained.

[0036] While Figure 1 is an iterative methodology to fabricate a multi-layer stack, in at
least one embodiment, one or more operations (such as operations 110-180) can be further
broken down in to sub operations as will be discussed below.

[0037] In at least one embodiment, beginning with operation 110, choosing an intended
composition of a target multilayer stack includes material selection for least a pair of
electrodes for a capacitor and a dielectric material that includes ferroelectric, paraelectric or
anti-ferroelectric properties.

[0038] In at least one embodiment, dashed box 100A defines operations that are
conducted by a first entity and fabrication of target 132 may be carried out by a second entity
such as external suppliers, where the second entity is different from the first entity.

[0039] Figure 2A is representative stack 200, in accordance with an embodiment of the
present disclosure. In at least one embodiment, stack 200 includes conductive layer 202,
dielectric 204 that includes a polar material and conductive layer 206 on dielectric 204.
Conductive layer 202 is on substrate 208. In at least one embodiment, substrate 208 includes
silicon, silicon-germanium, or germanium.

[0040] In at least one embodiment, conductive layer 202 is deposited on substrate 208. In
at least one embodiment, conductive layer 202 and conductive layer 206 include a conductive
oxide. In at least one embodiment, the conductive oxide includes one of non-Pb perovskite
metal oxides, such as but not limited to (La,Sr)FeOs, (La,Sr)Co0s, (La,Ca)MnOs,
(La,Sr)MnO3, StRuQs3, SroRuQy4, (Ba,Sr)Ru0s, StMoOs, (La,Sr)Mn0Os, SrCo0s3, S1CrOs,
SI’FCO3, SI‘VO3, CaMOO3, SI’NbO3, LaNiO3, YBagCu3O7, Bile‘zC&CuOg, CaRuO3, Irzox, Ru,
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RuOy, Mo, MoOx, or WOx. In other embodiments, conductive layer 202 and conductive layer
206 include a metal such as but not limited to Ir, Ru or W.

[0041] In at least one embodiment, dielectric 204 comprises a polar layer comprising a
base polar material substitutionally doped with a dopant. In least one embodiment, dielectric
204 comprises a crystalline polar layer. In at least one embodiment, the base polar material
can include one or more metal elements and one or both of oxygen and nitrogen. In at least
one embodiment, the dopant can include a metal element of one of 4d series, 5d series, 6d
series, 4f series or 5f series.

[0042] In at least one embodiment, dielectric 204 is a ferroelectric dielectric layer that
includes non-Pb based perovskite material in the form ABOs, where A and B are two cations
of different sizes and O is Oxygen. In at least one embodiment, A is generally larger than B
in size. In at least one embodiment, non-Pb perovskites can also be doped, e.g., by La or
Lanthanides. In at least one embodiment, the non-Pb perovskite material can include one or
more of: La, Sr, Co, Cr, K, Nb, Na, Sr, Ru, Y, Fe, Ba, Hf, Zr, Cu, Ta, Bi, Ca, Ti, or Ni. In at
least one embodiment, dielectric 204 includes bismuth ferrite (BFO) with a doping material,
wherein the doping material is one of lanthanum, elements from the lanthanide series of the
periodic table, or elements of the 3d, 4d, 5d, 6d, 4f, or 5f series of the periodic table.

[0043] In at least one embodiment, dielectric 204 includes low voltage ferroelectric (FE)
material sandwiched between conductive layer 206 and conductive layer 202. In at least one
embodiment, these low voltage FE materials can be of the form AA’BB’Os;, where A’ is a
dopant for atomic site A and can be an element from the Lanthanides series, where B’ is a
dopant for atomic site B and can be an element from the transition metal elements such as Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, Cu, or Zn. A’ may have the same valency of site A, with a
different ferroelectric polarizability. In at least one embodiment, voltage below 2-Volts is
sufficiently low to be characterized as low voltage. In at least one embodiment, dielectric 204
is of the form AA'BB’Oxs.

[0044] In at least one embodiment, dielectric 204 includes a paraelectric material, the
paraelectric material comprises SrTiOs, Bax)Sry)TiO3, HfZrOz, Hf-Si-O, La-substituted
PbTiOs, or a PMN-PT based relaxor ferroelectrics. In at least one embodiment, x is -0.05, and
y is 0.95 for BaxSrTiOs.

[0045] In at least one embodiment, dielectric 204 includes an anti-ferroelectric material.
In at least one embodiment, the antiferroelectric material may include one of: PZT with >
30% Zr doping or Sn doping >25%, La-doped PZT with >30% Zr doping and/or Sn doping >
20%, HfSiO-> and HfZrO, with >30% Si and >30% Zr doping, ZrO», NaNbOs, or >5% K
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doped NaNbO:s. In at least one embodiment, the choice of materials depends on a variety of
factors. In at least one embodiment, factors include electrical results, fabrication of devices,
and integrability with a transistor.

[0046] In at least one embodiment, conductive layer 202 may be deposited to a thickness
T, between 3nm and 30 nm (inclusive). In at least one embodiment, conductive layer 206
may be deposited to a thickness T3 between 3nm and 30 nm (inclusive). In at least one
embodiment, dielectric 204 may be deposited to thickness T between 1 nm and 30 nm
(inclusive).

[0047] Figure 2B schematically illustrates a perovskite crystal structure of a polar layer
of the material layer stack in Figure 2A, in accordance with an embodiment of the present
disclosure. In at least one embodiment, the crystalline polar layer has a perovskite structure
204A. In at least one embodiment, perovskite structure 204 A represents a crystalline oxide in
a paraelectric state, which may have a chemical formula ABO3, where each of A and B
represent one or more metal cations and O represents an oxygen anion. In at least one
embodiment, the crystalline polar layer can have more than one element represented by
Ale.g., Al, A2, ... AN) and/or more than one element represented by B (e.g., B1, B2, ... BN),
and can be doped with one or more dopants represented by A' (e.g., A'l, A2, ... A'N) and/or
one or more dopants represented by B’ (e.g., B'l, B'2, ... B'N), as described above. Here, A-
site cations occupy the corners, while B-site cations sit in the body center of the perovskite
structure 204A. In at least one embodiment, three oxygen atoms per unit cell rest on the faces
of the perovskite structure 204A. In at least one embodiment, various perovskite structures
have, without limitation, a lattice constant close to approximately [[4A]]4 Angstroms due to
the rigidity of the oxygen octahedra network and the well-defined oxygen ionic radius of 1.35
[[A]]Angstroms. In at least one embodiment, many different cations can be substituted on
both the A and B sites as dopants to achieve the various advantageous properties described
herein while maintaining the overall crystal structure. According to various embodiments, a
dopant atom can occupy A or B sites to form substitutionally doped solid solutions. In at least
one embodiment, a dopant occupying the A sites can have a very different effect on the base
polar material than a dopant occupying the B sites.

[0048] In at least one embodiment, for a polar layer comprising barium titanate (BaTiO3),
which may be a paraelectric material having a cubic perovskite structure, the A sites are
occupied by Ba atoms while Ti atoms occupy the B sites and are surrounded by octahedra of
O atoms, and the O atoms are located at the center of each face of the unit cell. In at least one

embodiment, for BaTiOs, in the paraelectric phase, perovskite structure 204A may be cubic
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or tetragonal above the Curie temperature (which may be about 130 degrees Celsius). In at
least one embodiment, in the paraelectric phase, the O atoms may occupy a mid-position with
respect to each pair of O atoms on opposing faces of the unit cell. In at least one embodiment,
below the Curie temperature, in the ferroelectric phase, the perovskite structure 204A may
have a tetragonal structure in which the B sub lattice (e.g., Ti sub lattice in BaTiOs) and O
atoms may shift in opposite direction with respect (o the Ba atoms, taken as reference. In at
least one embodiment, these atomic shifts may be accompanied by a small relaxation of the
unit cell that becomes tetragonal (when the paraelectric phase is cubic) or further elongated
tetragonal (when the paraelectric phase is tetragonal) and produce a stable polarization (e.g.,
about 26 uC/cm?). In at least one embodiment, in the tetragonal phase, the cubic symmetry is
broken, resulting in six symmetry equivalent variants with polarization along the [100], [010]
and [001] directions.

[0049] Figure 3A is a flow diagram of method 300A illustrating iterations in a multilayer
stack deposition as performed utilizing one or more targets 302 in deposition tool 304, in
accordance with an embodiment of the present disclosure. In at least one embodiment,
deposition tool 304 is a physical vapor deposition tool. In at least one embodiment, one or
more targets 302 includes individual targets T; In at least one embodiment, T; includes an

(1342
1

element E; or an alloy;, where subscript “i” corresponds to the number of targets 302, such as
for example 1, 2, 3, 4, etc. In at least one embodiment, the number of individual targets T;
depends on a material that is to be deposited, i.e., N refers to a last target. In at least one
embodiment, the number of individual targets T; can depend on the number of elements
present in the material deposited. In at least one embodiment, where individual targets T; are
alloys or compounds (Ai), Ai can be binary alloys or compounds of the form FxGy, or ternary
alloys or compounds of the form FxGyH., where F and G can be metals and H can be a non-
metal like O.

[0050] In at least one embodiment, for a polar material such as BiFeOs, the number of
elements is 3. In at least one embodiment, Bi and Fe can be available as >99% pure elemental
sputtering targets. In at least one embodiment, oxygen may be inserted into the sputtering
environment as a gas or be part of a compound with iron in a binary compound. In at least
one embodiment, for sputtering BiFeOs the total number of targets can be 1 or 2 (i.e., N can
range from 1 to 2).

[0051] In at least one embodiment, for a polar material such as BiFeOs, the number of
elements is 3. In at least one embodiment, while Bi and Fe can be available as >99% pure

elemental sputtering targets. In at least one embodiment, oxygen may be inserted into the
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sputtering environment as a gas or be part of a compound with iron in a binary compound. In
at least one embodiment, for sputtering BiFeOs the total number of targets can be 1 or 2 (i.e.,
N can range from 1 to 2).

[0052] In at least one embodiment, sputtering targets including multi-elemental
compounds can be fabricated by arc-melting or radio-frequency melting of a mixture of
melals in a vacuum or gas atmosphere. In at least one embodiment, the gas can be inert or
include O, N, H, or F. In at least one embodiment sputtering targets including multi-elemental
compounds can be fabricated by mixing the constituent binary oxides in the stoichiometric
ratio, followed by Hot Isostatic Pressing (HIP). In at least one embodiment sputtering targets
including multi-elemental compounds can be fabricated by mixing the constituent binary
oxides in the stoichiometric ratio, followed by cold pressing the powder mixture into a
ceramic compact using a pneumatic press, followed by sintering of the ceramic compact at
high temperatures to obtain the desired chemistry and density of the target.

[0053] In at least one embodiment, the density of target is between 85 and 95% of
theoretical material density.

[0054] In at least one embodiment, model 306 that utilizes information about charge/mass
ratio and magnetic moment/mass ratio of ions (elemental or ionized alloys) can be
implemented to estimate sputtering coefficients and rates within a PVD tool. In at least one
embodiment, charge/mass ratio and magnetic moment/mass ratio are used in enabling an
accurate prediction of sputter yield, deposition rates and composition of a deposited layer in
deposition systems that utilize magnetic fields. In at least one embodiment, the computational
model further utilizes operational parameters of tool 304 to calculate deposition rates on a
substrate. In at least one embodiment, operational parameters may include radio frequency
(RF) magnetron deposition power, chamber operational pressure, sputtering time,
temperature of chamber, and/or substrate, and types and concentration of gases flowing
during deposition. In at least one embodiment, the gas utilized for deposition can be inert
such as Ar and/or include other gases such as such as O», N», H», Kr, and Ne.

