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MORPHOLOGY CONTROL OF ULTRA-THIN MeOx LAYER
BACKGROUND OF THE INVENTION

Field of the Invention

This invention relates to nonvolatile memory elements, and more particularly, to methods
for forming resistive switching memory elements used in nonvolatile memory devices.
Description of the Related Art

Nonvolatile memory elements are used in systems in which persistent storage is required.

For example, digital cameras use nonvolatile memory cards to store images and digital music
players use nonvolatile memory to store audio data. Nonvolatile memory is also used to
persistently store data in computer environments.
Nonvolatile memory is often formed using electrically-erasable programmable read only
memory (EEPROM) technology. This type of nonvolatile memory contains floating gate
transistors that can be selectively programmed or erased by application of suitable voltages to
their terminals.

As fabrication techniques improve, it is becoming possible to fabricate nonvolatile
memory elements with increasingly smaller dimensions. However, as device dimensions
shrink, scaling issues are posing challenges for traditional nonvolatile memory technology.
This has led to the investigation of alternative nonvolatile memory technologies, including
resistive switching nonvolatile memory.

Resistive switching nonvolatile memory is formed using memory elements that have two

or more stable states with different resistances. Bistable memory has two stable states. A
bistable memory element can be placed in a high resistance state or a low resistance state by
application of suitable voltages or currents. Voltage pulses are typically used to switch the
memory element from one resistance state to the other. Nondestructive read operations can
be performed to ascertain the value of a data bit that is stored in a memory cell.
It is believed that conventional films used to form resistive switching layers in resistive
switching nonvolatile memory provide a reversible creation/dissolution of a conductive
filament through the resistive switching material between two layers serving as electrodes.
The physical and chemical properties of the resistive switching layer determine the amount of
power needed to switch the resistance states of such films.

Moreover, since the power that can be delivered to a circuit containing a series of
resistive switching memory elements and current steering elements is typically limited in
most conventional nonvolatile memory devices (e.g., CMOS driven devices), it is desirable to
form each of the resistive switching memory elements and current steering elements in the
circuit so that the voltage drop across each of these elements is small, and thus resistance of

the series connected elements does not cause the current to decrease to an undesirable level
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due to the fixed applied voltage (e.g., ~2-5 volts).

As nonvolatile memory device sizes shrink, it is important to reduce the required currents
and voltages that are necessary to reliably set and reset “on” and “off” states of the device to
minimize overall power consumption of the memory chip as well as resistive heating of the
device and cross-talk between adjacent devices.

Moreover, as nonvolatile memory device sizes shrink it becomes increasingly necessary
to assure that the “set” and “reset” currents used to change the state of the memory element
are not so large as to require higher voltage transistors for chip control circuitry, as well as to
minimize damage to or alter the electrical or physical properties of the one or more layers
found in the formed memory device. A large current flowing through the current carrying
lines in a memory array can undesirably alter or disturb the memory state of other
interconnected devices or possibly damage portions of the adjacent connected devices, due to
an appreciable amount of “cross-talk” created between them.

There is a need to limit and/or minimize the required current used to program the logic
states of each of the interconnected devices in an effort to reduce chip overall power
consumption as well as improve device longevity and reduce the possibility of cross-talk
between adjacent connected devices, which can alter a nonvolatile memory device’s state. It
is also desirable to form a nonvolatile memory device that has low programming currents
when switching the device between the “on” and “off” states. Therefore, it is desirable to
form a nonvolatile memory device that requires low programming currents to change the
device between the “on” and “off” states.

SUMMARY OF THE INVENTION

Embodiments according to the invention generally relate to a resistive switching
nonvolatile memory device having a resistive switching layer and methods of forming the
resistive switching layer. In some embodiments, a nonvolatile memory element includes a
first layer on a substrate, a resistive switching layer on the first layer, and a second layer. The
resistive switching layer is disposed between the first layer and the second layer and the
resistive switching layer comprises a material having the same morphology as the first layer.
In some embodiments, the method of forming a nonvolatile memory element in a ReRAM
device includes forming a resistive switching layer on a first layer and forming a second
layer, so that the resistive switching layer is disposed between the first layer and the second
layer. The resistive switching layer comprises a material having the same morphology as the

first layer.
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BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features can be understood in detail, a more
particular description may be had by reference to embodiments, some of which are illustrated
in the appended drawings. It is to be noted, however, that the appended drawings illustrate
only typical embodiments and are therefore not to be considered limiting of its scope, and
may admit to other equally effective embodiments.

Figure 1 is a perspective view of a memory array of memory devices.

Figure 2A is a schematic view of a memory device.

Figure 2B schematically illustrates a memory device configured to allow current to flow
through the memory device in a forward direction.

Figure 2C is schematic representation of an array of memory devices.

Figure 2D is schematic representation of another array of memory devices.

Figure 3 schematically illustrates exemplary log-log plots of measured current (I) values
versus applied voltages (V) of an exemplary embodiment of a memory device having a
resistive switching memory element.

Figure 4A is a schematic side cross-sectional view of a memory element disposed in a
nonvolatile memory device.

Figure 4B is a schematic representation of an electrical circuit formed in the memory
element illustrated in Figure 3A.

Figure 5 is a process flow diagram illustrating the step for forming the switching memory
device according to one embodiment.

Figure 6A is a schematic depiction of a resistive switching layer and an underlying layer,
each having a crystalline morphology.

Figure 6B is a schematic depiction of a resistive switching layer and an underlying layer,
each having an amorphous morphology.

Figure 6C is a schematic depiction of a resistive switching layer and an underlying layer,
each having a polycrystalline morphology.

Figure 6D is a schematic depiction of a resistive switching layer and an underlying layer,
each having an intermixed morphology.

