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(57) Abstract: An embodiment in-
cludes a resistive random access
memory (RRAM) comprising: a top
electrode portion and a bottom elec-
trode portion; and an oxide layer
between the top and bottom electrode
portions; wherein (a) a conductive fila-
ment is within the oxide layer and is
adjacent the top electrode portion, (b)
the oxide layer includes oxide layer
sidewalls, (c) a vertical axis intersects
the oxide layer and the top and bottom
electrode portions and is parallel to the
oxide layer sidewalls, and (d) a void,
which includes air, is adjacent the ox-
ide layer sidewalls. Other embodiments
are described herein.
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Thermally Insulated Resistive Random Access Memory

Technical Field

[0001] Embodiments of the invention are in the field of semiconductor devices and,

in particular, non-volatile memory.

Background
[0002] Resistive random access memory (RRAM or ReRAM) relies on a class of

materials that switch in a one-time event from a virgin insulating state to a low
resistive state by way of a “forming” event. In the forming event, the device goes
through “soft breakdown” in which a localized filament forms in a dielectric layer
located between two electrodes. This filament shunts current through the filament to
form a low resistance state. The RRAM switches from a low to a high resistive state
(by disbanding the filament) and from a high to a low resistive state (by reforming the
filament) by applying voltages of different polarities to the electrodes to switch the
state. Thus, conventional RRAM can serve as a memory.

Brief Description of the Drawings

[0003] Features and advantages of embodiments of the present invention will
become apparent from the appended claims, the following detailed description of
one or more example embodiments, and the corresponding figures. Where
considered appropriate, reference labels have been repeated among the figures to

indicate corresponding or analogous elements.
Figure 1 includes a conventional RRAM stack;

Figure 2A includes a perspective view of a RRAM memory array in an
embodiment of the invention. Figure 2B includes a top view of a portion of the RRAM

memory array in an embodiment of the invention;

Figures 3A-3N include a method of forming an RRAM memory array in an

embodiment of the invention; and

Figure 4 includes a system including an embodiment of an RRAM memory

array.
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Detailed Description

[0004] Reference will now be made to the drawings wherein like structures may be
provided with like suffix reference designations. In order to show the structures of
various embodiments more clearly, the drawings included herein are diagrammatic
representations of semiconductor/circuit structures. Thus, the actual appearance of
the fabricated integrated circuit structures, for example in a photomicrograph, may
appear different while still incorporating the claimed structures of the illustrated
embodiments. Moreover, the drawings may only show the structures useful to
understand the illustrated embodiments. Additional structures known in the art may
not have been included to maintain the clarity of the drawings. For example, not
every layer of a semiconductor device is necessarily shown. “An embodiment”,
“various embodiments” and the like indicate embodiment(s) so described may
include particular features, structures, or characteristics, but not every embodiment
necessarily includes the particular features, structures, or characteristics. Some
embodiments may have some, all, or none of the features described for other
embodiments. “First”, “second”, “third” and the like describe a common object and
indicate different instances of like objects are being referred to. Such adjectives do
not imply objects so described must be in a given sequence, either temporally,
spatially, in ranking, or in any other manner. “Connected” may indicate elements are
in direct physical or electrical contact with each other and “coupled” may indicate
elements co-operate or interact with each other, but they may or may not be in direct

physical or electrical contact.

[0005] Figure 1 includes a conventional RRAM stack 100 including top electrode
101, oxygen exchange layer (OEL) 111 (e.g., Hf, Ti, and the like), oxide 121 (e.g.,
HfOx), and bottom electrode 131. Oxygen vacancies 144 have a higher
concentration in region 141 and a relatively lower concentration in region 142. The
vacancies collectively form a filament that serves as a memory. As addressed
above, a “soft breakdown” occurs whereby, for example, an anneal takes place such
that oxygen is scavenged by OEL 111 thereby producing vacancies 144. The
vacancies cluster near the OEL/oxide interface (interface between layers 111 and
121) because that is where the scavenging takes place. Biasing electrodes 101, 131

with one polarity may purposely remove vacancies in area 143 to disband or disrupt
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the filament and create a high resistance state (a “0” memory state). Reversing the
bias to electrodes 101, 131 with an opposite polarity may reform vacancies in area
143 to reform the filament and create a low resistance state (a “1” memory state).

[0006] However, sometimes the “0” and “1” memory states are not “retained”
because the vacancies may disband or otherwise fail to retain their initially
programmed configuration (e.g., fail to remain a filament that represents relatively
low resistance) when exposed to extreme thermal stress. Specifically, the
temperature for the flament can approach almost 500 degrees C during a write
operation of a “0” or “1” to the RRAM cell including the filament. Consequently,
writing to one RRAM cell may cause a 500 degree C environment that “leaks” to an
adjacent cell. The adjacent cell (which was not being written to) may then fail to
retain its desired memory state due to thermal stress from the writing of the
neighboring cell. As such, any memory based on stack 100 is unstable—a quality

undesirable for non-volatile memories (NVMs).