[0055] In at least one embodiment, the deposition process to form stack 200 may include
deposition of all layers without an air break. In at least one embodiment, air break may be
avoided to prevent interfacial layers from forming between electrode layers and the dielectric
layer. In at least one embodiment, interfacial layers can provide additional source of oxygen
during cycling of devices fabricated from stack 200. In at least one embodiment, additional
sources of oxygen may not be controllable and may lead to instability or loss of endurance

during device cycling. In at least one embodiment, for a certain combination of targets A, the
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deposition process may yield dielectric 204 in stack 200. In at least one embodiment, stack
200 has properties of stack 200 described in association with Figure 2A. In at least one
embodiment, properties of stack 200 may be determined by a series of measurement methods
outlined in Table 1. In at least one embodiment, dielectric 204 may not have the desired
properties of a target dielectric layer, such as correct stoichiometry, thickness, uniformity,
elc.

[0056] In at least one embodiment, same targets 302 may be utilized to deposit a new
stack 200°. In at least one embodiment, tool deposition conditions can be changed based on
inputs to model 306. In at least one embodiment, a new set of operational parameters power’,
chamber operational pressure’, sputtering time’, temperature’, and gases’ may be
implemented to achieve stack 200°. In at least one such embodiment, stack 200°, comprising
a dielectric 204°, may have the desired properties of a target dielectric layer, such as correct
stoichiometry, thickness, uniformity, etc.

[0057] In at least one embodiment, the process to alter PVD tool parameters can be
iteratively changed based on inputs from measurements and model 306 until stack 200’
achieves target values that are within tolerance of results that are desired. In at least one
embodiment, power’ can range between 5 Watts per square inch and 75 Watts per square
inch, chamber operational pressure’ can range between 0.5 milli Torr and 30 milli Torr, and
temperature’ of chamber and or substrate can range between room temperature to 650
degrees Celsius.

[0058] In at least one embodiment, it may be deduced that, because ot the methodology
in Figure 3A, target results can be substantially within reach if one or more individual targets
Ti are changed. In at least one embodiment, this method is illustrated in Figure 3B. In at least
one embodiment, after initial experimentation and obtaining stack 200, a new one or more
targets 308 may be implemented, in accordance with method 300B.

[0059] In at least one embodiment, targets 308 includes one or more individual targets
T;i’, that include one or more new compounds Ai’ {(FxGy)i’, (FxGyH,)i’}. In at least one
embodiment, individual stoichiometry within the compounds including Bi, Fe, and O can be
different by 5% from compounds including Bi, Fe, O in the first one or more targets. In at
least one embodiment, individual stoichiometry within the compounds including Bi, Fe, and
O can be different by 10% from compounds including Bi, Fe, and O in the first one or more
targets. In at least one embodiment, elemental targets E; may have the same purity as before,
or the purity can be changed in other embodiments. In at least one embodiment, a new purity

can range from 99% to 99.5% in some examples.
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[0060] In at least one embodiment, model 306 may be implemented on new targets T’ to
compute tool parameters. In at least one embodiment, the tool parameters may be non-
different than those utilized to fabricate stack 200. In the illustrative embodiment, one or
more properties of dielectric 204 is altered with an iteration in modification in one or more
targets. In at least one embodiment, due to differences in targets Ti’, dielectric layer 204” in
stack 200” may have useful properties, such as stoichiometry, thickness, uniformity, etc.
Stack 200’ and 200” comprising dielectric 204’ and 2047, respectively, may have the desired
properties of a target dielectric layer that are substantially matched and within tolerance of
target results.

[0061] In at least one embodiment, while experimentation with emphasis on a BiFeOs
dielectric 204 has been described, methods 300A and 300B may be generalized to apply to
the variety of material choices described above for dielectric 204. In at least one embodiment,
when BiFeOs may also be doped with other materials such as a metal element of one of the
3d, 4d, 5d, 6d, 4f or 5f series of the periodic table.

[0062] While experimentation with emphasis on dielectric 204 has been described,
method 300A or 300B may be utilized to iteratively fine tune chemical and electrical
properties, such as resistivity, work function, crystallinity, etc. of conductive layers 202 and
206. Such properties of conductive layers 202 and 206 may be tuned individually or
collectively as part of stack 200, in accordance with at least one embodiment.

[0063] Referring to Figures 3A and 3B, in at least one embodiment, when an in-situ
deposition process is carried out when depositing to form stack 200, 200’ or 2007, targets T;
or T;’ can include materials utilized in depositing all the layers in stack 200, 200’ or 200”. In
at least one embodiment, minimizing iterations is useful to accelerate development and lower
COSts.

[0064] In at least one embodiment, evaluation of chemical, mechanical, and electrical
properties of stack 200, 200°, and 200” can be made by a plethora of measurement
techniques. In at least one embodiment, it is useful to perform a ferroelectric hysteresis
measurement (P-E loop) to analyze how effective a particular ferroelectric dielectric layer is.
In at least one embodiment, a simple measurement technique involves applying an electric
field applied across a sample. In at least one embodiment, the field is attenuated by a resistor
divider. In at least one embodiment, a measured current through the circuit is integrated into
charge by a capacitor that is positioned in series with the sample. In at least one embodiment,
the applied voltage and measured voltage drop (current measurement) signals are utilized to

generate a Polarization vs Electric field loop by an oscilloscope.
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[0065] Figure 4 schematically illustrates a polarization field (P-E) loop 400 of multi-
layer stack that includes a ferroelectric material, such as stack 200, illustrated with respect to
Figure 2A. In at least one embodiment, dielectric 204 comprises a storage layer, e.g., a
ferroelectric layer. Referring again to Figure 4, in at least one embodiment, P-E loop 400
may represent that of the ferroelectric layer comprising a polydomain ferroelectric material.
In at least one embodiment, prior to polarization for the first time, there may initially be a
statistical distribution of ferroelectric domains such that the net polarization at zero field is
about zero. In at least one embodiment, the initial polarization (P) may be represented by a P-
E curve portion 422. In at least one embodiment, when the ferroelectric layer is polarized for
the first time by applying a positive electric field, starting with a polarization P=0, the
polarization increases with increasing electric field until it reaches saturation at +Pmax. In at
least one embodiment, after the saturation is reached at +Pmax, when the electric field is
subsequently reduced according to P-E curve portion 424, at E=0, a polarization may remain.
In at least one embodiment, the remaining polarization is referred to herein as a remnant
polarization (+P;). In at least one embodiment, to bring the polarization back to zero, a
negative electric field may be applied. In at least one embodiment, a sufficient electric field
for reducing the polarization back to zero is referred to herein as a coercive field (+E. or -E.).
In at least one embodiment, according to P-E curve portion 424, a negative coercive field (-
Ec) may be applied to reduce the polarization to zero from the +P;. In at least one
embodiment, if the negative voltage or field is further increased in magnitude, then the
hysteresis loop may behave similarly to that under a positive but in a reverse sense.

[0066] In at least one embodiment, the negative P increases in magnitude with increasing
negative electric field until it reaches saturation at -Pmax. In at least one embodiment, when
the electric field is subsequently reduced in magnitude along a P-E curve portion 426, at E=0,
a remnant polarization -Pr may remain. In at least one embodiment, the ferroelectric layer
exhibits a characteristic of a remnant polarization +P; or -Pr, which can be reversed by an
applied electric field in the reverse direction. In at least one embodiment, this gives rise to a
hysteretic P-E loop in ferroelectric memory devices. In at least one embodiment, by using
thin film technologies, operation fields or voltages may be reduced to a level below standard
chip data in a non-volatile state and allows data to be rewritten fast and frequently. In at least
one embodiment, a ferroelectric memory device has the advantageous features of both
volatile and nonvolatile memory technologies. In at least one embodiment, voltage pulses are
used to write and read the digital information. In at least one embodiment, if an electric field

pulse is applied in the same direction as the remnant polarization, no switching may occur. In
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at least one embodiment, a change in polarization delta Pxs or APns between Pmax and Pr may
be present due (o the dielectric response of the ferroelectric material. In at least one
embodiment, if an electric field pulse is applied in the opposite direction as the remnant
polarization, switching may occur. In at least one embodiment, if the initial polarization is in
the opposite direction as the applied electric field, the polarization of the ferroelectric layer
reverses giving rise to an increased switching polarization change delta Ps or APs.

[0067] In at least one embodiment, P-E loop 400 can be measured in blanket stacks.
Other measurements described in Table 1 below, can also be performed during the iterative
development method described in association with Figures 1 and 3A-3B. In at least one
embodiment, measurements described provide mechanical/chemical composition and
electrical characteristics of one or more layers of a multi-layer stack such as stacks 200, 200°
and 200” (Figures 1, 3A-3B). Measurement technique and the associated measurement are

listed in Table 1, in accordance with at least one embodiment.

Table 1
Measurement Technique Parameter
Transmission Electron Microscopy Crystallinity, structure, morphology (e.g.,

grain size)

X-ray diffraction (Bragg diffraction) | Crystallinity, lattice constants, grain size,
concentration gradient, strain

Positive Up Negative Down method | Measurement of switchable polarization vs.
electric field

Atomic Force Microscopy (AFM), surface roughness (AFM); current-voltage
and Conductive-AFM (c-AFM) characteristics (c-AFM)
Picoammeter Current-Voltage, cycling, endurance
Piezoelectric force microscopy Ferroelectricity of switching layer
Kelvin probe force microscopy Electrode work function

[0068] In at least one embodiment, measurement techniques such as transmission

electron microscopy may be utilized to obtain high resolution images of layers, interfaces
between layers, arrangements of atoms, atomic planes, and dislocations among other things.
In at least one embodiment, Xray diffraction may be utilized to measure phase identification
of crystalline material in electrodes as well as in a ferroelectric dielectric layer. In at least one
embodiment, Positive-up and Negative-down method may be utilized to measure switchable

polarization versus electric field in a multi-layer stack. In at least one embodiment, Atomic
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Force Microscopy (AFM) may be utilized to measure surface roughness and microstructure
of an uppermost layer in a stack. In at least one embodiment, conductive AFM may be
utilized to measure current-voltage characteristics of the multi-layer stack. In at least one
embodiment, piezoelectric force microscopy may be utilized to measure ferroelectricity of the
ferroelectric dielectric layer. In at least one embodiment, Kelvin probe force microscopy may
be ulilized to measure electrode work [unction of electrodes in the multi-layer stack.

[0069] In at least one embodiment, at least some of the measurements described above
may be made after device fabrication. In at least one embodiment, surface roughness,
especially of a lower conductive layer, may be measured after depositing a single layer at a
time.

[0070] Figure 5 is a flow diagram of method 500 of iteratively developing a multilayer
stack for application to memory devices, in accordance with at least one embodiment of the
present disclosure. In at least one embodiment, method 500 includes features of method 100
(Figure 1) with an addition of an anneal operation 510 between formation of a multi-layer
stack at operation 140 and measuring material composition and performing measurements of
material composition and electrical test characterization at operation 150.

[0071] In at least one embodiment, achieving a grain size that is conducive for increasing
effective polarization in the dielectric layer is useful for high performance memory devices.
In at least one embodiment, modulation of grain size may be accomplished by performing an
anneal process at high temperatures. In at least one embodiment, the anneal process includes
rapid thermal treatment processes (herein PD-RTA). In at least one embodiment, PD-RTA
may utilize temperatures greater than or equal to 400 degrees Celsius. In at least one
embodiment, blanket unpatterned stacks may be heated to high temperatures, such as
temperatures above 800 degrees Celsius to determine optimal properties of a particular multi-
layer stack. In at least one embodiment, anneal durations may be 10-30 minutes to test limits
of the multi-layer stack.