Figure 6E is a schematic depiction of a resistive switching layer and an underlying layer,
each having an intermixed morphology.

Figure 7 schematically illustrates a cross-sectional view of a resistive switching layer
formed according to an embodiment.

While the foregoing is directed to embodiments described herein, other and further

embodiments may be devised without departing from the basic scope thereof, and the scope
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thereof is determined by the claims that follow.
DETAILED DESCRIPTION

Embodiments generally described herein include a method of forming a nonvolatile
memory device that contains a resistive switching memory element that has an improved
device switching performance and increased usable lifetime. Embodiments provide a
resistive switching layer whose morphology can be controlled by the morphology of the
underlying layer in the nonvolatile memory element. The underlying layer may not only help
control morphology of an overlying material, but it also influences the inter-atomic distance
of the overlying material i.e. the underlying layer may modify the natural lattice distance of
the overlying material. In the context of material science and chemistry, morphology is the
form or structure of different materials on an atomic level. For example, it is well known that
carbon may exist in multiple structures (allotropes) such as diamond, where carbon atoms
bond together in a tetrahedral lattice (crystalline type structure), and graphite, where carbon
atoms bond together in sheets of a hexagonal lattice. Different allotropes of a material
usually have different physical, electrical, optical, chemical, and other properties. In another
example, materials may exhibit polymorphism, i.e. the ability of the material to present itself
in different crystal forms and structures. Complex materials, such as metal oxides, used for
electronic applications may exhibit polymorphism. Thus, such complex materials may be
formed to have certain crystalline structures and inter-atomic lattice distances in order to
provide desired electrical and physical properties.

Embodiments described herein may exhibit various types of morphology such as
crystalline, polycrystalline, and amorphous. Some embodiments may exhibit an intermixed
morphology. Crystalline structures are generally exhibited by a solid material whose
constituent atoms or molecules are arranged in an ordered pattern extending in all three
spatial dimensions. The atoms and/or molecules are interconnected and continue uniformly
over a long distance, creating a well-ordered crystal lattice. If the crystal lattice extends
continuously the full distance between the surfaces of the material (without being interrupted
by grain boundaries), it may be referred to as a single-crystal (or mono-crystal). Thus, a
crystalline material is made up of atoms in an orderly array.

In contrast, amorphous structures exhibit no recognizable long-range order such as is
exhibited in crystalline structures. Thus, the constituent atoms and/or molecules in an
amorphous material are randomly oriented and rarely interconnected so that there is no long-
range ordering. “Ordering” is the regularity with which atoms appear in predictable locations
in a lattice, as measured from a selected point of origin. In a perfectly-crystalline material,

the location of each atom in the lattice can be determined by measuring from the point of
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origin. Conversely, in a more disordered structure (such as an amorphous solid), the location
of the first tier (or perhaps a few tiers) of nearby atoms can be described with some degree of
certainty, but the ability to accurately predict the locations of atoms then decreases
dramatically moving away from the point of origin. Polycrystalline structures generally
exhibit crystal grains separated by grain boundaries with no amorphous matrix between the
crystal grains. Thus, the polycrystalline material is completely ordered in segments. An
mtermixed morphology may have regions of crystalline structures, such as micro-crystals,
intermixed with amorphous regions. In order to detect the crystallinity of a material, a
Focused Ton Beam (FIB) or other similar technique is used to cut the material. A material
inspection technique, such as High-Resolution Transmission Electron Microscopy (HRTEM)
or Scanning Tunneling Microscopy (STM), is then able to show the atomic structure of the
observed material. Other techniques like Selected Area Electron Diffraction (SAED) reveal
the crystallinity of the material by observing the diffraction pattern. Due to the atomic
resolution of these techniques each atomic layer can be discerned and thus the crystallinity of
the material.

It is noted that relative directional terms used herein with regard to embodiments are for

purposes of description only, and do not limit its scope as understood by persons skilled in the

LIS LIS

art. Specifically, directional terms such as “over,” “above,” “under,” and the like are used in
relation to a substrate upon which layers making up the embodiments described herein are
formed, is a “bottom” element and is therefore “under” elements of the other layers of the
embodiments formed thereon.

In some embodiments, a nonvolatile memory element includes a first layer formed on a
substrate, a resistive switching layer formed on the first layer, and a second layer. The
resistive switching layer is disposed between the first layer and the second layer and the
resistive switching layer comprises a material formed with the same morphology as the first
layer. The first layer morphology may be crystalline, polycrystalline, or amorphous and the
resistive switching layer will have the same morphology. In some embodiments, if the first
layer has a polycrystalline structure (morphology), the resistive switching element is formed
on the first layer so that it will also have a polycrystalline structure. By controlling the
morphology of the resistive switching layer, the conductivity of the resistive switching layer
and other electrical and physical properties can be tailored as desired. The electrical and
physical properties of the formed resistive switching layer are configured to lower the power
required to change the resistive switching layer from a low resistance state (LRS) to a high

resistance state (HRS) and vice-versa, to increase device endurance and switching rate, and to

decrease device variability. It is generally desirable to form the resistive switching layer so
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that its material and electrical properties will not degrade or breakdown during the often high
current “burn-in” type device preparation steps, such as the “electrical forming” process, and
also during normal repetitive operation of the nonvolatile resistive switching memory device.
The general optimization of ReRam device performances may be addressed by the
morphology control technique.