[0007] As described herein, Applicant has addressed this retention issue. By
properly designing the RRAM cell’s thermal environment, Applicant has minimized
thermal disturbances from a first RRAM cell to a second neighboring RRAM cell by
reducing heat leaks from the first cell to the second cell. To reduce the heat leaks an
embodiment uses an air gap substantially surrounding the first cell and/or an air gap
substantially surrounding the second cell.

[0008] Figure 2a includes an RRAM memory array in an embodiment of the
invention. Specifically, Figure 2a includes a memory 200 comprising: a top electrode
portion 209 and a bottom electrode portion 202; and an oxide layer 207 between the
top and bottom electrode portions. Electrode “portion” is used because, for example,
portion 202 may be a part of a larger electrode. A conductive filament is within the
oxide layer 207 and is adjacent the top electrode 209 in a manner similar to how a
filament comprised of oxygen vacancies 144 is adjacent top electrode 101 in Figure
1. However, not all embodiments require an OEL 111 or that the filament be
comprised of oxygen deficiencies. Instead, the flament may be formed of metal
portions that, for example, migrate out or otherwise are derived from a metal layer
where OEL 111 is seen in Figure 1. Embodiments broadly include resistive
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switching memories, which include, without limitation, oxide vacancy filament RRAM,
conductive bridging RAM (CBRAM), phase change memory (PCM) RAM, and
interfacial switching RRAM. Such examples of RRAM have a thermal component to
be managed. Not all RRAM require forming events and embodiments include such
RRAMs.

[0009] Returning to Figure 2A, oxide layer 207 includes oxide layer sidewalls 212,
213. In an embodiment these two sidewalls may be orthogonal to each other. A
vertical axis 221 intersects the oxide layer 207 and the top and bottom electrode
portions 209, 202 and is parallel to the oxide layer sidewalls 212, 213. As used
herein, “parallel” is to be considered as it would by a person of ordinary skill in the
art. For example, sidewall 212 may have some slant due to etching and general
processing so it may not be 100% parallel with a hypothetical vertical axis that is not
subject to real world semiconductor processing. Void 204, which includes air, is

adjacent the oxide layer sidewalls 212, 213.

[0010] In an embodiment (but not all embodiments) the void 204 surrounds the
oxide layer 207 (see Figure 2B) and does not intersect the vertical axis 221. Thus,
“surrounds” does not necessarily mean that the void must also extend around top
and bottom surfaces of the oxide layer. A horizontal axis 222, orthogonal to the
vertical axis 221, intersects the void 204 and the oxide layer 207.

[0011] Some embodiments, but not necessarily all embodiments, include an OEL
214 between the oxide layer 207 and the top electrode 209. As seen in Figure 2A,
the void 204 surrounds OEL 214 and an additional horizontal axis 223, orthogonal to
the vertical axis 221, intersects the void 204 and the OEL 214. In some
embodiments OEL 214 directly contacts the oxide layer 207. In some embodiments,
OEL 214 may be substituted with a layer containing a metal (or derivatives thereof)
that may form the conductive filament in the resistive memory. As indicated above,
embodiments include many forms of RRAM, such PCM RRAM, and the like. Also,
an OEL is not the only sublayer that may be included between top and bottom
electrodes. Many such sublayers not specifically addressed herein may be included
between the electrodes or even within the electrodes themselves.
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[0012] As seen in Figure 2B, void 204 is ring-shaped or could also be referred to a
having a horizontal cross section in the shape of a loop, hoop, hallo, or band. The
ring-shaped void may have a cross section that is square, rectangular, circular,
ovular, and the like. As seen in Figure 2B, the ring may be continuous and
uninterrupted throughout its horizontal cross section. However, in other
embodiments there may be small walls or other structures that do not provide a
continuous uninterrupted loop in the void horizontal cross-section and such
embodiments may still provide adequate thermal isolation between adjacent memory
cells. For example, in an embodiment the void includes a cross section that is in a
plane that is coplanar with the horizontal axis, and continuous and uninterrupted
along its entire outermost perimeter that extends 360 degrees around the oxide
layer. Such an embodiment is shown in Figure 2B. Note the outermost perimeter
need not be straight or curved along a continuous arc of curvature. Such an
embodiment does not include, for example, a crescent shaped structure where the
tips of the crescent would not satisfy a continuous and uninterrupted outermost
perimeter due to the space between the tips of the crescent. Some embodiments
(event though not shown herein) include such a structure (a structure that has
varying thicknesses in the horizontal plane and an interrupted space).

[0013] As seen in Figure 3N (addressed further below), the void 204 is not above
the top electrode 209 and the void is not below the bottom electrode 202. However,
in other embodiments the void may be taller in the vertical direction and may be
above the oxide layer 207 and between top electrodes 209, 209’ as seen in Figure
2A. In still other embodiments (not shown) the void may extend above the top
electrode 209 and/or below bottom electrode 202.