[0072] In at least one embodiment, anneal temperatures can be higher than 800 degrees
Celsius, the duration of most processes may be limited to approximately | minute or less for
patterned memory devices, for example, when such memory devices are integrated with a
transistor. In at least one embodiment, a process at high temperature but with a short time
duration may be compatible with transistors that are embedded within the substrate on which
the perovskite material is formed. In at least one embodiment, such a method is particularly

advantageous when transistors are fabricated using a gate last process to prevent threshold
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voltage shifts arising from high temperature operations lasting substantially greater than 1
minute.

[0073] In at least one embodiment, a post deposition anneal (PDA) may be characterized
by a thermal anneal of a layer or a stack after the deposition process has been performed. In
at least one embodiment, this contrasts with an in-situ anneal which takes place during
deposition. In at least one embodiment, PDA may be performed aflter all layers in a muld-
layer stack, for example, are deposited. In at least one embodiment, the anneal process can be
performed following a patterning process utilized to fabricate memory devices. In at least one
embodiment, following the deposition of a first conductive layer and a dielectric layer, the
anneal process can be performed prior to deposition of a second conductive layer on the
dielectric layer. In at least one embodiment, PDA is performed after deposition of the multi-
layer stack. In at least one embodiment, where anneal operation 510 is inserted prior to
performing measurements of the multi-layer stack, such measurements may be compared to
measurements obtained from an identical unannealed multi-layer stack.

[0074] In at least one embodiment, anneal temperatures can be as high as 1300 degrees
Celsius, where anneal time durations are limited to less than or equal to 60 seconds. In at
least one embodiment, the specific temperature and time duration is dependent on the
annealing technique utilized and a maximum thermal budget that is compatible with, for
example, a transistor for integrated device applications. In at least one embodiment, for
temperatures less than 700 degrees Celsius, a time duration of 60 seconds or less, for
example, may be relatively short.

[0075] In at least one embodiment, post deposition rapid thermal annealing may be used
to describe all thermal annealing treatments where a wafer is heated and cooled at rates faster
than is typical in furnace annealing tools. In at least one embodiment, heating/cooling rates
can be more than 10 degrees Celsius/second. In at least one embodiment, such rapid heating
and cooling can be achieved using a variety of technologies. The terms “RTP” or “RTA” are
sometimes defined to describe the original rapid thermal annealing technique, in which infra-
red lamps may be implemented to heat the wafer. In at least one embodiment, Xenon-lamp
based heating (also called “Flash” annealing), laser heating (Laser annealing), and microwave
energy (Microwave annealing) may be used to heat the wafer. In at least one embodiment,
surface temperatures of substrate may be monitored by pyrometer and thermocouples. In at
least one embodiment, such techniques can offer extremely fast heating and cooling rates,
such as for example 1 million degrees per second. In at least one embodiment, it is useful for

the cooling process to be controlled to prevent dislocations in the various layers.
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[0076] In at least one embodiment, post deposition anneal can include one or more of the
above techniques. In at least one embodiment, RTP/RTA can be performed at temperatures
above 1000 degrees Celsius. In at least one embodiment, since the duration is on the order of
a minimum of a few seconds, RTP/RTA may be used for annealing to temperatures less than
800 degrees Celsius.

[0077] In at least one embodiment, PDA includes an RTP process which is carried out in
O3, N2, Argon environment, or in air. In at least one embodiment, processing pressures range
from 1 Torr to 760 Torr while flowing in O2, N2 or Argon gases. In at least one embodiment,
RTP process is carried out in vacuum at pressures less than 1 Torr. In at least one
embodiment, processing times range from 1s to 60s. In at least one embodiment, processing
temperatures range from 400 to 700 degrees Celsius, where the heating and cooling rate is
approximately 40 to 200 degrees Celsius/second.

[0078] In at least one embodiment, PDA includes a flash anneal process. In at least one
embodiment, flash and laser annealing offer extremely short durations, and thus can allow
high temperatures greater than 1000 degrees Celsius without damaging the underlying
structures e.g., transistors on the wafer. In at least one embodiment, flash and laser anneal can
include spot heating or beam rastering for increased throughput. In at least one embodiment,
processing pressures range from 1 Torr to 760 Torr while flowing in Oz, N>, Argon gases, or
in air. In at least one embodiment, flash anneal process is carried out in vacuum at pressures
less than 1 Torr. In at least one embodiment, processing temperatures range from 500 to 1300
degrees Celsius, where the heating and cooling rate is approximately 10° degrees
Celsius/second. In at least one embodiment, processing times are 1 ms or less. In other
embodiments the total anneal time can be 10 ms/ flash. In at least one embodiment, the total
number of flashes can be up to 100 tlashes per sample (wafer, substrate etc).

[0079] In at least one embodiment, PDA includes a laser anneal process. In at least one
embodiment, processing temperatures range from 600 to 1300 degrees Celsius, where the
heating and cooling rate is approximately 10° degrees Celsius/second. In embodiments,
processing times is 100 microseconds or less. In some such embodiment, the anneal time can
be 100 ms/ laser anneal process. In at least one embodiment, the total number of laser anneals
can be up to 100 per sample (wafer, substrate etc).

[0080] In at least one embodiment, the multi-layer stack may be deposited by a PVD
process at 350 degrees Celsius, annealed by PD-RTA process in an RTP tool with a 50
degree Celsius/second heating/cooling rates, in O2 atmosphere at 760 Torr pressure and at

600 degrees Celsius for 60 seconds. In at least one embodiment, the multi-layer stack may be
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deposited by a PVD process at 350 degrees Celsius, annealed by PD-RTA process in a laser
annealing tool with a 10° degrees Celsius/second heating/cooling rates, in vacuum and at
1200 degrees Celsius for 10 microseconds. In at least one embodiment, other forms of
annealing include microwave annealing or hybrid microwave annealing.

[0081] In at least one embodiment, the microwave anneal process comprises heating for a
fourth time duration of less than 3600s at a microwave power of less than 1000W.

[0082] Point defects such as oxygen vacancies may lead to increased electrical leakage in
capacitor layers which may be detrimental to ferroelectric polarization and switching voltage.
Oxygen vacancies and other point defects can also lead to ferroelectric domain-wall pinning.
Pining can manifest in detrimental effects such as increased switching voltage and lead to
early endurance failure of FE capacitor devices.

[0083] In at least one embodiment, dashed box 500A defines operations that are
conducted by a first entity and fabrication of target at operation 132 may be carried out by a
second entity such as external suppliers, where the second entity is different from the first
entity.

[0084] In at least one embodiment, method 500 iterates (denoted by arrow 190) by
implementing a model driven selection, modifying stoichiometric composition of the one or
more targets in the successive one or more targets, procuring the successive one or more
targets, and depositing a successive multi-layer stack, performing anneal, performing
compositional and electrical measurements, matching measurements with target values, and
determining whether measurement results are within the tolerance level of target values, until
target results are obtained.

[0085] In at least one embodiment, in addition to making changes to composition of one
or more layers in the multi-layered stack, additional layers may be added to the multi-layer
stack at operation 140. In at least one embodiment, such layers may be formed in accordance
with multi-layer stack 600 in Figure 6.

[0086] Figure 6 is a cross-sectional illustration of a multi-layer stack 600 including a
ferroelectric material, deposited in accordance with the flow diagram in Figure 5, in
accordance with at least one embodiment of the present disclosure. In at least one
embodiment, layers in multi-layer stack 600 are deposited by a co-sputtering or a reactive
sputtering method.

[0087] In at least one embodiment, additional conductive layers 602 and 604 may
implemented for different purposes. In at least one embodiment, while conductive layer 202

was previously illustrated to be deposited on substrate 208 for test purposes, for device
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fabrication, conductive layer 202 may be coupled with interconnect structures. In at least one
embodiment, conductive layer 202 may also be in contact with one or more insulator layers.
In at least one embodiment, it may be useful for conductive layer 202 to have a
crystallographic structure for templating of dielectric 204. In at least one embodiment, for
this reason, among others, conductive layer 202 may be deposited on a secondary electrode
layer, such as conductive layer 602. In at least one embodiment, conductive layer 602
includes Pt. In at least one embodiment, conductive layer 604 includes TaN. In at least one
embodiment, conductive layers 602 and 604 can be deposited in-situ with the ferroelectric
material to prevent interfacial layers I1 and I from forming between conductive layer 602 and
conductive layer 202, and between conductive layer 206 and conductive layer 604,
respectively.

[0088] In at least one embodiment, additional layers can aid some structural properties
that can be overall detrimental to electrical resistance of the stack. In at least one
embodiment, an increase in electrical resistance can detrimentally impose a need for higher
operating voltages. In at least one embodiment, higher operating voltages may demand more
powerful transistors. In at least one embodiment, the choice of materials may add little
electrical resistance while providing crystallographic templating advantages. In at least one
embodiment, determining a requisite minimum thickness that can provide compositional
benefits should also be balanced with other parameters such as total stack thickness, ease of
patterning, and development of interfacial layers during device fabrication process. lterative
device development must be carefully balanced with end goals of electrical requirements.
[0089] In at least one embodiment, patterning of multi-layer stack to fabricate devices
further introduces other complexities and iterative methods described above are essential to
rapid development.

[0090] Figure 7 is a flow diagram ot method 700 of iteratively developing memory
devices, in accordance with at least one embodiment of the present disclosure. In at least one
embodiment, method 700 begins at operation 710 by receiving a multi-layer stack from
operation 170 (Figure 5). In at least one embodiment, method 700 continues at operation 720
with annealing the multi-layer stack. In at least one embodiment, method 700 continues at
operation 730 by etching the multi-layer stack to form a memory device. In at least one
embodiment, method 700 continues at operation 740 forming an encapsulation layer at least
around the memory device. In at least one embodiment, method 700 continues at operation
750 by performing measurements of chemical composition and electrical properties of the

memory device.
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[0091] In at least one embodiment, method 700 continues at operation 760 by matching
measurements of chemical composition and electrical properties of the memory device
against target results and determining whether the measurements are within a tolerance level
of the target results. In at least one embodiment, method 700 may end at operation 770 if
measurements are within a tolerance level of the target results. In at least one embodiment,
method 700 can continue at operation 780 by making modifications in response Lo
determining that the measurements are not within the tolerance level. In at least one
embodiment, modifications include changing composition of one or more layers in the initial
multi-layer stack to form a successive multi-layer stack by implementing a model driven
selection, modifying the single elements or the combination of elements in a successive one
or more targets to comprise a respective second stoichiometric composition and procuring the
successive one or more targets. In at least one embodiment, method 700 continues at
operation 790 with forming a multi-layer stack. In at least one embodiment, method 700
iterates at operation 720 with annealing the multi-layer stack, etching the multi-layer stack,
etching and forming a memory device, encapsulating the memory device, performing
measurements, matching measurements, and determining whether the measurement results
are within the tolerance level, until target results are obtained.

[0092] In at least one embodiment, after annealing the multi-layer stack that has been
deposited after a first round of iterations, measurements can be made at operation 792 after
operation 720 to assess if material composition and electrical characteristics are within
tolerance of a desired target. In at least one embodiment, measurements made immediately
after annealing at operation 720 can save time that would otherwise be spent in continuing
with fabrication of device and discovering results at end of line. In at least one embodiment,
operation 792 is eliminated and measurements are made at end of line in a fabrication
sequence, after devices are fabricated.