An illustrative memory array 100 of nonvolatile resistive switching memory devices 200
(hereafter switching memory device 200), which each generally include at least one resistive
switching memory element 112, is illustrated in Figure 1. Memory array 100 may be part of a
larger memory device or other integrated circuit structure, such as a system on a chip type
device. Read and write circuitry is connected to switching memory devices 200 using word-
lines and bit-lines, which are referred to herein generally as electrodes 102 and 118, and are
used to read from or write data into the memory devices 200. Electrodes 102 and 118
generally include one or more conductive layers, each conductive layer having a desired
function in the array of switching memory devices 200. In some configurations, the
electrodes 102 and 118 each comprise two or more conductive layers in which a first
conductive layer is used to interconnect the multiple switching memory devices 200 and a
second conductive layer is disposed in each switching memory device 200 to provide a
desirable electrical interface (e.g., desirable work function) to the adjacent components in the
switching memory device 200. Individual switching memory devices 200 or groups of
switching memory devices 200 can be accessed using appropriate sets of word-lines and bit-
lines, or electrodes 102 and 118. The memory elements 112 in the switching memory devices
200 may be formed from one or more layers 114 of materials, as indicated schematically in
Figure 1. In addition, memory arrays such as memory array 100 can be stacked in a vertical
fashion to make multilayer memory array structures. The use of resistive switching memory
elements to form memory arrays is merely illustrative, and one skilled in the art will
appreciate that the formed devices may be used in other device applications without deviating
from the basic scope described herein.

Figure 2A schematically illustrates an example of some embodiments of a switching
memory device 200 that contains a memory element 112 and an optional current steering
device 216, which are both disposed between the electrodes 102 and 118. In some
embodiments, the current steering device 216 is an intervening electrical component, such as
a p-n junction diode, p-i-n diode, transistor, or other similar device that is disposed between
electrode 102 and memory element 112, or between the electrode 118 and memory element
112. In some embodiments, the current steering device 216 may include two or more layers

of semiconductor material, such as two or more doped silicon layers, that are configured to
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allow or inhibit the current flow in different directions through the memory element 112 when
that memory element is dormant, i.e. not selected to read.

Figure 2B schematically illustrates another switching memory device 200’ that contains a
memory element 112 and a diode type current steering device 216’ that preferentially allows

axl)

current to flow through the memory device 200 in a forward direction (“I"). However, due
to the design of the current steering device 216°, a reduced current can also flow in the
opposing direction through the device by the application of a reverse bias to the electrodes
102 and 118.

Figure 2C schematically illustrates an array of switching memory devices 200 that are
connected together to form part of a high-capacity nonvolatile memory integrated circuit.
Each of the individual switching memory devices 200 can be accessed using appropriate sets
of discrete word-lines and bit-lines, which, as noted above, may comprise at least a portion of
the electrodes 102 and 118. As illustrated in Figure 2C, each of the switching memory
devices 200 contains a memory element 112 and current steering device 216 (e.g., a diode
type) that are connected to at least one of the electrodes 102 and at least one of the electrodes
118. The electrodes 102 and/or 118 are generally biased by circuitry that is connected at the
periphery of the memory chip on which the array of memory devices 200 is formed.

Figure 2D schematically illustrates an example of some embodiments of an array of
switching memory devices 200 that are connected together to form part of a high-capacity
nonvolatile memory integrated circuit. As shown in Figure 2D, the current steering device
216, such as a typical MOS type transistor, is used to selectively deliver current through the
memory element 112 by use of the appropriate set of word-lines, bit-lines and separate
source-lines 119. As illustrated in Figure 2D, each of the switching memory devices 200
contains a memory element 112 and current steering device 216 (e.g., transistor) that are
connected to at least one of the electrodes 102, at least one of the electrodes 118 and at least
one of the source lines 119. The source-lines 119 generally comprise one or more patterned
conductive layers (e.g., metal) that are adapted to provide a desired amount of current to the
memory element 112 when the transistor in the current steering device is turned “on”. The
electrodes 102, electrodes 118 and source-lines 119 are typically biased by circuitry that is
connected at the periphery of the memory chip on which the array of memory devices 200 is
formed.

During operation, such as a read operation, the state of a memory element 112 in the
switching memory device 200 can be sensed by applying a sensing voltage (i.e., a "read"
voltage Vyeap (Figure 3)), such as applying about +0.5 volts (V), to an appropriate set of
electrodes 102 and 118. Depending on its history, a memory element that is addressed in this

7
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way may be in either a high resistance state (HRS) or a low resistance state (LRS). The
resistance of the memory element 112 therefore determines what digital data is being stored
by the memory element 112. If the memory element 112 is in the high resistance state, for
example, the memory element may be said to contain a logic “zero” (i.e., a "0" bit). If, on the
other hand, the memory element is in the low resistance state, the memory element may be
said to contain a logic “one” (i.e., a "1" bit). During a write operation, the state of a memory
element can be changed by application of suitable write signals to an appropriate set of
electrodes 102 and 118.