[0014] Figure 2A shows an additional top electrode portion 209’ and an additional
bottom electrode portion 202°. An additional oxide layer 207’ is between the
additional top and bottom electrode portions 209’, 202'. An additional conductive
filament (not shown) is within the additional oxide layer 207°. The additional oxide
layer 207’ includes additional oxide layer sidewalls 212°, 213’. An additional vertical
axis 221’ intersects the additional oxide layer 207, and the additional top and bottom
electrode portions 209°, 202’ and is parallel to the additional oxide layer sidewalls
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212, 213'. An additional void 204’, which includes air, is adjacent the additional
oxide layer sidewalls 212, 213’. As seen in Figure 2B, void 204 directly contacts
(i.e., coalesces with) the additional void 204’. In other words, in the embodiment of
Figure 2B there is no material structure between oxide portions 207, 207’ along axis
222.

[0015] In an embodiment the additional void 204’ surrounds the additional oxide
layer 207’ and does not intersect the additional vertical axis 221°, and the horizontal
axis 222 intersects the additional void 204’ and the additional oxide layer 207".

[0016] As seen in Figure 3M, addressed further below, an embodiment includes a
barrier layer 203 between the void 204 and the oxide layer 207. The barrier layer
203 intersects horizontal axis 225 at vertical reaching barrier portions 206, 208 (both
contacting portion 207). Axis 225 intersects portions 204, 206, 208. In an
embodiment the barrier layer 203 directly contacts the void 204 and the oxide layer
207 but that is not the case in other embodiments.

[0017] As further seen in Figure 3M, in an embodiment the barrier layer 203 directly
contacts a dielectric layer 205. Barrier layer 203 may be between the oxide layer
207 and the dielectric layer 205. In such a case an additional horizontal axis 226
may intersect the oxide layer 207, the barrier layer 203, and the dielectric layer 205.
Axis 226 is above portion 104.

[0018] As seen in Figure 3N, in an embodiment an additional horizontal axis 227

intersects the top electrode 209 and the dielectric layer 205.

[0019] As seen in Figure 2A, in an embodiment void 204 surrounds the top
electrode 209, and another horizontal axis 224 intersects the void and the top
electrode.

[0020] Functionally, the embodiment of Figure 2A operates by having a first state
when energy is applied to the top electrode 209 at a first polarity so the filament has
a first electrical resistance (e.g., a “0” state); and in a second state when energy is
applied to the top electrode at a second polarity, which is opposite the first polarity,
so the filament has a second electrical resistance (e.g., a “1” state) that is greater
than the first electrical resistance. Thus, the filament may not completely reach to
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layer 202, thereby causing the higher resistivity. Having infinite or no electrical
resistance is still considered a “resistance” as that term is used herein.

[0021] In an embodiment oxide layer 207 includes at least one of HfO2, SiO2,
Al203,TiO2, SrTiO3, Cr-SrTiO3, NiO, CuOx, ZrO2, Nb205, MgO, Fe203, Ta205,
Zn0O, CoO, CuMnOx, CuMoOx, InZnO, Cr-SrZrO3, PrCaMnQO3, SrLaTiO3,
LaSrFeO3, (Pr,Ca)MnO3, Nb-SrTiO3, and LaSrCoO3. As used herein, SiOx is
shorthand for a silicon oxide such as SiOa.

[0022] In an embodiment, a system (such as the system of Figure 4) comprises a
processor; a memory (e.g., any of the memory arrays or stacks described herein),
coupled to the processor, and a communication module (e.g., radio and/or antenna),
coupled to the processor, to communicate with a computing node external to the

system.

[0023] Figures 3a-3n include a method of forming an RRAM memory array in an

embodiment of the invention.

[0024] In Figure 3A material for a lower electrode 202 is formed adjacent dielectric
211 and on substrate 201. Figure 3B discloses formation of cells embodied by oxide
layer 207. These cells will eventually include conductive filaments that serve as
memory cells in an RRAM array. Such cells include oxide layers 207 and possibly
OEL layers in some embodiments. In Figure 3C a barrier layer 203 is formed and
then in Figure 3D interlayer dielectric (ILD) 205 is formed. Planarization occurs in
Figure 3E until the cells are exposed in Figure 3F. ILD 205 is then recessed
exposing barrier layer 203 in Figure 3G. A second ILD 205’ is then formed in Figure
3H until devices 207 are again exposed in Figure 3.

[0025] In an embodiment, via lithography is performed with the use of an anti-
reflective layer to align the vias between the active devices. Via holes 230, 231 are
then patterned/etched in Figure 3J to gain access to ILD 205. In Figure 3K ILD 205
is removed via wet etch. As a result, void 204 is formed. Having completed their
role, the via holes are then filled with dielectric 205’ in Figure 3L and the top surface
oxide is planarized. Another lithography step is utilized to align via holes to contact
the devices. Holes 209" are made for eventual top electrodes in Figure 3M. In an
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embodiment care is taken to not go through layer 203 during the via etch otherwise
potential shorting can occur. Then, in Figure 3N top electrodes 209 are formed by
depositing fill metal and polishing. Also, a final lithography step is employed to make
holes 280 contact with bottom electrodes 202. The via etch, this time, may
completely remove portions of layer 203 in order to contact the bottom electrodes
202. These vias 280 will also be subsequently filled with contact metal and polished.
Additional processing and layers may be added atop the top surface of Figure 3N
and the additional processing is not addressed here. At some point an anneal is
performed to generate vacancies to aid in the filament formation step. Some
embodiments may include devices, such as the device of Figure 3N, before filament

formation occurs.