[0093] In at least one embodiment, in addition to making changes to composition of one
or more layers in the multi-layered stack, additional layers may be added to the multi-layer
stack. In at least one embodiment, such layers may be formed in accordance with the multi-
layer stack 600 in Figure 6.

[0094] Figure 8A is a cross-sectional illustration of a planar capacitor (herein memory
device 801) obtained by patterning the multi-layer stack obtained from operation 780 in
Figure 7. In at least one embodiment, multilayer stack may have properties of stack 200" or
200" in Figures 3A-3B, for example, conductive layer 202, dielectric 204 and conductive
layer 206.
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[0095] Referring again to Figure 8A, in at least one embodiment, memory device 801
includes electrode 802, dielectric layer 804 on electrode 802, and electrode 806 on dielectric
layer 804.

[0096] In at least one embodiment, electrode 802 comprises a first conductive nonlinear
polar material where the first conductive nonlinear polar material has a first grain size. In at
least one embodiment, dielectric layer 804 comprises a perovskite material comprising a
second grain size. In at least one embodiment, electrode 806 comprises a second conductive
nonlinear polar material, where the second conductive nonlinear polar material has a third
grain size that is substantially the same as the first grain size or the second grain size. All
grain sizes are defined by an “average grain length.”

[0097] In at least one embodiment, perovskite film properties needed for high
performance devices further necessitate achieving a grain size that is conducive for increasing
effective polarization in the dielectric layer. In at least one embodiment, modulation of grain
size may be accomplished by performing an anneal process at high temperatures.

[0098] In at least one embodiment, electrode 802 includes a perovskite material. In at
least one embodiment, the perovskite material includes one of a non-Pb perovskite
metaloxide, such as but not limited to, La-Sr-CoQO3, StRuQ3, La-Sr-MnO3, YBaxCuz O,
Bi>S1-CaCu»0s, LaNiOs, or DyScOs. In at least one embodiment, electrode 802 has a
nanocrystalline to polycrystalline grain structure. In at least one embodiment, grains 802A
may be irregular as illustrated. In at least one embodiment, grains 802A have a size defined
by average length L. In at least one embodiment, L1 ranges between 15 nm and 50 nm.
[0099] In at least one embodiment, grains 806A have a size defined by average length L.
In at least one embodiment, L; and L» are substantially equal. In at least one embodiment,
electrode 806 includes grains 806A that are of comparable magnitude to grains 802A of
electrode 802. In at least one embodiment, L, ranges between 15 nm and 50 nm. In at least
one embodiment, ratio Li:Lo, between grain size of electrodes 802 and 806, is substantially
1:1, but can vary by less than 10% percent.

[00100] In at least one embodiment, electrode 806 can further include a same material as
the material of electrode 802. In at least one embodiment, substantially identical materials
can provide symmetry and can offer additional advantages, such as reliability, as devices are
cycled billions of times over a lifetime of operation. In at least one embodiment, different
electrode materials having substantially the same grain size can be implemented in memory

device 801. In at least one embodiment, this can be advantageous in some operational
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regimes where at least one of the electrodes 802 or 806 is coupled with an external circuit
element such as a transistor.

[00101] In at least one embodiment, the dielectric layer 804 has a polycrystalline grain
structure. In at least one embodiment, grains 804A may be irregular as illustrated. In at least
one embodiment, grains 804A have a size defined by an average length Ls. In at least one
embodiment, L3 ranges between 15 nm and 50 nm. In at least one embodiment, multiple
polarization domains may exist within grains 804A. In at least one embodiment, the ratio
between L1 and L3 can range between 1:3 and 3:1. In at least one embodiment, the ratio
between L and L3 is substantially equal to 1:1, when dielectric layer 804 includes one or
more of the elements of electrode 802.

[00102] In at least one embodiment, while grain size is one attribute of the layers within
memory device 801, there are others, such as point defects. In at least one embodiment, point
defects are sites with missing atoms such as oxygen, or missing cations such as Ba, Bi, Fe,
and/or Ti, etc. In at least one embodiment, point defects 803, 805, and 807 are illustrated by
points within electrode 802, dielectric layer 804, and electrode 806, respectively. In at least
one embodiment, point defects 803, 805, and 807 can correlate with grain size, where a layer
comprising a large grain size may have lower point defect.

[00103] In at least one embodiment, electrode 802 has point defects 803 that number less
than 1e20 atoms/cm®. In at least one embodiment, electrode 802 has a grain size between 15
nm and 50 nm and point defects that number less than 1e20 atoms/cm”. In at least one
embodiment, dielectric layer 804 has point defects 805 that number less than 120
atoms/cm®. In at least one embodiment, dielectric layer 804 has a grain size between 15 nm
and 50 nm and point defects 805 that number less than 1e20 atoms/cm?. In at least one
embodiment, electrode 806 has a grain size between 15 nm and 50 nm and point defects 807
that number less than 1e20 atoms/cm”.

[00104] In at least one embodiment, memory device 801 may be coupled with external
circuit elements such as transistors through interconnect structures. In at least one
embodiment, transition electrode 810 is below electrode 802. In at least one embodiment,
transition electrode 810 may include a material such as TiN, W, Ru, TaN, or Ta. In at least
one embodiment, transition electrode 810 can provide a surface for crystal templating of
material of electrode 802.

[00105] In at least one embodiment, controlling grain sizes of electrodes and dielectric
layers can modulate intrinsic behavior, which is equally useful for long term device

performance to mitigate damage from extrinsic processes. In at least one embodiment,
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FeRAM devices including lead-free perovskite materials may be prone to damage from
reaction with hydrogen during processing. The damage may be a result of hydrogen traveling
along grain boundaries between or along electrodes coupled with two terminals of a FeRAM
device. Hydrogen can cause reduction when it reacts with the one or more materials of the
FeRAM device, such as the electrodes or the ferroelectric material itself. During fabrication
anneal operations carried (o tie up dangling bonds can be sources ol hydrogen. FeERAM
devices can lose their polarization hysteresis characteristics because of hydrogen reduction.
[00106] In at least one embodiment, where memory device 801 has a planar structure
where the individual layers are sequentially layered one on top of another, it is useful to
protect capacitor sidewalls, top and bottom surfaces from reacting with hydrogen. In at least
one embodiment, solutions against hydrogen diffusion include forming an insulating barrier
layer, for example, silicon nitride, to protect sidewalls and top surfaces. In at least one
embodiment, a contact electrode may be formed on a top of the memory device 801 by
etching through the insulating barrier layer and exposing electrode 806.

[00107] Figure 8B is a cross-sectional illustration of plurality of memory devices 820,
where individual memory devices 801 are encapsulated by encapsulation layer 812, in
accordance with at least one embodiment. In at least one embodiment, to prevent hydrogen
from reaching dielectric layer 804, memory device 801 may be at least laterally covered by
encapsulation layer 812. In at least one embodiment, sidewall 813 of the memory device 801
is laterally surrounded by encapsulation layer 812. In at least one embodiment, encapsulation
layer 812 also extends partially on an uppermost surface of memory device 801(X and Z
being respectively the x-axis and the z-axis of the plurality of memory devices 820).

[00108] In at least one embodiment, the process utilized to deposit encapsulation layer 812
can depend on materials utilized, and on a height of memory device 801. In at least one
embodiment, which includes a plurality of memory devices, the deposition process can be
dependent on relative spacing Sp, between adjacent memory devices. In at least one
embodiment, the deposition process utilized to deposit encapsulation layer 812 does not
include hydrogen or ammonia containing chemicals to prevent hydrogen exposure to layers
within memory device 801. In at least one embodiment, encapsulation layer 8§12 is blanket
deposited.

[00109] In at least one embodiment, encapsulation layer 812 includes an insulator
material. In at least one embodiment, the insulator material can include a metal and oxygen,
such as, but not limited to AlxOy, HfOx, AlSiOx, ZrOx, or TiOx. In at least one embodiment,

materials such as Al,Oy, HfOy, AlSiOy, ZrOx, or TiOx can be deposited without a hydrogen or
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an ammonia containing chemical precursor in an ALD deposition process. In at least one
embodiment, encapsulation layer 812 may be deposited to a thickness in the range of 0.5 nm
to 10 nm. In at least one embodiment, encapsulation layer 812 may be deposited to a
thickness of less than 5 nm. In at least one embodiment, an ALD process can provide a
substantially conformal thickness on sidewalls of memory device 801. In at least one
embodiment, a PVD deposition process may not conformally deposit encapsulation layer 812
with a uniform thickness.

[00110] In at least one embodiment, a PVD process may be utilized. In at least one
embodiment, encapsulation layer 812 can include materials such as compounds of nitrogen,
and a transition metal such as, but not limited to AIN, ZrN, HfN, or compounds of Si and O,
and one or more of Al, Hf, or Ta, such as, but not limited to, A1SiOx, HfSiOx, and TaSiOx. In
at least one embodiment, a PVD process may not provide a substantially conformal
deposition on sidewalls of memory device 801. In at least one embodiment, a thickness of
approximately 2 nm may be sufficient to prevent hydrogen transport through encapsulation
layer 812 that is deposited with a material density of at least 90%.

[00111] In at least one embodiment, the material of encapsulation layer 812 can be chosen
based on the material of dielectric layer 804. In at least one embodiment, pairing
encapsulation layer 812 with dielectric layer 804 can minimize lattice dislocations that can
cause voids and potential pathways for hydrogen diffusion.

[00112] In at least one embodiment, hydrogen may diffuse to electrodes 806 and 802
through one or more materials of a contact electrode and transition electrode 810
respectively. In at least one embodiment, to protect against hydrogen diffusion through a top
surface of electrode 806, noble metals can be implemented on electrode 806.

[00113] In at least some embodiments, hydrogen can also diffuse from layers below
electrode 802. In at least one embodiment, electrode 802 may be physically isolated from a
conductive interconnect by transition electrode 810. In at least one embodiment, transition
electrode 810 may be laterally surrounded by insulator layer 808 that can act as a barrier
against hydrogen diffusion as well as provide etch stop capability while patterning to form
memory device 801.

[00114] In at least one embodiment, to prevent hydrogen from diffusing directly into
sidewalls of transition electrode 810, an insulator including an amorphous material may be
directly in contact with the sidewalls of transition electrode. In at least one embodiment, an
amorphous material may have a high film density (for example, a film density above 90% of

theoretical material density or film density).
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[00115] In at least one embodiment, an iterative method described above may be useful for
choosing a type of material for encapsulation layer 812 as well as for understanding which
deposition technique to adopt.

[00116] In at least one embodiment, dielectric 204 can dictate the choice of encapsulation
layer 812. In at least one embodiment, encapsulation layer 812 may be chosen to have a
Young’s modulus similar to the Young’s modulus of dielectric 204. In al least one
embodiment, encapsulation layer 812 may be chosen to have a low probability of presence of
defects at the interface between encapsulation layer 812 and dielectric 204. In at least one
embodiment, encapsulation layer 812 can have a lower dielectric constant than the dielectric
constant of dielectric 204 to enable field lines to be concentrated between conductive layer
202 and conductive layer 206.

[00117] In at least one embodiment, where dielectric 204 includes a PbxZr1«xTiyO3 group
of families, encapsulation layer 812 can include Al Oy, HfOy, ZrOy, TaOx, or TiOx. In some
embodiments, where dielectric 204 includes a LaxBiixFeyOs group of families, encapsulation
layer 812 can include AlxOy, HIOx, ZrOx, TaOx, or TiOx. In at least one embodiment, where
dielectric 204 includes a BaTiOs3 group of families, encapsulation layer 812 can include
AlOy, HfO, ZrOx, TaOy, or TiOx. In at least one embodiment, where dielectric 204 includes
a BiFeOs group of families, encapsulation layer 812 can include AlxOy, HfOx, ZrOx, TaOx, or
TiOx.