In some embodiments, the memory element 112 uses bipolar switching where opposite
polarity set and reset voltages are used to alter the resistance of the memory element between
high and low resistance states. Figure 3 schematically illustrates a log-log plot of current (I)
versus voltage (V) of one example of the low-resistance-state (LRS) and high-resistant-state
(HRS) curves of a memory element 112 having these two bistable resistive states. The
voltage levels Vsgr and Vygser, shown in Figure 3, illustrate typical threshold values used to
“set” and “reset” the contents of a memory element 112. In one example, initially, memory
element 112 may be in a high resistance state (e.g., storing a logic “zero”). The high
resistance state of memory element 112 can be sensed by read and write circuitry 150 (Figure
2A) using electrodes 102 and 118. For example, read and write circuitry may apply a read
voltage Vrgap to memory element 112, and can sense the resulting "off" current (Iopp) that
flows through memory element 112. When it is desired to store a logic “one” in memory
element 112, memory element 112 can be placed into its low-resistance state. This may be
accomplished by using read and write circuitry 150 to apply a set voltage Vger (e.g., -1 V to -
4 V) across electrodes 102 and 118. In one configuration, applying a negative Vsgr voltage to
memory element 112 causes memory element 112 to switch to its low resistance state. It is
believed that the change in the resistive state of memory element 112 may be due to the
redistribution or filling of traps (i.e., "trap-mediated") or defects in the resistive switching
layer 206 (Figure 4, 6A, or 8A) of memory element 112 when the memory device 200 is
reverse biased. The defects or traps, which are commonly thought to be oxygen vacancies,
may be formed during the deposition and/or post-processing of the resistive switching layer
206. For example, the defects may be created by a non-stoichiometric material composition
found in the formed resistive switching layer 206. In embodiments in which a novel resistive
switching layer comprises a metal nitride or metal oxide-nitride, it is believed that the defects
or traps that provide multiple resistance capability for the resistive switching layer may be
nitrogen vacancies.

The low resistance state of the memory element 112 can be sensed using the read and
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write circuitry 150. When a read voltage Vreap 1s applied to resistive switching memory
element 112, the read and write circuitry 150 will sense the relatively high "on" current value
(Ion), indicating that memory element 112 is in its low resistance state. When it is desired to
store a logic “zero” in memory element 112, the memory element can once again be placed in
its high resistance state by applying a positive reset voltage Vrgser (e.g., +1 V to +5 V) to
memory element 112. When read and write circuitry applies Vrgsgr to memory element 112,
memory element 112 enters its high resistance state. When the reset voltage Vygser 18
removed from memory element 112, memory element 112 will once again be characterized
by high resistance when the read voltage Vygap is applied. Voltage pulses can be used in the
programming of the memory element 112. For example, a 1 microseconds (ps) to 1
nanoseconds (ns) square or trapezoidal shaped pulse can be used to switch the memory
element 112. In some embodiments, it may be desirable to adjust the length of the pulse
depending on the amount of time needed to switch the memory element 112. In one example,
the “set” and “reset” pulses are each about 10 ns in length. While the discussion of the
memory element 112 herein primarily provides bipolar switching examples, some
embodiments of the memory element 112 may use unipolar switching, where the set and reset
voltages have the same polarity.

Figure 4A is a schematic cross-sectional view of an un-optimized switching memory
device 200, which contains a memory element 112 and a current steering device 216 (e.g., a
diode) that is formed over a substrate 201. In this configuration, the memory element 112
generally contains a top electrode 102, resistive switching layer 206, and intermediate
electrode 210. Figure 4B schematically illustrates an electrical circuit formed in the
switching memory device 200 shown in Figure 4A. As illustrated in Figure 4B, the electrical
circuit within the standard switching memory device 200 includes a top electrode impedance
(i.e., resistance Rrpr) created by the material layer(s) in the top electrode 102, a resistive
switching layer impedance (i.e., resistance Rgsy) created by the material layer(s) in the
resistive switching layer 206, an intermediate electrode impedance (i.e., resistance Rygr)
created by the material layer(s) in the intermediate electrode 210, a current steering device
impedance (i.e., resistance Resp) created by the material layer(s) in the current steering device
216 and a bottom electrode impedance (i.e., resistance Rggr) created by the material layer(s)
in the bottom electrode 118. The electrodes 102, 210 and 118 are generally formed from a
conductive material, such as a highly conductive semiconductor material (e.g., p-type
polysilicon, n-type polysilicon) and/or metal (e.g., TiN, Al, W) to minimize the circuit
resistance created between interconnected devices in a memory array 100. The resistive

switching layer 206 can be a dielectric material, such as a metal oxide material or other
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similar material that can be switched between at least two or more stable resistive states. In
some embodiments, the high and low resistance states of the resistive switching layer 206
may be about 2.5 MQ and about 100 kQ, respectively. One will note that it is assumed that
the contact resistances between the various layers in the switching memory device, such as
the contact resistance formed between the electrode 102 and the resistive switching layer 206,
are negligible to help reduce the complexity of the discussion of the circuit. While the current
steering device 216 may include two or more layers of semiconductor material that are
adapted to control the flow of current through the formed memory device 200, the resistance
of each of the components in the current steering device 216 are not individually discussed
herein to minimize the complexity of the discussion, and thus an overall current steering
device resistance Rcgp 1s used to represent the overall impedance of the current steering
device 216.

Embodiments described provide a resistive switching layer 206 formed on a first layer,
which first layer is formed on a substrate 201. The resistive switching layer 206 comprises a
material having the same morphology as the layer on which it is formed. By controlling the
morphology of the resistive switching layer 206, such as by forming the resistive switching
layer 206 to be an ultra-thin layer on an electrode, the conduction of the resistive switching
layer 206 can be controlled. The resistive switching layer 206 is disposed between the first
layer and the second layer, wherein the resistive switching layer comprises a material formed
with the same morphology as the first layer.

In general the conduction properties of a material are related to the morphology of the
material, such that in a film with long order range, conduction is easier compared to a film
with short order range or no order at all, assuming similar film thicknesses. For example, the
conduction in the grain boundaries in between poly-crystals can be assisted by the highly
defective paths so that they become the main conductive regions. A perfect crystalline
material can give origin to a semiconductor behavior while an amorphous material can give
origin to an insulator behavior (of course the presence of defects in an amorphous material
can create a conduction band like in a semiconductor conductor but with different conduction
properties).  Additionally, diffraction, reflectivity, transmission, absorption and pairs
generation properties are related to the morphology of the material.