[0026] Embodiments described herein improve the reliability of flamentary based
RRAM memory and makes the memory more suitable for, as an example,

embedded nonvolatile memory (eNVM).

[0027] In an embodiment OEL 214 includes a metal such as one or more of the
following: Copper (Cu), Hafnium (Hf), Titanium (Ti), Ruthenium (Ru), Aluminum (Al),
and Silver (Ag). In an embodiment, a second oxide layer 254 (between OEL 214
and the bottom electrode) may include at least one of HfSiOx, HfAIOx, SiO., MgOx,
LaAlOx, LaSiOx, and GdSiOx. In an embodiment the oxide layer 207 includes at
least one of HfO,, SiOy, Al,O3,TiOg, SrTiOs, Cr-SrTiO3, NiO, CuOx, ZrO;, NbOs,
MgO, Fe0s, Tax0s, ZnO, CoO, CuMnOx, CuMoOx, InZnO, Cr-SrZrOs, PrCaMnOs,
SrLaTiOs, LaSrFeOs, (Pr,Ca)MnOs, Nb-SrTiOs, and LaSrCoOs. In an embodiment
top electrode 209 includes at least one of Hf, Ti, Ta, Pd, W, Mo, and Pt and the
bottom electrode 202 includes at least one of Hf, Ti, Ta, Pd, W, Mo, and Pt.
Additionally, electrodes 209, 202 may include multiple layers of materials with
differing properties.

[0028] Various embodiments disclosed herein have addressed RRAM cells. Any
such RRAM cell may be used in a memory cell by coupling one portion or node of
the cell (e.g., top electrode of Figure 2A) to a bit-line and another node of the stack
(e.g., bottom electrode of Figure 2A) to a source or drain node of a switching device,

such as a selection transistor. The other of the source and drain node of the
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selection transistor may be coupled to a source line of the memory cell. The gate of
the selection transistor may couple to a word-line. Such a memory cell may utilize
resistance to store memory states. Embodiments provide smaller and more power
efficient and yet still reliable memory cells that can be scaled below, for example, 22
nm CD. The RRAM cell may couple to a sense amplifier. A plurality of the RRAM
memory cells may be operably connected to one another to form a memory array,
wherein the memory array can be incorporated into a NVM device. It is to be
understood that the selection transistor may be connected to the top electrode or the
bottom electrode of a RRAM cell.

[0029] Figure 4 includes a system that may include any of the above described
embodiments. Figure 4 includes a block diagram of a system embodiment 1000 in
accordance with an embodiment of the present invention. System 1000 may include
hundreds or thousands of the above described memory cells/stacks (stack 200 of
Figure 2A) and be critical to memory functions in system 1000. System 1000 may
be included in, for example, a mobile computing node such as a cellular phone,
smartphone, tablet, Ultrabook®, notebook, laptop, personal digital assistant, and
mobile processor based platform. The stability and power efficiency of such memory
cells accumulates when the memory cells are deployed in mass and provides
significant performance advantages (e.g., longer memory state storage in a broader
range of operating temperatures) to such computing nodes.

[0030] Shown is a multiprocessor system 1000 that includes a first processing
element 1070 and a second processing element 1080. While two processing
elements 1070 and 1080 are shown, it is to be understood that an embodiment of
system 1000 may also include only one such processing element. System 1000 is
illustrated as a point-to-point interconnect system, wherein the first processing
element 1070 and second processing element 1080 are coupled via a point-to-point
interconnect 1050. It should be understood that any or all of the interconnects
illustrated may be implemented as a multi-drop bus rather than point-to-point
interconnect. As shown, each of processing elements 1070 and 1080 may be

multicore processors, including first and second processor cores (i.e., processor
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cores 1074a and 1074b and processor cores 1084a and 1084b). Such cores 1074,
1074b, 1084a, 1084b may be configured to execute instruction code.

[0031] Each processing element 1070, 1080 may include at least one shared cache
or memory unit which may include memory stacks/cells described herein. The
shared cache may store data (e.g., instructions) that are utilized by one or more
components of the processor, such as the cores 1074a, 1074b and 1084a, 1084Db,
respectively. For example, the shared cache may locally cache data stored in a
memory 1032, 1034 for faster access by components of the processor. In one or
more embodiments, the shared cache may include one or more mid-level caches,
such as level 2 (L2), level 3 (L3), level 4 (L4), or other levels of cache, a last level
cache (LLC), and/or combinations thereof.

[0032] While shown with only two processing elements 1070, 1080, it is to be
understood that the scope of the present invention is not so limited. In other
embodiments, one or more additional processing elements may be present in a
given processor. Alternatively, one or more of processing elements 1070, 1080 may
be an element other than a processor, such as an accelerator or a field
programmable gate array. For example, additional processing element(s) may
include additional processors(s) that are the same as a first processor 1070,
additional processor(s) that are heterogeneous or asymmetric to first processor
1070, accelerators (such as, e.g., graphics accelerators or digital signal processing
(DSP) units), field programmable gate arrays, or any other processing element.
There can be a variety of differences between the processing elements 1070, 1080
in terms of a spectrum of metrics of merit including architectural, microarchitectural,
thermal, power consumption characteristics, and the like. These differences may
effectively manifest themselves as asymmetry and heterogeneity amongst the
processing elements 1070, 1080. For at least one embodiment, the various
processing elements 1070, 1080 may reside in the same die package.