[00118] Figure9 is a flow diagram of method 900 of iteratively developing a 1-
Transistor-1-Memory cell, in accordance with at least one embodiment of the present
disclosure. In at least one embodiment, method 900 begins at operation 910 by fabricating a
transistor or receiving a workpiece that includes a transistor (for example purchased from a
third party). In at least one embodiment, method 900 continues at operation 920 by
fabricating a multi-layer stack using method 900 described in association with Figure 7.
Referring again to Figure 9, the multi-layer stack is coupled with a first terminal of the
transistor. In at least one embodiment, method 900 continues at operation 930 by annealing
the multi-layer stack. In at least one embodiment, method 900 continues at operation 940 by
etching the multi-layer stack to form a memory device, where a first terminal of the memory
device is coupled with the first terminal of the transistor. In at least one embodiment, method
900 continues at operation 950 by forming an encapsulation at least around the memory
device and forming a contact on a second end of the memory device. In at least one
embodiment, the second terminal is above the first terminal. In at least one embodiment,

method 900 continues at operation 960 by performing measurements of chemical
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composition and electrical properties of the memory device coupled with the transistor. In at
least one embodiment, method 900 continues at operation 970 by matching measurements of
compositional and electrical characterization of the memory device coupled with the
transistor against target results for a reference memory device coupled with a reference
transistor.

[00119] In at least one embodiment, method 900 may end at operation 975 if, after
matching measurements against target results, the measurements are within a tolerance level
of the target results. In at least one embodiment, if after matching measurements against
target results the measurements are not within a tolerance level of the target results, method
900 continues at operation 980 by making modifications in response to determining that the
measurements are not within the tolerance level. In at least one embodiment, modifications
include changing composition of one or more layers in the initial multi-layer stack to form a
successive multi-layer stack by implementing a model driven selection, modifying the single
elements or the combination of elements in a successive one or more targets to comprise a
respective second stoichiometric composition, and procuring the successive one or more
targets. In at least one embodiment, or one or more additional layers can be added or
removed.

[00120] In at least one embodiment, method 900 iterates at operation 920 with fabricating
a successive multi-layer stack, annealing the successive multi-layer stack, etching the
successive multi-layer stack, etching and forming a memory device, encapsulating the
memory device, performing measurements, matching measurements, determining whether
the measurement results are within the tolerance level, and repeating until target results are
obtained.

[00121] In at least one embodiment, method 900 continues at operation 990 by changing
the size of transistor to achieve a desired performance. In at least one embodiment, transistor
characteristics to be changed include saturation current, operational voltage, gate voltage and
physical dimensions. In at least one embodiment, the transistor may be fabricated or
purchased from a third party.

[00122] In at least one embodiment, after annealing the multi-layer stack that has been
deposited atter a first round of iterations, measurements can be made at operation 992 to
assess if material composition and electrical characteristics are within tolerance of a desired
target. In at least one embodiment, measurements made after annealing can save time that
would be spent in continuing with fabrication of device. In at least one embodiment,

operation 992 can be eliminated and measurements are made after devices are fabricated.
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[00123] Figure 10 is a cross-sectional illustration of system 1000 that includes a memory
device 801 coupled with transistor 1002, in accordance with at least one embodiment. In at
least one embodiment, memory device 801 is coupled to transistor 1002 through drain contact
1003. In at least one embodiment, memory device 801 includes one or more features of
memory device 801 (Figurc 8A). In at least one embodiment, memory device 801 is on a
transition electrode 810. In at least one embodiment, transition electrode 810 is coupled with
drain contact 1003 of transistor 1002.

[00124] In at least one embodiment, memory device 801 can be a planar capacitor (Figure
8A) or a trench capacitor In at least one embodiment, memory device 801 have a cylindrical
profile. In at least one embodiment, memory device 801 can have a rectangular profile. In at
least one embodiment, while memory device 801 is electrically coupled with drain contact
1003, there may be intervening layers of via electrodes between drain contact 1003 and
transition electrode 810.

[00125] In at least one embodiment, transistor 1002 is an example of a transistor that is
non-planar. In at least one embodiment, transistor 1002 may be, for example, an NMOS or a
PMOS transistor. In at least one embodiment, transistor 1002 includes gate structure 1004,
between source region 1006 and drain region 1008. In at least one embodiment, source region
1006 includes epitaxial source structure 1010 (herein source structure 1010) and drain region
1008 includes epitaxial drain structure 1012 (herein drain structure 1012). In at least one
embodiment, source structure 1010 and drain structure 1012 are separated from gate structure
1004 by spacer 1011 and have faceted sidewall surfaces 1010A and 1012A. Not all faceted
surfaces of source structure 1010 and drain structure 1012 are shown. In at least one
embodiment, a portion of gate structure 1004 is on dielectric 1022 that separates gate
structure 1004 from substrate 1018. In at least one embodiment, drain contact 1003 is coupled
to drain structure 1012.

[00126] In at least one embodiment, gate structure 1004 further includes gate dielectric
layer 1005 and gate electrode 1007. In at least one embodiment, gate dielectric layer 1005 has
a base portion on channel 1018A and sidewall portions that are adjacent to spacer 1011. In at
least one embodiment, gate electrode 1007 is confined within gate dielectric layer 1005.
[00127] In at least one embodiment, gate dielectric layer 1005 includes a suitable gate
dielectric material such as but not limited to an oxide of one or more of: Si, Hf, Zr, La, Ti, Ta,
or Ga; or Al, such as SiQ2, HfO», ZrO,, HfSiOx, HfZrO», Ta;0s, Al,Oz, LaxOs, or TaSiOx; or
Ga;0s. In at least one embodiment, gate electrode 1007 may include one or more of: Ti, Al,

W, Pt, Co, Ni, or Pd; nitrogen; one or more of: Ti, Ta, Al, Hf or Zr; or carbon and one or
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more of: Ti, Al, Ta, Hf, or Zr. In at least one embodiment, source structure 1010 and drain
structure 1012 may include amorphous Si, SiC, SiGe, or Ge and may be doped with As, P, or
B, depending on the mobile charge carrier implemented. In at least one embodiment, spacer
1011 includes silicon nitride or silicon nitride doped with carbon. In at least one embodiment,
drain contact 1003 includes a conductive material such as Ru, Ti, Co, Mo, Co, Ni, W, or Ta;
or nitrides of Ti, W, or Ta. In at least one embodiment, drain contact 1003 includes a liner
layer including TiN, TaN, or WN; and a fill metal including one or more of: Ru, Ti, Co, Mo,
Co, Ni, W, or Ta.

[00128] In at least one embodiment, memory device 801 may be further coupled with a
contact structure 1014. In at least one embodiment, contact structure 1014 is coupled with
electrode 806. In at least one embodiment, contact structure 1014 may include conductive
hydrogen barrier 1016 that surrounds a fill material 1020. In at least one embodiment,
conductive hydrogen barrier 1016 is in contact with encapsulation layer 812. In at least one
embodiment, encapsulation layer 812 and conductive hydrogen barrier 1016 together provide
a barrier to memory device 801.

[00129] In at least one embodiment, conductive hydrogen barrier 1016 includes a material
that is amorphous. In at least one embodiment, amorphous materials lack defined grain
boundaries that can facilitate hydrogen diffusion and are thus desirable. In at least one
embodiment, conductive hydrogen barrier 1016 includes materials such as, but not limited to:
TiAIN, with >30 atomic percent AIN; TaN, with >30 atomic percent N»; TiSiN, with >20
atomic percent SiN; Ta carbide, TaC, Ti carbide, TiC; tungsten carbide, WC; tungsten nitride,
WN; carbonitrides of Ta, Ti, or W, i.e., TaCN, TiCN, or WCN; titanium monoxide, TiO;
Ti20; Tungsten oxide, WOs3;Tin oxide, SnOz>; indium tin oxide, ITO; Iridium Oxide; Indium
Gallium Zinc Oxide, IGZO; Zinc Oxide, or METGLAS series of alloys, e.g., Fe4oNisoP14Bs.
In at least one embodiment, conductive hydrogen barrier 1016 has a thickness that is less than
Snm.

[00130] In at least one embodiment, transition electrode 810 includes a material that
provides a barrier against hydrogen and oxygen diffusion. In at least one embodiment,
transition electrode 810 does not include a material that provides a barrier against hydrogen
and oxygen diffusion. In at least one embodiment, the transition electrode can be laterally
surrounded by a conductive hydrogen barrier layer such as conductive hydrogen barrier 1016.
[00131] In other embodiments, encapsulation layer 812 can include materials that are
oxygen diffusion barriers. Examples of oxygen diffusion barrier material includes silicon

nitride and silicon carbide.
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[00132] In at least one embodiment, the iterative method described in Figure 9, may be
utilized to determine the choice of materials for encapsulation layer 812, conductive
hydrogen barrier 1016, optimization of drive current, threshold voltage, and/or on-off

characteristics (among other parameters) of transistor 1002.

e "non

[00133] Reference in the specification to "an embodiment,” "one embodiment," "some
embodiments,"” or "other embodiments,” and “at least one embodiment,” generally means that
a particular feature, structure, or characteristic described in connection with the embodiments

may include at least one embodiment, but not necessarily all embodiments. The various

"o "oee

appearances of "an embodiment," "one embodiment,” “at least one embodiment,” or "some

embodiments" are not necessarily all referring to the same embodiments. If the specification

"o

states a component, feature, structure or characteristic "may," "might,” or "could"” be
included, that component, feature, structure, or characteristic is not required to be included. If
the specification or claim refers to "a" or "an" element, that does not mean there is only one
of the elements. If the specification or claims refer to "an additional” element, that does not
preclude there being more than one of the additional elements.

[00134] Furthermore, the features, structures, functions, or characteristics may be
combined in any suitable manner in at least one embodiment. In at least one embodiment, a
first embodiment may be combined with a second embodiment anywhere the features,
structures, functions or characteristics associated with the two embodiments are not mutually
exclusive.

[00135] The structures of at least one embodiment described herein can also be described
as method(s) of forming those structure(s), apparatus(es), and method(s) of operation of these
structure(s) or apparatus(es). In at least one embodiment, the method may be an iterative
method. The following examples are provided that illustrate at least one embodiment. The
examples can be combined with other examples. As such, at least one embodiment can be
combined with another embodiment without changing the scope of the disclosure.

[00136] Example 1: A method comprising: determining a target multi-layer stack, wherein
the target multi-layer stack comprises a polar material; implementing a model driven target
selection based on a charge:mass ratio and a magnetic moment:mass ratio of target materials;
procuring an initial one or more targets, wherein individual targets in the initial one or more
targets comprise single elements or a combination of elements with a respective initial
stoichiometric composition; depositing, using the initial one or more targets, an initial multi-
layer stack; performing measurements of chemical composition and electrical properties of

the initial multi-layer stack; modifying, in response to determining that measurement results
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are not within tolerance levels of target results, composition of one or more layers in the
initial multi-layer stack; and iterating depositing of a successive multi-layer stack and
determining whether the measurement results of the successive multi-layer stack are within
the tolerance levels, until target results are obtained.

[00137] Example 2: The method of example 1, wherein modifying composition of one or
more layers in the initial multi-layer stack further comprises: implementing the model driven
target selection based on the charge:mass ratio and the magnetic moment:mass ratio of the
target materials; modifying stoichiometric composition of one or more targets in a successive
one or more targets; and procuring the successive one or more targets.