Figure 5 is a process flow diagram of a process 500 (method) for forming the switching
memory device 200. Although the method steps are described in conjunction with memory
device 200 in Figure 4A, persons skilled in the art will understand that other resistive
switching memory devices may be formed using process 500. It is also noted that the process

for forming the current steering device is not shown in Figure 5.

10



10

15

20

25

30

35

WO 2014/100804 PCT/US2013/077404

Process 500 begins at step 502 in which an electrode is formed on or over substrate 201,
which may be electrode 118 or intermediate electrode 210. In one embodiment the first layer
is an electrode, such as the bottom electrode 118 or intermediate electrode 210 shown in
Figure 4A. The electrodes 102, 210, and 118 are generally formed from a conductive
material, such as a highly conductive semiconductor material (e.g., p-type polysilicon, n-type
polysilicon) and/or metal (e.g., TiN, Al, W). In one embodiment, electrodes 118 or 210 are a
highly doped polysilicon layers that are formed on or over substrate 201 using a conventional
CVD or ALD type polysilicon deposition technique. In one embodiment, electrode 118
and/or electrode 210 comprises polysilicon, and is between about 50 and about 5000 A thick.
The first layer has a morphology that is crystalline, polycrystalline, or amorphous. The
morphology of the first layer may be controlled in different ways. In some embodiments, if
the electrode 118 is a thin layer, its morphology is determined by the morphology of the
underlying substrate 201. However, if the electrode 118 is thick enough to be independent
from the morphology of the underlying substrate 201, then its morphology is controlled by the
deposition technique parameters (temperature, speed, precursors, etc.) and by the kind of
material used for the electrode 118. For example, pure single-crystal materials like silicon or
copper can be obtained under particular deposition techniques, e.g. Czochralski and/or
Bridgman processes. Polysilicon is generally made of polycrystals whose percentage and size
can be controlled during the deposition process. Generic metals like TiN and Al generally
have a polycrystalline morphology with cubic crystal structure. A special class of metals is
the so called metallic glass, characterized by an amorphous structure.

In step 504, resistive switching layer 206 is formed on or over an electrode, such as
electrode 118 or intermediate electrode 210, using one or more deposition processes.
Resistive switching layer 206 comprises a dielectric material that can be switched between
two or more stable resistive states. In some embodiments, resistive switching layer 206 is an
ultra-thin layer that has a thickness of less than about 5 nanometers (nm), such as from about
2 nm to about 3 nm. Conventional resistive switching layers are generally between 20 to 30
nm thick, thus some embodiments provide resistive switching layers that generally may be an
order of magnitude thinner than conventional films.

It is believed that for ReRAM devices, the morphology of the switching layer can control
the mobility of the oxygen vacancies that are most likely responsible for the creation and/or
dissolution of the conduction path between the electrodes and through the switching layer. In
general, the ability to control the morphology, and thus the mobility of oxygen vacancies of a
material, has an impact on electron conduction and ion conduction through the material.

Moreover, the morphology can control the heat diffusion into the surrounding area of the
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switching event. This can be a very important property due to the fact that all the physical
and/or chemical mechanisms at the origin of the resistive-switching are thermally activated.
For these reasons, control of the material morphology can be considered another “knob” that
can be used to tailor the switching performances in various memory devices.

Controlling the morphology of a layer may have other applications in addition to
switching layers in nonvolatile memory devices. In the case of a resistor, the morphology can
be tuned to not only have the desired resistivity, but to also have the desired mechanism of
conduction. In the case of a capacitor, the morphology can help minimize the current
leakage. In the case of a power device, controlling the morphology can help toward better
power dissipation. In the case of CBRAM devices, the conduction path is also created by the
movement of high mobility ions coming from one active electrode (e.g. Cu or Ag) into a
solid-state electrolyte. Thus, controlling the morphology of layers in CBRAM devices may
also improve the ability to control ion mobility as desired.

The morphology of the switching layer can control the mobility of the oxygen vacancies
that are most likely responsible for the creation and/or dissolution of the conduction path
between the electrodes and through the switching layer. It is believed that a similar
mechanism can be considered in CBRAM devices in which the conduction path is created by
the movement of high mobility ions coming from one active electrode (e.g. Cu or Ag) into a
solid-state electrolyte.

The resistive switching layer 206 may be formed using CVD, ALD, or similar processes
that provide precise layer control. During the formation process, the resistive switching layer
206 may be formed by depositing one or more layers on the electrode on the order of a single
monolayer in thickness. The first monolayer of the resistive switching layer 206 will match
the morphology of the underlying layer. Each subsequent monolayer will also match the
morphology of its underlying layer at least up to a certain thickness. If the resistive switching
layer becomes too thick, then it will have a morphology that may be different than and
independent of the underlying first layer. Thus, an ultra-thin resistive switching layer will
have the same morphology as the underlying layer. Substantially the entire resistive
switching layer has the same morphology as the underlying layer.

Numerous materials have been explored for possible use in resistive switching layers for
nonvolatile resistive memory devices, including various oxides and all of the transition
metals, e.g., aluminum (Al), hafnium (Hf), zirconium (Zr), titanium (Ti), tantalum (Ta),
nickel (N1), copper (Cu), tungsten (W), iron (Fe), vanadium (V), niobium (Nb), tungsten (W),
and the like. Some examples of suitable metal oxides for use as a resistive switching layer

206 include AlO,, HfO,, and TiO.
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Resistive switching layer 206 may also include a two-metal oxide, a metal nitride, a metal
oxide-nitride, a two-metal oxide-nitride, or a multilayer stack thereof. In general, materials
like phase change chalcogenides, perovskite, solid-state electrolytes, and organic compounds
whose layer 1s similar to a poly-crystalline type may also be used.