[0033] First processing element 1070 may further include memory controller logic
(MC) 1072 and point-to-point (P-P) interfaces 1076 and 1078. Similarly, second
processing element 1080 may include a MC 1082 and P-P interfaces 1086 and

1088. MC’s 1072 and 1082 couple the processors to respective memories, namely a
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memory 1032 and a memory 1034, which may be portions of main memory locally
attached to the respective processors. Memory 1032, 1024 may include memory
stacks described herein. While MC logic 1072 and 1082 is illustrated as integrated
into the processing elements 1070, 1080, for alternative embodiments the MC logic
may be discreet logic outside the processing elements 1070, 1080 rather than
integrated therein.

[0034] First processing element 1070 and second processing element 1080 may be
coupled to an I/O subsystem 1090 via P-P interfaces 1076, 1086 via P-P
interconnects 1062, 10104, respectively. As shown, I/0O subsystem 1090 includes P-
P interfaces 1094 and 1098. Furthermore, /O subsystem 1090 includes an interface
1092 to couple I/0O subsystem 1090 with a high performance graphics engine 1038.
In one embodiment, a bus may be used to couple graphics engine 1038 to 1/0O
subsystem 1090. Alternately, a point-to-point interconnect 1039 may couple these

components.

[0035] In turn, I/O subsystem 1090 may be coupled to a first bus 10110 via an
interface 1096. In one embodiment, first bus 10110 may be a Peripheral Component
Interconnect (PCI) bus, or a bus such as a PCI Express bus or another third
generation /O interconnect bus, although the scope of the present invention is not
so limited.

[0036] As shown, various I/O devices 1014, 1024 may be coupled to first bus
10110, along with a bus bridge 1018 which may couple first bus 10110 to a second
bus 1020. In one embodiment, second bus 1020 may be a low pin count (LPC) bus.
Various devices may be coupled to second bus 1020 including, for example, a
keyboard/mouse 1022, communication device(s) 1026 (which may in turn be in
communication with a computer network), and a data storage unit 1028 such as a
disk drive or other mass storage device (which may include the RRAM stacks/cells
described herein) which may include code 1030, in one embodiment. The code 1030
may include instructions for performing embodiments of one or more of the methods

described above. Further, an audio I/O 1024 may be coupled to second bus 1020.
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[0037] Note that other embodiments are contemplated. For example, instead of the
point-to-point architecture shown, a system may implement a multi-drop bus or
another such communication topology. Also, the elements of Figure 4 may
alternatively be partitioned using more or fewer integrated chips than shown in the
Figure 4. For example, a field programmable gate array may share a single wafer
with a processor element and memory including MTJs described herein.

[0038] Various embodiments include a semiconductive substrate. Such a substrate
may be a bulk semiconductive material this is part of a wafer. In an embodiment, the
semiconductive substrate is a bulk semiconductive material as part of a chip that has
been singulated from a wafer. In an embodiment, the semiconductive substrate is a
semiconductive material that is formed above an insulator such as a semiconductor
on insulator (SOI) substrate. In an embodiment, the semiconductive substrate is a

prominent structure such as a fin that extends above a bulk semiconductive material.

[0039] “Adjacent” or “immediately adjacent”, as used herein, are relative terms.
Thus, filaments having oxygen vacancies may have those vacancies adjacent
electrode 209 or OEL 214 but not (relatively speaking) electrode 202. “Top” and
“bottom” are relative terms and may change based on the orientation of the
stack/cell. OEL is a term of art known to those of ordinary skill in the art. The OEL
may also be referred to as a “metal cap layer”. The OEL may include a metal such
that, when the OEL is adjacent or contacting an oxygen source (e.g., oxide layer),
the OEL facilitates “oxygen exchange” with the oxygen source. By saying “a first
layer includes a first material different from a second material included in a second
layer” the first material may include, for example, Hf while the second material
includes Al or the first material may include HfOx while the second material includes
HfSiOx. Also, a term like SiOx and the like is shorthand and includes instances such
as SiOa.

[0040] In an embodiment the top and bottom electrodes include different materials.
In an embodiment, electrodes may include conductive oxides (ITO), nitrides (TiN),
and the like.

[0041] The following examples pertain to further embodiments.
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[0042] Example 1 includes a memory comprising: a top electrode portion and a
bottom electrode portion; and an oxide layer between the top and bottom electrode
portions; wherein (a) a conductive filament is within the oxide layer, (b) the oxide
layer includes oxide layer sidewalls that are not coplanar with each other, (c) a
vertical axis intersects the oxide layer and the top and bottom electrode portions and
is substantially parallel to the oxide layer sidewalls, and (d) a singular void, which

includes air, is adjacent to each of the oxide layer sidewalls.