[00138] Example 3: The method of example 1, wherein after depositing the successive
multi-layer stack, the method further comprises: performing measurements of chemical
composition and electrical properties of the successive multi-layer stack; and matching
measurements of chemical composition and electrical properties of the successive multi-layer
stack against target results.

[00139] Example 4: The method of example 1, wherein depositing the initial multi-layer
stack comprises: depositing a first conductive layer comprising a first conductive material,
wherein the first conductive material comprises one of (La,Sr)FeOs, (La,Sr)CoO0s,
(La,Ca)MnO:3;, (La,Sr)MnQOs3, StRuOs, SroRuQy, (Ba,Sr)Ru0s, StMoOs3, (La,Sr)MnQOs,
SrCo03, SrCr0Os, SrFe0s, SrV0;3, CaMoOs, SINbO3, LaNiO3, YBaxCu3O7, BizSr2CaCuOs,
CaRuO;3, Ir, Ir2 Oy, Ru, RuOx, Mo, MoOx, W, or WOy; depositing a dielectric layer on the first
conductive layer the dielectric layer comprising one of: a perovskite material which includes
one of: BaTiO3, PbTiO3, KNbOs3, or NaTaOs; lead zirconium titanate (PZT), or PZT with a
doping material, wherein the doping material is one of La or Nb; bismuth ferrite (BFO) with
a doping material, wherein the doping material is one of lanthanum, elements from lanthanide
series of a periodic table, or elements of a 3d, 4d, 5d, 6d, 41, and 51 series of the periodic
table; a relaxor ferroelectric material which includes one of lead magnesium niobate (PMN),
lead magnesium niobate-lead titanate (PMN-PT), lead lanthanum zirconate titanate (PLZT),
lead scandium niobate (PSN), barium titanium-bismuth zinc niobium tantalum (BT-BZNT),
or Barium titanium-barium strontium titanium (BT-BST); a hexagonal ferroelectric which
includes one of: YMnOs or LuFeOs; hexagonal ferroelectrics of a type h-RMnQOs3, wherein R
is a rare earth element which includes one of: cerium (Ce), dysprosium (Dy), erbium (Er),
europium (Eu), gadolinium (Gd), holmium (Ho), lanthanum (La), lutetium (Lu), neodymium
(Nd), praseodymium (Pr), promethium (Pm), samarium (Sm), scandium (Sc), terbium (Tb),

thulium (Tm), ytterbium (Yb), or yttrium (Y); hafnium (Hf), zirconium (Zr), aluminum (Al),
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silicon (Si), their oxides, or their alloyed oxides; Hafnium oxides as Hf1.xExOy, where E can
be Al, Ca, Ce, Dy, Er, Gd, Ge, La, Sc, Si, Sr, Sn, Zr, or Y;Al(1-9ScN, GagxScxN, Alq-

0 YolN, AlgxyMgwNbyN, or E doped HfO», where ‘x’ or 'y' is a fraction; or niobate type
compounds LiNbO; and LiTaOs, lithium iron tantalum oxyfluoride, barium strontium
niobate, sodium barium niobate, or potassium strontium niobate; or an improper ferroelectric
material which includes one of: [PTO/STO]n or [LAO/STO]n, wherein ‘n’ is between 1 and
100, or a paraelectric material that comprises SrTiOs, Bax Sty TiOs, HIZrO», Hf-Si-O, La-
substituted PbTiOs, or PMN-PT based relaxor ferroelectrics; and depositing a second
conductive layer comprising a second conductive nonlinear polar material, wherein the
second conductive nonlinear polar material comprises one of (La,Sr)FeOs, (La,Sr)Co0s3,
(La,Ca)MnOQOs3, (La,Sr)MnQOs, StRu03, Sr2RuQy4, (Ba,Sr)RuOs, SrMoOs, (La,S1)MnQOs,
SrCoQ0s, S1Cr0s3, SrFeOs3, SrV0s3, CaMo03, StNbOs, LaNiOs, YBa:Cui07, Bi2Sr2CaCuOs,
CaRuO:s, Ir, Ir,Ox, Ru, RuOy4, Mo, MoOy, W, or WOx.

[00140] Example 5: The method of example 1, wherein the initial one or more targets
comprise one or more of: Bi, Fe, O, La, Mn, and Sc.

[00141] Example 6: The method of example 2, wherein compounds in the successive one
or more targets comprise Bi, Fe, and O, wherein individual stoichiometry within compounds
comprising two or more of Bi, Fe and O, can be different by between 5% and 10% from
compounds comprising two or more of Bi, Fe, and O, in the initial one or more targets, and
wherein individual ones of the one or more targets comprise between 85% and 95%
theoretical material density.

[00142] Example 7: The method of example 1, wherein the initial one or more targets
includes elemental targets of Bi and Fe, wherein the elemental targets include a purity of at
least 99.5%, and wherein the depositing further comprises depositing in a gas comprising one
or more of: Ar, Oz, N2, Ho, Kr, and Ne.

[00143] Example 8: The method of example 1, wherein depositing comprises depositing
using a physical vapor deposition tool.

[00144] Example 9: The method of example 1, wherein prior to performing measurements,
the method further comprises performing a post deposition anneal (PDA).

[00145] Example 10: The method of example 9, wherein performing the PDA comprises:
utilizing a rapid thermal annealing process, wherein: the rapid thermal annealing process
comprises heating to a first temperature of less than 700 degrees Celsius, for a time duration
between 1s and 60s, at a first pressure between vacuum and 760 Torr; the rapid thermal

annealing process further comprises tlowing O, N», or Argon gas while operating at the first
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pressure between 1 Torr and 760 Torr; or utilizing a flash anneal process; the flash anneal
process comprises heating to a second temperature between 500 and 1300 degrees Celsius,
for a second time duration of less than 10 milliseconds, and at a second pressure between
vacuum and 760 Torr; the flash anneal process further comprises flowing O2, N2, or Argon
gas while operating at the second pressure between 1 Torr and 760 Torr; or utilizing a laser
anneal process; the laser anneal process comprises heating (o a third temperature of up to
1300 degrees Celsius, for a third time duration of less than 100 microseconds, and at a third
pressure between vacuum and 760 Torr; the laser anneal process further comprises flowing
02, N2, or Argon gas while operating at the third pressure between 1 Torr and 760 Torr; or
utilizing a microwave anneal process, wherein the microwave anneal process comprises
heating for a fourth time duration of less than 3600s at a microwave power of less than
1000W.

[00146] Example 11: A method comprising: receiving a multi-layer stack comprising a
ferroelectric material obtained by utilizing an iterative stack development process; etching the
multi-layer stack to form a memory device; performing measurements of compositional and
electrical characterization of the memory device; modifying, in response to determining that
measurement results are not within tolerance level of target results, composition of one or
more layers in the multi-layer stack by utilizing the iterative stack development process; and
iterating receiving of the multi-layer stack, etching the multi-layer stack to form a successive
memory device, performing measurements of compositional and electrical characterization of
the successive memory device, matching measurement of the successive memory device
against target results for a memory device, until measurements are within a tolerance level of
the target results for the memory device.

[00147] Example 12: The method of example 11, wherein the iterative stack development
process comprises: determining a target multi-layer stack, wherein the target multi-layer stack
comprises a polar material; implementing a model driven target selection based on a
charge:mass ratio and a magnetic moment:mass ratio of target materials; procuring an initial
one or more targets, wherein individual targets in the initial one or more targets comprise
single elements or a combination of elements with a respective initial stoichiometric
composition; depositing an initial multi-layer stack using the initial one or more targets;
performing measurements of chemical composition and electrical properties of the initial
multi-layer stack; determining whether measurement results are within a tolerance level of
the target results; modifying, in response to determining that the measurement results are not

within the tolerance level, stoichiometric composition of one or more targets in a successive
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one or more targets; and iterating depositing a successive multi-layer stack, determining
whether measurement results of the successive multi-layer stack are within the tolerance
level, until target results are obtained.

[00148] Example 13: The method of example 12, wherein depositing the initial multi-layer
stack comprises: depositing a first conductive layer comprising a first conductive material,
wherein the [irst conductive material comprises one of (La,St)FeOs, (La,Sr)Co03,
(La,Ca)MnOs, (La,Sr)MnQOs, STRuO3, SroRuQy4, (Ba,Sr)Ru0s, StM0oO;3, (La,Sr)MnOs,
SrCo0s, SrCr0O3, SrFe03z, StV03, CaMo03, STNbO3, LaNiO3, YBaxCuzO7, Bi>Sr2CaCuOs,
CaRuO0;s, Ir, Ir20x, Ru, RuOx, Mo, MoOx, W, or WOy; depositing a dielectric layer on the first
conductive layer of the dielectric layer comprising one of: a perovskite material which
includes one of: BaTiO3, PbTiO3, KNbO3, or NaTaOs; lead zirconium titanate (PZT) or PZT
with a doping material, wherein the doping material is one of La or Nb; bismuth ferrite
(BFO) with a doping material, wherein the doping material is one of lanthanum, elements
from lanthanide series of a periodic table, or elements of a 3d, 4d, 5d, 6d, 4f, and 5f series of
the periodic table; a relaxor ferroelectric material which includes one of lead magnesium
niobate (PMN), lead magnesium niobate-lead titanate (PMN-PT), lead lanthanum zirconate
titanate (PLZT), lead scandium niobate (PSN), barium titanium-bismuth zinc niobium
tantalum (BT-BZNT), or Barium titanium-barium strontium titanium (BT-BST); a hexagonal
ferroelectric which includes one of: YMnOs or LuFeOs; hexagonal ferroelectrics of a type h-
RMnOs3, wherein R is a rare earth element which includes one of: cerium (Ce), dysprosium
(Dy), erbium (Er), europium (Eu), gadolinium (Gd), holmium (Ho), lanthanum (La), lutetium
(Lu), neodymium (Nd), praseodymium (Pr), promethium (Pm), samarium (Sm), scandium
(Sc), terbium (Tb), thulium (Tm), ytterbium (YD), or yttrium (Y); hafnium (Hf), zirconium
(Zr), aluminum (Al), silicon (Si), their oxides, or their alloyed oxides; Hafnium oxides asHf-
xExQOy, where E can be Al, Ca, Ce, Dy, Er, Gd, Ge, La, Sc, Si, Sr, Sn, Zr, or Y; AlgxSc(x)N,
Alax YN, Gaa-xScxN, AlgxyMgwNbgy N, or E doped HfO», where ‘x’ is a fraction; or
niobate type compounds LiNbO3, and LiTaOs, lithium iron tantalum oxyfluoride, barium
strontium niobate, sodium barium niobate, or potassium strontium niobate; or an improper
ferroelectric material which includes one of: [PTO/STO]n or [LAO/STO]n, wherein ‘n’ is
between | and 100, or a paraelectric material that comprises SrTiO3, BaxSrTiO3, HIZrO»,
Hf-Si-0, La-substituted PbTiO3, or a PMN-PT based relaxor ferroelectrics; and depositing a
second conductive layer comprising a second conductive nonlinear polar material, wherein
the second conductive nonlinear polar material comprises one of (La,Sr)FeOs, (La,Sr)Co0s,

(La,Ca)MnOs, (La,Sr)MnOs, StTRuOs3, Sr2RuOy4, (Ba,Sr)RuQOs, StMoOs, (La,Sr)MnOs,
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SrCo0s, SrCr0Os, SrFeQOs, Srv0s, CaMo0Os, StNbOs, LaNiOs, YBa;Cu3O7, BizSr2CaCuOs,
CaRuO3, Ir, I;0x, Ru, RuOx, Mo, MoOx, W, or WOx.