Metal nitrides suitable for use as a resistive switching layer 206 include HfN,, ZrNy,
SiNy, ANy, TiNx, ViNy (e.g., VoN), NbNy (e.g. Nb,N, Nb,N;, NbN), WN, (e.g., WNy),
among others. Suitable metal nitrides can be formed by atomic layer deposition (ALD)
processes.

Metal oxide-nitrides suitable for use as resistive switching layer 206 include HfO,N,,
ZrOxN,, AIOiNy, and TaO.Ny, among others. As used herein, the term “metal oxide-nitride”
refers to a material that is a combination of metal oxides and metal nitrides, in contrast with
metal oxynitrides, in which the metallic chemical element is bonded with the ON structure.
According to embodiments of the invention, such metal oxide-nitride films can be deposited
in various ALD processes that are described below in conjunction with Figures 6A-9.

Two-metal oxide-nitrides suitable for use as resistive switching layer 206 have two
metallic or semi-metallic elements and include films such as: HfSi;ONgxys),
Z1,S1,0,N(1 x.y-2), HEZ1O,N(1 50y, and HEALONxy,. Two-metal oxide-nitrides may be
deposited by a series of ALD processes similar to that used for the deposition of metal oxide-
nitrides. Such ALD processes are described below in conjunction with Figures 6A-9.
Suitable metals for such two-metal oxide-nitrides include hafnium (Hf), zirconium (Zr),
aluminum (Al), tantalum (Ta), titanium (T1), vanadium (V), niobium (Nb), and tungsten (W)
and suitable semi-metallic elements include silicon (Si).

As previously stated, the resistive switching layer has the same morphology as the first
layer. It is believed that this is achieved by forming the resistive switching layer as an ultra-
thin layer having a thickness less than about 5 nm. In the example of some embodiments
shown in Figure 4A, where the first layer is the intermediate electrode 210, the resistive
switching layer 206 has the same morphology as the intermediate electrode 210. In some
embodiments, if the intermediate electrode 210 comprises a crystalline doped polysilicon,
then the resistive switching layer 206 also is crystalline. If the intermediate electrode 210
comprises a TiN material having a polycrystalline morphology, then the resistive switching
layer 206 also comprises a material having a polycrystalline morphology.

Figures 6A-6E illustrate the different morphologies the resistive switching layer and the first
layer may have. Figure 6A schematically illustrates the first layer and the resistive switching
layer at an atomic level. In this example of some embodiments, the first layer 612a has a

crystalline structure 600a. As the resistive switching layer 610a, shown in the darker shading,
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is formed thereon, it will match the morphology of the underlying layer and also have a
crystalline structure 600a. Although both layers have a crystalline structure, the crystalline
structure of the resistive switching layer 610a may or may not have the same inter-atomic
distance as the underlying crystalline layer, i.e. the first layer 612a. Generally, the inter-
atomic distance is considered to be the distance between atoms in a lattice structure. Thus,
although both layers may be crystalline, they may have lattice structures with different
interatomic distances. Even when the crystalline structures of the two layers have differing
interatomic distances in their lattice structures, their morphologies are still considered to be
the same as each layer has a crystalline morphology. Figure 6B schematically illustrates an
amorphous structure 600b where the resistive switching layer 610b, shown in the darker
shading has the same amorphous morphology as the first layer 612b as it is formed thereon.
As such, both the first layer 612b and the resistive switching layer 610b have an amorphous
structure. Figure 6C schematically illustrates a polycrystalline structure 600c. In this
example of some embodiments, the resistive switching layer 610c, shown in the darker
shading, and the first layer 612c each have a polycrystalline structure. Dashed lines 614c¢
represent the grain boundaries between individual crystals in the polycrystalline structure
600c. The morphologies of the first layer 612c¢ and the resistive switching layer 610c¢ are the
same in that the grain boundaries in the polycrystalline structure of the first layer 612¢ match
the grain boundaries formed in the polycrystalline structure of the resistive switching layer
610c.

Figures 6D and 6E illustrate some embodiments having layers exhibiting intermixed
morphological structures. In some embodiments, the first layer and the resistive switching
layer may have portions that exhibit a crystalline structure mixed with portions that exhibit an
amorphous structure. Embodiments having an intermixed morphology may be described as
having a degree of crystallinity, such as 80% crystalline. Crystallinity of a film expressed as
a percentage indicates that some portions of the layer have amorphous regions intermixed
with crystalline regions. Generally, the percentage of crystallinity is an average number of
crystalline structures present in a fixed area/volume of the film.

Figure 6D illustrates an example of some embodiments of an intermixed morphology
600d, portions of which exhibit an amorphous structure 602d and portions of which exhibit a
crystalline structure 604d. In this example, the resistive switching layer 610d, shown in the
darker shading, and the first layer 612d each have portions that are amorphous 602d and
portions that are crystalline 604d. Dashed lines 614d represent the grain boundaries between
the amorphous structure 602d and the crystalline structure 604d of the intermixed

morphology 600d. The morphologies of the first layer 612d and the resistive switching layer
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610d are the same in that the grain boundaries in the intermixed structure 600d of the first
layer 612d match the grain boundaries formed in the intermixed structure of the resistive
switching layer 610d. Additionally, when the degree of crystallinity is the same for the first
layer 612d and the resistive switching layer 610d, as shown in Figure 6d, then the first layer
612d and resistive switching layer 610d have the same morphology.