[0043] An version of Example 1 includes a memory comprising: a top electrode
portion and a bottom electrode portion; and an oxide layer between the top and
bottom electrode portions; wherein (a) a conductive filament is within the oxide layer
and is adjacent the top electrode portion, (b) the oxide layer includes oxide layer
sidewalls that are not coplanar with each other, (c) a vertical axis intersects the oxide
layer and the top and bottom electrode portions and is substantially parallel to the
oxide layer sidewalls, and (d) a singular void, which includes air, is adjacent to each

of the oxide layer sidewalls.

[0044] In example 2 the subject matter of the Example 1 can optionally include
wherein (a) the void surrounds the oxide layer and does not intersect the vertical
axis, and (b) a horizontal axis, orthogonal to the vertical axis, intersects the void and

the oxide layer.

[0045] In example 3 the subject matter of the Examples 1-2 can optionally include
an oxygen exchange layer (OEL) between the oxide layer and the top electrode
portion; wherein (a) the void surrounds the OEL, and (b) an additional horizontal

axis, orthogonal to the vertical axis, intersects the void and the OEL.

[0046] In example 4 the subject matter of the Examples 1-3 can optionally include

wherein the OEL directly contacts the oxide layer.

[0047] In example 5 the subject matter of the Examples 1-4 can optionally include

wherein the void is ring-shaped.

[0048] In example 6 the subject matter of the Examples 1-5 can optionally include

wherein the void includes a cross section that is: (a) in a plane that is coplanar with
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the horizontal axis, and (b) continuous and uninterrupted along its entire outermost

perimeter that extends 360 degrees around the oxide layer.

[0049] In example 7 the subject matter of the Examples 1-6 can optionally include
wherein the void does not extend above the top electrode portion and the void does
not extend below the bottom electrode portion.

[0050] In example 8 the subject matter of the Examples 1-7 can optionally include
an additional top electrode portion and an additional bottom electrode portion; and
an additional oxide layer between the additional top and bottom electrode portions;
wherein (a) an additional conductive filament is within the additional oxide layer, (b)
the additional oxide layer includes additional oxide layer sidewalls, (¢) an additional
vertical axis intersects the additional oxide layer, and the additional top and bottom
electrode portions and is substantially parallel to the additional oxide layer sidewalls,
and (d) an additional void, which includes air, is adjacent the additional oxide layer
sidewalls.

[0051] In example 9 the subject matter of the Examples 1-8 can optionally include
wherein the void directly contacts the additional void and no other oxide layer is
immediately between the oxide layer and the additional oxide layer.

[0052] In example 10 the subject matter of the Examples 1-9 can optionally include
wherein (a) the additional void surrounds the additional oxide layer and does not
intersect the additional vertical axis, and (b) the horizontal axis intersects the
additional void and the additional oxide layer.

[0053] In example 11 the subject matter of the Examples 1-10 can optionally
include wherein the additional void is ring-shaped.

[0054] In example 11 the subject matter of the Examples 1-10 can optionally
include wherein the additional void is ring-shaped and the conductive filament is
adjacent the top electrode portion.

[0055] In example 12 the subject matter of the Examples 1-11 can optionally
include a barrier layer between the void and the oxide layer and the barrier layer

intersects the horizontal axis.
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[0056] In example 13 the subject matter of the Examples 1-12 can optionally

include wherein the barrier layer directly contacts the void and the oxide layer.

[0057] In example 14 the subject matter of the Examples 1-13 can optionally
include wherein (a) the barrier layer directly contacts a dielectric layer, (b) the barrier
layer is between the oxide layer and the dielectric layer, and (b) an additional
horizontal axis, orthogonal to the vertical axis, intersects the oxide layer, the barrier
layer, and the dielectric layer.

[0058] In example 15 the subject matter of the Examples 1-14 can optionally
include a dielectric layer and an additional horizontal axis, orthogonal to the vertical
axis, which intersects the top electrode portion and the dielectric layer.

[0059] In example 16 the subject matter of the Examples 1-15 can optionally
include wherein (a) the void surrounds the top electrode portion, and (b) another
horizontal axis, orthogonal to the vertical axis, intersects the void and the top

electrode portion.

[0060] In example 17 the subject matter of the Examples 1-16 can optionally

include wherein the memory is a resistive random access memory (RRAM).

[0061] In example 18 the subject matter of the Examples 1-17 can optionally
include wherein: in a first state when energy is applied to the top electrode portion at
a first polarity the filament has a first electrical resistance; and in a second state
when energy is applied to the top electrode portion at a second polarity, which is
opposite the first polarity, the flament has a second electrical resistance that is
greater than the first electrical resistance.

[0062] In example 19 the subject matter of the Examples 1-18 can optionally
include wherein the oxide layer includes at least one of HfO,, SiO,, Al,O3,TiO,,
SrTiOs, Cr-SrTiOs, NiO, CuOx, ZrO2, Nb2Os, MgO, Fex03, Ta20s, ZnO, CoO,
CuMnOx, CuMoOXx, InZnO, Cr-SrZrOs, PrCaMnOs, SrLaTiOs, LaSrFeOs,
(Pr,Ca)MnOs, Nb-SrTiOs, and LaSrCoOs.
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[0063] In another version of example 19 the subject matter of the Examples 1-18
can optionally include wherein the oxide layer includes at least one sub-
stoichiometric oxide having a composition AOx or ABOx, where A and B are metals.