[00149] Example 14: The method of example 12, wherein compounds in the initial one or
more targets comprise Bi, Fe, and O, wherein individual stoichiometry within compounds
comprising two or more of Bi, Fe, and O can be different by at least 5% from compounds
comprising (wo or more of Bi, Fe, and O in the initial one or more targets.

[00150] Example 15: The method of example 12, wherein the initial one or more targets
includes elemental targets of Bi and Fe, wherein the elemental targets include a purity of at
least 99.5%, and wherein depositing the initial multi-layer stack further comprises depositing
in a gas comprising one or more of: Ar, Oz, N2, Hz, Kr, and Ne.

[00151] Example 16: The method of example 11, wherein prior to etching the method
further comprises annealing the multi-layer stack, wherein annealing comprises utilizing a
rapid thermal annealing process, wherein the rapid thermal annealing process comprises
heating to a first temperature of less than 700 degrees Celsius, for a time duration between 1s
and 60s, at a first pressure between vacuum and 760 Torr, and wherein the rapid thermal
annealing process further comprises flowing O2, N», or Argon gas while operating at the first
pressure between 1 Torr and 760 Torr.

[00152] Example 17: The method of example 11, wherein the method further comprises
forming an encapsulation layer directly surrounding the memory device, wherein the
encapsulation layer comprises metal and oxygen, including one of AlxOy, HfOx, AlSiOx,
71Oy, or TiOx, wherein Al Oy, HfOx, AlSiOx, ZrOy, or TiOy are deposited without a hydrogen
or ammonia containing chemical precursor in an ALD deposition process.

[00153] Example 18: A method comprising: fabricating a transistor or receiving a
workpiece comprising a transistor; forming a memory device comprising a multi-layer stack,
wherein the memory device is coupled with a gate or a drain of the transistor; performing
measurements of compositional and electrical characterization of the memory device coupled
with the transistor, and matching measurements against target results for a reference memory
device coupled to a reference transistor; modifying, in response to determining that the
measurements are not within a tolerance level of the target results for the reference memory
device coupled to the reference transistor, composition of one or more layers in the multi-
layer stack by utilizing an iterative stack development process; and iterating fabricating of the
transistor or receiving the workpiece comprising the transistor, forming a successive memory
device, performing measurements of compositional and electrical characterization of the

successive memory device coupled with the transistor, matching measurement of the
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successive memory device coupled with the transistor against target results for the reference
memory device coupled with the reference transistor, until measurements are within a
tolerance level of the target results.

[00154] Example 19: The method of example 18, wherein the iterative stack development
process comprises: determining a target multi-layer stack, wherein the target multi-layer stack
comprises a [erroelectric material; implementing a model driven target selection based on a
charge:mass ratio and a magnetic moment:mass ratio of target materials; procuring an initial
one or more targets, wherein individual targets in the initial one or more targets comprise
single elements or a combination of elements with a respective initial stoichiometric
composition; depositing, using the initial one or more targets, an initial multi-layer stack;
performing measurements of chemical composition and electrical properties of the initial
multi-layer stack; matching measurements of chemical composition and electrical properties
of the initial multi-layer stack against target results; determining whether measurement
results are within a tolerance level of the target results; modifying, in response to determining
that the measurement results are not within the tolerance level, stoichiometric composition of
one or more targets in a successive one or more targets; and iterating depositing a successive
multi-layer stack, determining whether measurement results of the successive multi-layer
stack are within the tolerance level, until target results are obtained.

[00155] Example 20: The method of example 18, wherein forming the memory device
comprises etching the multi-layer stack, and wherein the method further comprises forming
an encapsulation around the memory device, prior to performing measurements of
compositional and electrical characterization of the memory device coupled with the
transistor.

[00156] Example 21: The method of example 19, wherein compounds in the successive
one or more targets comprise Bi, Fe, and O, wherein individual stoichiometry within
compounds comprising two or more of Bi, Fe, and O can be different by 5% trom compounds
comprising two or more of Bi, Fe, and O in the initial one or more targets.

[00157] Example 22: The method of example 18, wherein prior to etching the method
further comprises annealing the multi-layer stack, wherein annealing comprises utilizing a
rapid thermal annealing process, wherein the rapid thermal annealing process comprises
heating to a first temperature of less than 700 degrees Celsius, for a time duration between 1s
and 60s, at a first pressure between vacuum and 760 Torr, and wherein the rapid thermal
annealing process further comprises flowing O, N2, or Argon gas while operating at the first

pressure between 1 Torr and 760 Torr.
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[00158] Example 23: The method of example 18, wherein the method further comprises
forming an encapsulation layer directly surrounding the memory device, wherein the
encapsulation layer comprises metal and oxygen, including one of: AlxOy, HfOx, AlSiOx,
ZrOy, or TiOy, wherein Al Oy, HfOx, AlSiOx, ZrOy, or TiOy are deposited without a hydrogen
or ammonia containing chemical precursor in an ALD deposition process.

[00159] An abstract is provided that will allow the reader o ascertain the nature and gist of
the technical disclosure. The abstract is submitted with the understanding that it will not be
used to limit the scope or meaning of the examples. The following examples are hereby
incorporated into the detailed description, with each example or feature of an example

standing on its own as an embodiment.
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1. A method comprising:

determining a target multi-layer stack, wherein the target multi-layer stack comprises a
polar material;

implementing a model driven target selection based on a charge:mass ratio and a
magnetic moment:mass ratio of target materials;

procuring an initial one or more targets, wherein individual targets in the initial one or
more targets comprise single elements or a combination of elements with a respective
initial stoichiometric composition;

depositing, using the initial one or more targets, an initial multi-layer stack;

performing measurements of chemical composition and electrical properties of the
initial mult-layer stack;

modifying, in response to determining that measurement results are not within
tolerance levels of target results, composition of one or more layers in the initial
multi-layer stack; and

iterating depositing of a successive multi-layer stack and determining whether the
measurement results of the successive multi-layer stack are within the tolerance

levels, until target results are obtained.

2. The method of claim 1, wherein modifying composition of one or more layers in the
initial multi-layer stack further comprises:
implementing the model driven target selection based on the charge:mass ratio and the
magnetic moment:mass ratio of the target materials;
modifying stoichiometric composition of one or more targets in a successive one or
more targets; and

procuring the successive one or more targets.

3. The method of claim 1, wherein after depositing the successive multi-layer stack, the
method further comprises:
performing measurements of chemical composition and electrical properties of the
successive multi-layer stack; and
matching measurements of chemical composition and electrical properties of the

successive multi-layer stack against target results.

4. The method of claim 1, wherein depositing the initial multi-layer stack comprises:
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depositing a first conductive layer comprising a first conductive material, wherein the
first conductive material comprises one of (La,Sr)FeOs, (La,Sr)Co0s3, (La,Ca)MnOs,
(La,Sr)MnOs3, STRuO3, SroRuQ4, (Ba,S1)Ru0s, StMoOs, (La,Sr)Mn0O3, SrCo0s,
SrCrOs, StFe0s, StVO;, CaMoQOs, STNbOs:, LaNiOs, YBa>Cuz 05, BiaSr2CaCuOg,
CaRuO3, Ir, IOy, Ru, RuOx, Mo, MoOy, W or WOy;

deposiling a dielectric layer on the [irst conduclive layer the dielectric layer comprising
one of:

a perovskite material which includes one of: BaTiOz, PbTiOs;, KNbQ3, or
NaTaOs;

lead zirconium titanate (PZT), or PZT with a doping material, wherein the doping
material is one of La or Nb;

bismuth ferrite (BFO) with a doping material, wherein the doping material is one
of lanthanum, elements from lanthanide series of a periodic table, or elements
of a 3d, 4d, 5d, 6d, 4f and 5f series of the periodic table;

a relaxor ferroelectric material which includes one of lead magnesium niobate
(PMN), lead magnesium niobate-lead titanate (PMN-PT), lead lanthanum
zirconate titanate (PLLZT), lead scandium niobate (PSN), barium titanium-
bismuth zinc niobium tantalum (BT-BZNT), or Barium titanium-barium
strontium titanium (BT-BST);

hexagonal ferroelectric which includes one of: YMnOj3 or LuFeOs;

hexagonal ferroelectrics of a type h-RMnO3, wherein R is a rare earth element
which includes one of: cerium (Ce), dysprosium (Dy), erbium (Er), europium
(Eu), gadolinium (Gd), holmium (Ho), lanthanum (La), lutetium (Lu),
neodymium (Nd), praseodymium (Pr), promethium (Pm), samarium (Sm),
scandium (Sc), terbium (Tb), thulium (Tm), ytterbium (Yb), or yttrium (Y);
hafnium (Hf), zirconium (Zr), aluminum (Al), silicon (Si), their oxides or their
alloyed oxides;

Hafnium oxides as Hf1-x Ex Oy, where E can be Al, Ca, Ce, Dy, Er, Gd, Ge, La,
Sc, Si, St, Sn, Zr, or Y; Al(1-x)Sc(x)N, Ga(1-x)Sc(x)N, AI(1-x)Y(x)N or Al(1-
x-y)Mg(x)Nb(y)N, y doped HfO», where x includes one of: Al, Ca, Ce, Dy, Er,
Gd, Ge, La, Sc, Si, Sr, Sn, or Y, wherein ‘x’ is a fraction; or niobate type
compounds LiNbO3, LiTaOs3, lithium iron tantalum oxyfluoride, barium

strontium niobate, sodium barium niobate, or potassium strontium niobate; or
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an improper ferroelectric material which includes one of: [PTO/STO]n or
[LAO/STO]n, wherein ‘n’ is between 1 and 100, or a paraelectric material that
comprises SrTiOs, Ba(x)Sr(y)TiOs, HfZrO., Hf-Si-0, La-substituted PbTiOs,
or a PMIN-PT based relaxor ferroelectrics; and
depositing a second conductive layer comprising a second conductive nonlinear polar

material, wherein the second conductive nonlinear polar material comprises one ol

(La,Sr)FeOs, (La,Sr)Co0Os, (La,Ca)MnOQO3, (La,Sr)MnQOs3, StRu03, S12Ru04,

(Ba,St)Ru03, SrMoQ03, (La,St)Mn0Os3, SrCo03s, SrCr0Os, SrFeOs, SrV0s, CaMoOs3,

StNbOs, LaNiOs, YBa>Cu307, Bi2Sr2CaCuOs, CaRuOs, Ir, Ir205x, Ru, RuOy, Mo,

MoOx, W or WOx.

5. The method of claim 1, wherein the initial one or more targets comprise one or more of

Bi, Fe, O, La, Mn and Sc.

6. The method of claim 2, wherein compounds in the successive one or more targets
comprise Bi, Fe, and O, wherein individual stoichiometry within compounds comprising
two or more of Bi, Fe and O, can be different by between 5% and 10% from compounds
comprising two or more of Bi, Fe and O, in the initial one or more targets, and wherein
individual ones of the one or more targets comprise 85% to 95% theoretical material

density.

7. The method of claim 1, wherein the initial one or more targets includes elemental targets
of Bi and Fe, wherein the elemental targets include a purity of at least 99.5%, and
wherein the depositing further comprises depositing in a gas comprising one or more of

Ar, Oz, N2, Hy, Kr, and Ne.

8. The method of claim 1, wherein depositing comprises depositing using a physical vapor

deposition tool.