Figure 6E illustrates an example of some embodiments of an intermixed morphology
600e, portions of which exhibit an amorphous structure 602¢ and portions of which exhibit a
crystalline structure 604e. In this example, the resistive switching layer 610e, shown in the
darker shading, and the first layer 612e each have portions that are amorphous 602e and
portions that are crystalline 604e. Dashed lines 614e and 616¢ represent the grain boundaries
between the amorphous structure 602e and the crystalline structure 604e of the intermixed
morphology 600e. This example also illustrates a portion of the first layer 612e exhibiting an
amorphous structure 602¢, as shown in the region between the two grain boundaries 614¢ and
above the grain boundary 616e. This amorphous structure 602¢ of the first layer 612¢ is
above a crystalline structure 604e of the first layer 612e, as shown in the region between the
two grain boundaries 614e and below the grain boundary 616e. In this example, the
switching layer 610e exhibits the same amorphous structure 602¢ as the first layer 612e, as
shown in the region between the two grain boundaries 614e and above the grain boundary
616e. The morphology of the resistive switching layer 610e will have the same morphology
as that of the underlying first layer 612e¢ at its top surface, despite that the underlying first
layer 612e may have a different morphology below the top surface of the first layer 612e, as
illustrated in Figure 6E. The top surface of the first layer 612e may be one or two atomic
layers thick. The top surface may also be characterized as the portion of the underlying layer
where the gases of the ALD cycles react.

In an intermixed ultra-thin film layer, the morphology of the both first layer and the
resistive switching layer may be determined by using material inspection techniques, for
example comparing an XRD analysis of the ultra-thin film layer with an XRD analysis of the
portion of first layer that is adjacent the ultra-thin film layer. In each of these examples of
some embodiments, the resistive switching layers 610a, 610b, 610c¢, 610d, 610e may be a
metal oxide while the first layers 612a, 612b, 612¢, 612d, 612e may be the underlying
electrode.

The different morphologies create different physical and electrical properties in the
resistive switching layer 206. For example, crystalline structures have a certain kind of
conductivity, while polycrystalline structures provide conductivity through grain boundaries.

The first layer may be selected to provide a particular morphology to the resistive switching
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layer 206. Generally, if a ReRAM device requiring lower power and lower variability is
desired, a crystalline structure may be chosen because of its ordered and well defined
structure to likely provide lower power and lower variability. During device formation, it
may be necessary to apply certain voltages to make a conductive path through the resistive
switching layer. The amount of voltage required to form the conductive path may vary from
device to device, creating device variability. Thus, a crystalline structure may lower the
variability in performance and programming of the device. A polycrystalline structure may
be selected if a ReRAM device providing better retention and lower power requirements is
desired. However, polycrystalline structures may also increase resistive-switching variability
related to the presence of multiple conductive paths in parallel, ie. along the grain
boundaries. An amorphous material may provide a better thermal confinement, thus lowering
the energy barrier for the resistive-switching process. The particular morphology may also be
chosen to improve the number of cycles a device may cycle between resistive states before
failure.

In step 506, electrode 102 is formed above resistive switching layer 206 as shown in
Figure 4A using one or more of the materials suitable for electrode 102 listed above in
conjunction with Figure 4A. Electrode 102 may be formed using a deposition process, such
as PVD, CVD, ALD or other similar processes. In one embodiment, electrode 102 is between
about 500 A and 1 um thick.

In optional step 508, formed memory device 200 is thermally processed, e.g., via an
anneal process. Temperature and duration of the anneal process is a function of the
configuration of memory device 200 as well as the materials included in memory device 200.
For example, in some embodiments, the anneal process takes place at a temperature of greater
than about 200 °C. In other embodiments, the anneal process takes place at a temperature of
greater than about 600 °C. In yet other embodiments, the anneal process takes place at a
temperature of greater than about 1000 °C. Duration of the anneal process can also vary
greatly, e.g. varying between about 30 seconds and 20 minutes depending on the
configuration of memory device 200. Furthermore, vacuum anneals, oxygen anneals, anneals
using gas mixtures, such as a hydrogen/argon mixture, and other anneal processes known in
the art fall within the scope of the invention. Similarly, multiple thermal processing steps
may be performed on memory device 200. In some embodiments, a thermal process may be
performed during or after multiple steps of method 500. The process(es) performed at step
508, are generally configured to cause the layers disposed in the switching memory device
200 to form a desirable interface between adjacent layers as well as activate and/or desirably

process the other layers formed in the switching memory device.
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Figure 7 schematically illustrates a cross-sectional view of a resistive switching layer
formed according to some embodiments. The resistive switching layer 206 in a nonvolatile
memory device 200 may comprise multiple sub-layers as shown in Figure 7. Resistive
switching layer 206 is formed on the first layer, such as electrode 118, and the second layer,
such as electrode 102, is formed so that the resistive switching layer 206 is disposed between
the first layer and the second layer.

The resistive switching layer 206 may comprise two or more sub-layers 701, 702 having
different morphologies. The first sub-layer 701 comprises a material formed with the same
morphology as the first layer, such as electrode 118. The second sub-layer 702 comprises a
material formed with a morphology that is either the same as or different than the first sub-
layer 701 and the first layer, such as electrode 118. In some embodiments, the first layer (e.g.
electrode 118) and the first sub-layer 701 may have a polycrystalline morphology and a
thickness of about 5 nm or less. The second sub-layer, however, may have a polycrystalline
or a crystalline morphology, and a thickness of about 30 nm or less. In some embodiments,
the second sub-layer 702 may be 5 nm or less so that it will have the same structure of sub-
layer 701 e.g. both sub-layers 701 and 702 are polycrystalline. In some embodiments, the
sub-layer 702 may be thick enough to form a crystalline structure that is independent from
sub-layer 701, e.g. around 30 nm, although the actual thickness required to form an
independent sub-layer will depend on the material used. The first sub-layer 701 and second
sub-layer 702 may comprise the materials previously discussed in relation to the resistive
switching layer 206, although each sub-layer comprises different materials in order to form
each sub-layer with different morphologies. The morphology control of these two layers
provides an extra “knob” to improve switching performance.