[0064] In example 20 the subject matter of the Examples 1-19 can optionally
include a system comprising: a processor; a memory, coupled to the processor,
according to any one of claims 1 to 19; and a communication module, coupled to the

processor, to communicate with a computing node external to the system.

[0065] Example 21 includes an apparatus comprising: at least one processor; at
least one resistive random access memory (RRAM), coupled to the at least one
processor, comprising: a top electrode portion and a bottom electrode portion; and
an oxide layer between the top and bottom electrode portions; wherein (a) a
conductive filament is within the oxide layer and is adjacent the top electrode portion,
(b) the oxide layer includes oxide layer sidewalls that are not coplanar with each
other, (c) a vertical axis intersects the oxide layer and the top and bottom electrode
portions and is substantially parallel to the oxide layer sidewalls, and (d) a singular

void, which includes air, is adjacent to each of the oxide layer sidewalls.

[0066] In example 22 the subject matter of the Example 21 can optionally include
wherein (a) the void surrounds the oxide layer and does not intersect the vertical
axis, and (b) a horizontal axis, orthogonal to the vertical axis, intersects the void and

the oxide layer.

[0067] Example 23 includes a memory comprising: a top electrode portion and a
bottom electrode portion; and an oxide layer between the top and bottom electrode
portions; wherein (a) a conductive filament is within the oxide layer, (b) the oxide
layer includes oxide layer sidewalls, (c) a vertical axis intersects the oxide layer and
the top and bottom electrode portions, and (d) a singular void, which includes air, is
adjacent to each of the oxide layer sidewalls.

[0068] In example 24 the subject matter of the Example 23 can optionally include
wherein (a) the void surrounds the oxide layer and does not intersect the vertical
axis, and (b) a horizontal axis, orthogonal to the vertical axis, intersects the void and

the oxide layer.



WO 2017/052583 PCT/US2015/052198

17

[0069] Example 25 addresses an embodiment that includes devices, such as the
device of Figure 3N, before filament formation occurs. The device may exist before
an anneal is performed that creates the flament. Thus, the embodiment includes a
memory comprising: a top electrode portion and a bottom electrode portion; and an
oxide layer between the top and bottom electrode portions; wherein (a) the oxide
layer includes oxide layer sidewalls that are not coplanar with each other, (b) a
vertical axis intersects the oxide layer and the top and bottom electrode portions and
is substantially parallel to the oxide layer sidewalls, and (c) a singular void, which
includes air, is adjacent to each of the oxide layer sidewalls. A filament may later be

formed in the oxide layer.

[0070] The foregoing description of the embodiments of the invention has been
presented for the purposes of illustration and description. It is not intended to be
exhaustive or to limit the invention to the precise forms disclosed. This description
and the claims following include terms, such as left, right, top, bottom, over, under,
upper, lower, first, second, etc. that are used for descriptive purposes only and are
not to be construed as limiting. For example, terms designating relative vertical
position refer to a situation where a device side (or active surface) of a substrate or
integrated circuit is the "top" surface of that substrate; the substrate may actually be
in any orientation so that a "top" side of a substrate may be lower than the "bottom"
side in a standard terrestrial frame of reference and still fall within the meaning of the
term "top." The term "on" as used herein (including in the claims) does not indicate
that a first layer "on" a second layer is directly on and in immediate contact with the
second layer unless such is specifically stated; there may be a third layer or other
structure between the first layer and the second layer on the first layer. The
embodiments of a device or article described herein can be manufactured, used, or
shipped in a number of positions and orientations. Persons skilled in the relevant art
can appreciate that many modifications and variations are possible in light of the
above teaching. Persons skilled in the art will recognize various equivalent
combinations and substitutions for various components shown in the Figures. It is
therefore intended that the scope of the invention be limited not by this detailed

description, but rather by the claims appended hereto.
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What is claimed is:

1. A memory comprising:

a top electrode portion and a bottom electrode portion; and

an oxide layer between the top and bottom electrode portions;

wherein (a) a conductive filament is within the oxide layer, (b) the oxide layer
includes oxide layer sidewalls that are not coplanar with each other, (c) a vertical
axis intersects the oxide layer and the top and bottom electrode portions and is
substantially parallel to the oxide layer sidewalls, and (d) a singular void, which
includes air, is adjacent to each of the oxide layer sidewalls.

2. The memory of claim 1, wherein (a) the void surrounds the oxide layer and
does not intersect the vertical axis, and (b) a horizontal axis, orthogonal to the
vertical axis, intersects the void and the oxide layer.

3. The memory of claim 2 comprising:

an oxygen exchange layer (OEL) between the oxide layer and the top
electrode portion;

wherein (a) the void surrounds the OEL, and (b) an additional horizontal axis,
orthogonal to the vertical axis, intersects the void and the OEL.