9. The method of claim 1, wherein prior to performing measurements, the method further

comprises performing a post deposition anneal (PDA).

10. The method of claim 9, wherein performing the PDA comprises:

utilizing a rapid thermal annealing process, wherein:
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the rapid thermal annealing process comprises heating to a first temperature of
less than 700 degrees Celsius, for a time duration between 1s and 60s, at a first pressure
between vacuum and 760 Torr;

the rapid thermal annealing process further comprises flowing O, N2 or Argon
gas while operating at the first pressure between 1 Torr and 760 Torr; or utilizing a flash
anneal process;

the flash anneal process comprises heating to a second temperature between 500
and 1300 degrees Celsius, for a second time duration of less than 10 millisecond, and at a
second pressure between vacuum and 760 Torr;

the flash anneal process further comprises flowing Oz, N2 or Argon gas while
operating at the second pressure between 1 Torr and 760 Torr; or utilizing a laser anneal
process;

the laser anneal process comprises heating to a third temperature of up to 1300
degrees Celsius, for a third time duration of less than 100 microseconds, and at a third
pressure between vacuum and 760 Torr;

the laser anneal process further comprises flowing O2, N> or Argon gas while
operating at the third pressure between 1 Torr and 760 Torr; or

utilizing a microwave anneal process, wherein the microwave anneal process
comprises heating for a fourth time duration of less than 3600s at a microwave power of

less than 1000W.

11. A method comprising:

receiving a multi-layer stack comprising a ferroelectric material obtained by utilizing an
iterative stack development process;

etching the multi-layer stack to form a memory device;

performing measurements of compositional and electrical characterization of the
memory device;

modifying, in response to determining that measurement results are not within tolerance
level of target results, composition of one or more layers in the multi-layer stack by
utilizing the iterative stack development process; and

iterating receiving of the multi-layer stack, etching the multi-layer stack to form a
successive memory device, performing measurements of compositional and electrical

characterization of the successive memory device, matching measurement of the
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successive memory device against target results for a memory device, until

measurements are within a tolerance level of the target results for the memory device.

12. The method of claim 11, wherein the iterative stack development process comprises:

determining a target multi-layer stack, wherein the target multi-layer stack comprises a
polar material;

implementing a model driven target selection based on a charge:mass ratio and a
magnetic moment:mass ratio of target materials;

procuring an initial one or more targets, wherein individual targets in the initial one or
more targets comprise single elements or a combination of elements with a respective
initial stoichiometric composition;

depositing an initial multi-layer stack using the initial one or more targets;

performing measurements of chemical composition and electrical properties of the
initial multi-layer stack;

determining whether measurement results are within a tolerance level of the target
results;

modifying, in response to determining that the measurement results are not within the
tolerance level, stoichiometric composition of one or more targets in a successive one
or more targets; and

iterating depositing a successive multi-layer stack, determining whether measurement
results of the successive multi-layer stack are within the tolerance level, until target

results are obtained.

13. The method of claim 12, wherein depositing the initial multi-layer stack comprises:

depositing a first conductive layer comprising a first conductive material, wherein the
first conductive material comprises one of (La,Sr)FeOs, (La,Sr)Co03, (La,Ca)MnOs,
(La,Sr)MnOs3, StTRuOs3, SroRuQy4, (Ba,Sr)Ru0s3, StMoOs, (La,Sr)MnOs, SrCoQs,
SrCrOs, SrFeOs, StVO3, CaMoQOs, STNbOs3, LaNiO3, YBayCu3z 07, BixSr2CaCuOs,
CaRuO0;s, Ir, Ir204, Ru, RuOx, Mo, MoOy, W or WOy;

depositing a dielectric layer on the first conductive layer the dielectric layer comprising
one of:

a perovskite material which includes one of: BaTiO3, PbTiO3, KNbO3, or
NaTaOs;
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lead zirconium titanate (PZT), or PZT with a doping material, wherein the doping
material is one of La or Nb;

bismuth ferrite (BFO) with a doping material, wherein the doping material is one
of lanthanum, elements from lanthanide series of a periodic table, or elements
of a 3d, 4d, 5d, 6d, 4f and 5f series of the periodic table;

a relaxor ferroelectric material which includes one of lead magnesium niobate
(PMN), lead magnesium niobate-lead titanate (PMN-PT), lead lanthanum
zirconate titanate (PLLZT), lead scandium niobate (PSN), barium titanium-
bismuth zinc niobium tantalum (BT-BZNT), or Barium titanium-barium
strontium titanium (BT-BST);

hexagonal ferroelectric which includes one of: YMnOs3 or LuFeOs;

hexagonal ferroelectrics of a type h-RMnOs3, wherein R is a rare earth element
which includes one of: cerium (Ce), dysprosium (Dy), erbium (Er), europium
(Eu), gadolinium (Gd), holmium (Ho), lanthanum (La), lutetium (Lu),
neodymium (Nd), praseodymium (Pr), promethium (Pm), samarium (Sm),
scandium (Sc), terbium (Tb), thulium (Tm), ytterbium (Yb), or yttrium (Y);
hafnium (Hf), zirconium (Zr), aluminum (Al), silicon (Si), their oxides or their
alloyed oxides;

Hafnium oxides as Hf1-x Ex Oy, where E can be Al, Ca, Ce, Dy, Er, Gd, Ge, La,
Sc, Si, St, Sn, Zr, or Y; Al(1-x)Sc(x)N, Ga(1-x)Sc(x)N, AI(1-x)Y(x)N or Al(1-
x-y)Mg(x)Nb(y)N, y doped HfO», where x includes one of: Al, Ca, Ce, Dy, Er,
Gd, Ge, La, Sc, Si, Sr, Sn, or Y, wherein ‘x’ is a fraction; or niobate type
compounds LiNbO3, LiTaOs, lithium iron tantalum oxyfluoride, barium
strontium niobate, sodium barium niobate, or potassium strontium niobate; or

an improper ferroelectric material which includes one of: [PTO/STO]n or
[LAO/STO]n, wherein ‘n’ is between 1 to 100, or a paraelectric material that
comprises SrTiOs3, Ba(x)Sr(y)TiOs, HfZrO., Hf-Si-O, La-substituted PbTiOs3,
or a PMN-PT based relaxor ferroelectrics; and

depositing a second conductive layer comprising a second conductive nonlinear polar
material, wherein the second conductive nonlinear polar material comprises one of

(La,Sr)FeOs, (La,Sr)Co0s3, (La,Ca)MnOs3, (La,St)MnOs3, StRu03, Sr2RuOy,

(Ba,Sr)Ru0s3, StMoOs3, (La,St)MnQOsz, SrCo0s, SrCrOs, SrFeOs, SrVOs,

CaMoOQ3, StNbO3, LaNiO3, YBaxCu307, BixSr2CaCuOs, CaRuOs, Ir, I120x, Ru,

RuOyx, Mo, MoOy, W or WOx.
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14.

15.

16.

17.

18.

The method of claim 12, wherein compounds in the initial one or more targets comprise
Bi, Fe and O, wherein individual stoichiometry within compounds comprising two or
more of Bi, Fe, and O, can be different by at least 5% from compounds comprising two or

more of Bi, Fe, and O, in the initial one or more targets.

The method of claim 12, wherein the initial one or more targets includes elemental targets
of Bi and Fe, wherein the elemental targets include a purity of at least 99.5%, and
wherein depositing the initial multi-layer stack further comprises depositing in a gas

comprising one or more of Ar, Oz, N2, Hs, Kr, and Ne.

The method of claim 11, wherein prior to etching the method further comprises annealing
the multi-layer stack, wherein annealing comprises utilizing a rapid thermal annealing
process, wherein the rapid thermal annealing process comprises heating to a first
temperature of less than 700 degrees Celsius, for a time duration between 1s and 60s, at a
first pressure between vacuum and 760 Torr, and wherein the rapid thermal annealing
process further comprises flowing O», N2> or Argon gas while operating at the first

pressure between 1 Torr and 760 Torr.

The method of claim 11, wherein the method further comprises forming an encapsulation
layer directly surrounding the memory device, wherein the encapsulation layer comprises
metal and oxygen, including one of Al,Oy, HfOx, AlSiOy, ZrOx, or TiOx, wherein Al Oy,
HfOx, AlSiOx, ZrOx, or TiOx are deposited without a hydrogen or ammonia containing

chemical precursor in an ALD deposition process.

A method comprising:

fabricating a transistor or receiving a workpiece comprising a transistor;

forming a memory device comprising a multi-layer stack, wherein the memory device is
coupled with a gate or a drain of the transistor;

performing measurements of compositional and electrical characterization of the
memory device coupled with the transistor, and matching measurements against
target results for a reference memory device coupled to a reference transistor;

modifying, in response to determining that the measurements are not within a tolerance

level of the target results for the reference memory device coupled to the reference
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transistor, composition of one or more layers in the multi-layer stack by utilizing an
iterative stack development process; and

iterating fabricating of the transistor or receiving the workpiece comprising the
transistor, forming a successive memory device, performing measurements of
compositional and electrical characterization of the successive memory device
coupled with the transistor, matching measurement ol the successive memory
device coupled with the transistor against target results for the reference memory
device coupled with the reference transistor, until measurements are within a

tolerance level of the target results.

19. The method of claim 18, wherein the iterative stack development process comprises:

determining a target multi-layer stack, wherein the target multi-layer stack comprises a
ferroelectric material;

implementing a model driven target selection based on a charge:mass ratio and a
magnetic moment:mass ratio of target materials;

procuring an initial one or more targets, wherein individual targets in the initial one or
more targets comprise single elements or a combination of elements with a respective
initial stoichiometric composition;

depositing, using the initial one or more targets, an initial multi-layer stack;

performing measurements of chemical composition and electrical properties of the
initial multi-layer stack;

matching measurements of chemical composition and electrical properties of the initial
multi-layer stack against target results;

determining whether measurement results are within a tolerance level of the target
results;

modifying, in response to determining that the measurement results are not within the
tolerance level, stoichiometric composition of one or more targets in a successive one
or more targets; and

iterating depositing a successive multi-layer stack, determining whether measurement
results of the successive multi-layer stack are within the tolerance level, until target

results are obtained.

20. The method of claim 18, wherein forming the memory device comprises etching the

multi-layer stack, and wherein the method further comprises forming an encapsulation
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21.

22.

23.

around the memory device, prior to performing measurements of compositional and

electrical characterization of the memory device coupled with the transistor.

The method of claim 19, wherein compounds in the successive one or more targets
comprise Bi, Fe and O, wherein individual stoichiometry within compounds comprising
two or more of Bi, Fe and O, can be dilferent by 5% {rom compounds comprising two or

more of Bi, Fe and O, in the initial one or more targets.

The method of claim 18, wherein prior to etching the method further comprises annealing
the multi-layer stack, wherein annealing comprises utilizing a rapid thermal annealing
process, wherein the rapid thermal annealing process comprises heating to a first
temperature of less than 700 degrees Celsius, for a time duration between 1s and 60s, at a
first pressure between vacuum and 760 Torr, and wherein the rapid thermal annealing
process further comprises flowing Oz, N2 or Argon gas while operating at the first

pressure between 1 Torr and 760 Torr.

The method of claim 18, wherein the method further comprises forming an encapsulation
layer directly surrounding the memory device, wherein the encapsulation layer comprises
metal and oxygen, including one of: AlxOy, HfOx, AlSiOx, Z1Oy, or TiOx, wherein AlxOy,
HfOx, AlSiOx, ZrOx, or TiOx are deposited without a hydrogen or ammonia containing

chemical precursor in an ALD deposition process.
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