wo 2013/689940 A1 || FFV 0RO 0 00 O O

(43) International Publication Date

Organization
International Bureau

20 June 2013 (20.06.2013)

Wipo I PCT

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)
(19) World Intellectual Property Ny

000 0 0 0000
(10) International Publication Number

WO 2013/089940 Al

(51)

21

(22)

(25
(26)
(30)

(71)

(72)

International Patent Classification:
HO1L 47/02 (2006.01) HO1L 29/94 (2006.01)
HO1L 49/02 (2006.01)

(74) Agent: HELMS, Aubrey L., Jr.; 3011 North First Street,

San Jose, Cdlifornia 95134 (US).

(81) Designated States (unless otherwise indicated, for every
International Application Number: kind d national protection available): AE, AG, AL, AM,
PCT/US2012/0635 13 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
International Filing Date: Bz, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
" DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
5 November 2012 (05.11.2012) HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
Filing Language: English KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
o ) ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
Publication Language: English NO, NZ, OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU,
Priority Data: RW, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ,
13/328,423 16 December 201 1(16.12.201 1) us ;m va’:I/ TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
Applicants: INTERMOLECULAR, INC. [US/US]; 3011 . o
North First Street, San Jose, California 95134 (US). KA- (84) Designated States (unless otherwise indicated, for every
BUSHIKI KAISHA TOSHIBA [JP/JP]; 1-1, Shibaura 1- kind d reglonaJ protection avaJIabIe): ARIPO (BW, GH,
chome, Minato-Ku, Tokyo 105-8001 (JP). SANDISK 3D GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
LLC [USUS]; 601 McCarthy Boulevard, Milpitas, Cali- UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
fornia 95034 (US). TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, rr, LT, LU, LV,
Inventors:. WANG, Yun; 1487 Lakeshore Circle, San MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
Jose, Cdifornia 95131 (US). CHIANG, Tony P.; 1335 TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
Westmont Ave.,, Campbell, Cadifornia 95008 (US). ML, MR, NE, SN, TD, TG).
HASHIM, Imran; 13620 Springhill Court, Saratoga, Cali- Published:

fornia 95070 (US). MINVIELLE, Tim; 6482 Pfeiffer
Ranch Court, San Jose, Cdifornia 95120
YAMAGUCHI, Takeshi; 1-1, Shibaura 1-chome, Minato-
Ku, Tokyo 105-8001 (JP).

us). —

with international search report (Art. 21(3))

(54) Titlee NONVOLATILE RESISTIVE MEMORY ELEMENT WITH A METAL NITRIDE CONTAINING SWITCHING LAY -

ER

FIG. 1

(57) Abstract: A nonvolatile resistive memory element has anovel variable resistance layer that includes ametal nitride, ametal ox -
ide-nitride, atwo-metal oxide-nitride, or amultilayer stack thereof. One method of forming the novel variable resistance layer com-
prises an interlayer deposition procedure, in which metal oxide layers are interspersed with meta nitride layers and then converted
into a substantially homogeneous layer by an anneal process. Another method of forming the novel variable resistance layer com-
prises an intralayer deposition procedure, in which various ALD processes are sequentially interleaved to form ametal oxide-nitride
layer. Alternatively, ametal oxide is deposited, nitridized, and annealed to form the variable resistance layer or ameta nitride is de-
posited, oxidized, and annealed to form the variable resistance layer.



WO 2013/089940 PCT/US2012/063513

NONVOLATILE RESISTIVE MEMORY ELEMENT WITH A METAL NITRIDE
CONTAINING SWITCHING LAYER

BACKGROUND

Field of the I nvention

This invention relates to nonvolatile resistive memory elements, and more particularly, to
anonvolatile resistive memory element with ametal-nitride-containing switching layer and

methods for forming the same.

Description of the Related Art

Nonvolatile memory elements are used in devices requiring persistent data storage, such
as digital cameras and digital music players, aswell asin computer systems. Electrically-erasable
programmable read only memory (EPROM) and NAND flash are nonvolatile memory
technologies currently in use. However, as device dimensions shrink, scaling issues pose
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 isformed using memory elements that are
bistable, i.e., having two stable states with different resistances. A bistable memory element can
be placed in ahigh resistance state or alow resistance state by application of suitable voltages or
currents. Voltage pulses are typically used to switch the bistable memory element from one
resistance state to the other. Subsequently, nondestructive read operations can be performed on
the memory element to ascertain the value of a databit that is stored therein.

Asresistive switching memory device sizes shrink, it isimportant to reduce the required
currents and voltages that are necessary to reliably set, reset and/or determine the desired "on"
and "off states of the device, thereby minimizing power consumption of the device, resistive
heating of the device, and cross-talk between adjacent devices.

In light of the above, there isaneed in the art for nonvolatile resistive switching memory

devices having reduced current and voltage requirements.

SUMMARY

Embodiments of the invention set forth aReRAM nonvolatile memory element having a
nove variable resistance layer and methods of forming the same. The novel variable resistance
layer can include ametal nitride, ametal oxide-nitride, atwo-metal oxide-nitride, or amultilayer
stack thereof.