4. The memory of claim 3 wherein the OEL directly contacts the oxide layer.
5. The memory of claim 2, wherein the void is ring-shaped.
6. The memory of claim 5, wherein the void includes a cross section that is: (a)

in a plane that is coplanar with the horizontal axis, and (b) continuous and
uninterrupted along its entire outermost perimeter that extends 360 degrees around
the oxide layer.
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7. The memory of claim 5, wherein the void does not extend above the top
electrode portion and the void does not extend below the bottom electrode portion.

8. The memory of claim 2 comprising:

an additional top electrode portion and an additional bottom electrode portion;
and

an additional oxide layer between the additional top and bottom electrode
portions;

wherein (a) an additional conductive filament is within the additional oxide
layer, (b) the additional oxide layer includes additional oxide layer sidewalls, (c) an
additional vertical axis intersects the additional oxide layer, and the additional top
and bottom electrode portions and is substantially parallel to the additional oxide
layer sidewalls, and (d) an additional void, which includes air, is adjacent the
additional oxide layer sidewalls.

9. The memory of claim 8, wherein the void directly contacts the additional void
and no other oxide layer is immediately between the oxide layer and the additional

oxide layer.

10.  The memory of claim 9, wherein (a) the additional void surrounds the
additional oxide layer and does not intersect the additional vertical axis, and (b) the
horizontal axis intersects the additional void and the additional oxide layer.

11.  The memory of claim 10, wherein the additional void is ring-shaped and the

conductive filament is adjacent the top electrode portion.

12.  The memory of claim 2 comprising a barrier layer between the void and the
oxide layer and the barrier layer intersects the horizontal axis.

13.  The memory of claim 12, wherein the barrier layer directly contacts the void
and the oxide layer.
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14.  The memory of claim 12, wherein (a) the barrier layer directly contacts a
dielectric layer, (b) the barrier layer is between the oxide layer and the dielectric
layer, and (b) an additional horizontal axis, orthogonal to the vertical axis, intersects

the oxide layer, the barrier layer, and the dielectric layer.

15.  The memory of claim 2 comprising a dielectric layer and an additional
horizontal axis, orthogonal to the vertical axis, which intersects the top electrode

portion and the dielectric layer.

16.  The memory of claim 2, wherein (a) the void surrounds the top electrode
portion, and (b) another horizontal axis, orthogonal to the vertical axis, intersects the

void and the top electrode portion.

17.  The memory of claim 2, wherein the memory is a resistive random access
memory (RRAM).

18.  The memory of claim 17, wherein:

in a first state when energy is applied to the top electrode portion at a first
polarity the filament has a first electrical resistance; and

in a second state when energy is applied to the top electrode portion at a
second polarity, which is opposite the first polarity, the flament has a second
electrical resistance that is greater than the first electrical resistance.

19.  The memory of claim 2, wherein the oxide layer includes at least one of HfO,,
SiOg, Al203,TiOy, SrTiOs, Cr-SrTiOs, NiO, CuOx, ZrOz, Nb2Os, MgO, Fe 03, Taz0s,
Zn0O, CoO, CuMnOx, CuMoOx, InZnO, Cr-SrZrOs, PrCaMnOs, SrLaTiOs, LaSrFeOs,
(Pr,Ca)MnOs, Nb-SrTiOs, and LaSrCoOs.

20. A system comprising:

a processor,

a memory, coupled to the processor, according to any one of claims 1 to 19;
and



0o N OO O B~ W N -

11
12

~N OO OB~ W -

—_—

WO 2017/052583 PCT/US2015/052198

21

a communication module, coupled to the processor, to communicate with a

computing node external to the system.

21.  An apparatus comprising:
at least one processor;
at least one resistive random access memory (RRAM), coupled to the at least
one processor, comprising:
a top electrode portion and a bottom electrode portion; and
an oxide layer between the top and bottom electrode portions;
wherein (a) a conductive filament is within the oxide layer and is
adjacent the top electrode portion, (b) the oxide layer includes oxide layer sidewalls
that are not coplanar with each other, (c) a vertical axis intersects the oxide layer and
the top and bottom electrode portions and is substantially parallel to the oxide layer
sidewalls, and (d) a singular void, which includes air, is adjacent to each of the oxide
layer sidewalls.

22. The apparatus of claim 1, wherein (a) the void surrounds the oxide layer and
does not intersect the vertical axis, and (b) a horizontal axis, orthogonal to the
vertical axis, intersects the void and the oxide layer.

23. A memory comprising:

a top electrode portion and a bottom electrode portion; and

an oxide layer between the top and bottom electrode portions;

wherein (a) a conductive filament is within the oxide layer, (b) the oxide layer
includes oxide layer sidewalls, (c) a vertical axis intersects the oxide layer and the
top and bottom electrode portions, and (d) a singular void, which includes air, is
adjacent to each of the oxide layer sidewalls.

24.  The memory of claim 23, wherein (a) the void surrounds the oxide layer and
does not intersect the vertical axis, and (b) a horizontal axis, orthogonal to the
vertical axis, intersects the void and the oxide layer.
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