Embodiments described provide the ability to tailor the electrical properties and switching
characteristics of a resistive switching layer. A resistive switching layer is formed as an ultra-
thin layer to have a morphology matching the underlying layer, such as an electrode. By
providing a resistive switching layer with the same morphology of the underlying layer the
resistive switching layer may be easier to switch and/or provide better resistive state retention
compared to conventional switching films. Additionally, the films formed according to
embodiments described may be formed entirely in-situ (in one processing chamber), thereby
simplifying processing steps and decreasing processing times. Moreover, as memory devices
continue to decrease in size, ultra-thin resistive switching layers provide a means of scaling
memory devices to achieve smaller sizes.

The foregoing embodiments are merely illustrative of the principles and various

modifications that can be made by those skilled in the art without departing from the scope

17



WO 2014/100804 PCT/US2013/077404

and spirit of the invention as defined by the claims that follow.
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Claims:

L.

A nonvolatile memory element, comprising:
a first layer on a substrate;
a resistive switching layer on the first layer; and
a second layer; wherein the resistive switching layer is disposed between the first
layer and the second layer, and wherein the resistive switching layer comprises a

material having the same morphology as a top surface of the first layer.

The nonvolatile memory element of claim 1, wherein the morphology of the first layer

and the resistive switching layer is crystalline, polycrystalline, amorphous, or intermixed.

The nonvolatile memory element of claim 1, wherein the resistive switching layer has a

thickness of about 5 nanometers (nm) or less.

The nonvolatile memory element of claim 3, wherein the resistive switching layer has a

thickness from about 2 nm to about 3 nm.

The nonvolatile memory element of claim 1, wherein the resistive switching layer
comprises a metal oxide layer, a two-metal oxide layer, a metal nitride layer, a metal

oxide-nitride layer, a two-metal oxide-nitride layer, or a combination thereof.

The nonvolatile memory element of claim 5, wherein the metal of the metal oxide layer
comprises one or more of aluminum (Al), hafnium (Hf), zirconium (Zr), titanium (T1),
tantalum (Ta), nickel (Ni), copper (Cu), tungsten (W), iron (Fe), vanadium (V), niobium
(NDb), or tungsten (W).

The nonvolatile memory element of claim 5, wherein the resistive switching layer
comprises at least one or more of AlOy, HfO,, TiOy, AIN,, AION,, HfNy, ZrN,, SiNy,
HfO,Ny, ZrO.Ny, AlIO,N,, TaO,N,, Hf,Si,0,N(1 -y Z1:Si;O0N( sy HEZL, 0N xy»
or HEALON(1 5.y

The nonvolatile memory element of claim 1, wherein the first layer comprises an

electrode comprising a conductive metal.
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10.

1.

12.

13.

14.

15.

16.

The nonvolatile memory element of claim 1, wherein the second layer is a bottom
electrode comprising one or more of p-type polysilicon, n-type polysilicon, titanium,

aluminum, or tungsten.

The nonvolatile memory element of claim 1, wherein the resistive switching layer
comprises:
a first sub-layer that comprises the material having the same morphology as a top
surface of the first layer; and
a second sub-layer comprising a material having a morphology that is different than

the first sub-layer and the first layer.

The nonvolatile memory element of claim 10, wherein the first layer and the first sub-
layer each have a polycrystalline morphology and the second sub-layer has a crystalline

morphology.

The nonvolatile memory element of claim 10, wherein the second sub-layer has a

thickness of about 5 nanometers (nm) or less.

The nonvolatile memory element of claim 10, wherein the second sub-layer comprises a
metal oxide layer, a two-metal oxide layer, a metal nitride layer, a metal oxide-nitride

layer, a two-metal oxide-nitride layer, or a combination thereof.

The nonvolatile memory element of claim 13, wherein the metal comprises one or more
of aluminum (Al), hafnium (Hf), zirconium (Zr), titanium (T1), tantalum (Ta), nickel (N1),

copper (Cu), tungsten (W), iron (Fe), vanadium (V), niobium (Nb), or tungsten (W).

The nonvolatile memory element of claim 13, wherein the second sub-layer comprises
one or more of AlO,, HfO,, TiOx, AINy, AIOWN,, HfN,, ZrN;, SiN,, HfON,, ZrO.N,,
AleNy, TanNy, foSiyOzN(l—x—y—z)a erSiyOzN(l—x-y—z)a foZTyOzN(l—x—y—z)a or foAlyOzN(l-x—y—

z)e
A method of forming a nonvolatile memory element in a ReRAM device, the method

comprising:

forming a resistive switching layer on a first layer; and
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forming a second layer, so that the resistive switching layer is disposed between the
first layer and the second layer,
wherein the resistive switching layer comprises a material having the same

morphology as a top surface of the first layer.

17. The method of claim 16, wherein the morphology of the first layer and the resistive

switching layer is crystalline, polycrystalline, amorphous, or intermixed.

18. The method of claim 16, wherein the resistive switching layer has a thickness of about 5

10 nanometers (nm) or less.

19. The method of claim 16, wherein forming the resistive switching layer comprises:
forming a first sub-layer on the first layer, the first sub-layer comprising the material
formed with the same morphology as a top surface of the first layer; and

15 forming a second sub-layer on the first sub-layer, the second sub-layer comprising a
material formed with a morphology that is different than the first sub-layer and the
first layer.

20. The method of claim 19, wherein the first layer and the first sub-layer have a
20 polycrystalline morphology and the second sub-layer has a crystalline morphology.
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