According to one embodiment of the present invention, anonvolatile memory element
comprises afirst electrode layer formed on a substrate, a second electrode layer, and avariable
resistance layer disposed between the first electrode layer and the second €l ectrode layer, wherein
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the variable resistance layer comprises ametal nitride layer, ametal oxide-nitride layer, atwo-
metal oxide-nitride layer, or acombination thereof.

According to another embodiment of the present invention, amethod of forming a
variable resistance layer in anonvolatile memory element includes the steps of forming afirst
electrode layer on a substrate, depositing afirst metal layer on the first electrode layer using an
atomic layer deposition (ALD) process, oxidizing the first metal layer by heating the first meta
layer while exposing the first metal layer to an oxygen-containing gas, depositing a second metal
layer on the oxidized first metal layer using an ALD process, diffusing nitrogen into the second
metal layer by exposing the second metal layer to anitrogen-containing gas, and forming a second
electrode layer, so that the first metal layer and the second metal layer are disposed between the
first electrode layer and the second electrode layer.

According to another embodiment of the present invention, amethod of forming a
variable resistance layer in anonvolatile memory element includes the steps of forming afirst
electrode layer on a substrate, depositing afirst metal layer on the first electrode layer using an
ALD process, oxidizing the first metal layer by heating the first metal layer while exposing the
first metal layer to an oxygen-containing gas, diffusing nitrogen into the first metal layer by
exposing the first metal layer to areactive nitrogen-containing gas, and forming a second
electrode layer, so that the first metal layer is disposed between the first electrode layer and the
second €electrode layer.

According to yet another embodiment of the present invention, amethod of forming a
variable resistance layer in anonvolatile memory element includes the steps of forming afirst
electrode layer on a substrate, depositing ametal nitride layer on the first electrode layer,
performing an oxidation process on the meta nitride layer to form ametal oxide-nitride layer, and
forming a second electrode layer, so that the metal oxide-nitride layer is disposed between the
first electrode layer and the second electrode layer.

According to yet another embodiment of the present invention, amethod of forming a
first electrode layer on a substrate, depositing ametal oxide layer on the first electrode layer,
performing anitridization process on the metal oxide layer to form ametal oxide-nitride layer,
and forming a second electrode layer, so that the metal oxide-nitride nitride layer is disposed

between the first electrode layer and the second el ectrode layer.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited features of embodiments of the invention

can be understood in detail, amore particular description of embodiments of the invention, briefly
summarized above, may be had by reference to the appended drawings. It isto benoted,

however, that the appended drawings illustrate only typical embodiments of this invention and are
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therefore not to be considered limiting of its scope, for the invention may admit to other equally
effective embodiments.

Figure 1is aperspective view of amemory array of memory devices, configured
according to embodiments of the invention.

Figure 2A is a schematic cross-sectional view of amemory device, configured in
accordance with an embodiment of the invention.

Figure 2B schematically illustrates amemory device configured to allow current to flow
through the memory device in aforward direction, according to embodiments of the invention.

Figure 3 schematically illustrates exemplary log-log plots of measured current (1) values
versus applied voltages (V) of an exemplary embodiment of amemory device having aresistive
switching memory element.

Figure 4 is a schematic cross-sectional view of amemory device formed from a series of
deposited layers, including anovel variable resistance layer, according to embodiments of the
invention.

Figure 5 sets forth a flowchart of method steps in aprocess sequence for forming a
memory device, according to one embodiment of the invention.

Figure 6 sets forth a flowchart of method steps in aprocess sequence for forming a
variable resistance layer using an interlayer deposition procedure, according to one embodiment
of the invention.

Figure 7A schematically illustrates a cross-sectional view of avariable resistance layer
formed prior to thermal processing, according to an embodiment of the invention.

Figure 7B schematically illustrates a cross-sectional view of avariable resistance layer
formed after thermal processing, according to an embodiment of the invention.

Figure 8A schematically illustrates a cross-sectional view of another variable resistance
layer formed prior to thermal processing, according to an embodiment of the invention.

Figure 8B schematically illustrates across-sectional view of another variable resistance
layer formed after thermal processing, according to an embodiment of the invention.

Figure 9A schematically illustrates a cross-sectional view of avariable resistance layer
comprising amultilayer stack having afirst layer and a second layer, prior to athermal processing
step, according to an embodiment of the invention.

Figure 9B schematically illustrates a cross-sectional view of avariable resistance layer
formed after athermal processing of step, according to an embodiment of the invention.

Figure 10 sets forth aflowchart of method steps in aprocess sequence for forming a
variable resistance layer using an intralayer deposition procedure, according to embodiments of
the invention.

Figure 11 sets forth aflowchart of method steps in aprocess sequence for forming a

variable resistance layer, according to an embodiment of the invention.
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Figure 12 sets forth aflowchart of method steps in aprocess sequence for forming a
variable resistance layer, according to an embodiment of the invention.

For clarity, identical reference numbers have been used, where applicable, to designate
identical elements that are common between figures. It iscontemplated that features of one

embodiment may be incorporated in other embodiments without further recitation.

DETAILED DESCRIPTION

Materials used as the variable resistance layer of anonvolatile resistive memory element

are generally required to have bistable properties and preferably can be operated with low
switching voltage and switching current. Embodiments of the invention set forth aresistive
random access memory (ReRAM) nonvolatile memory element having anovel variable resistance
layer that satisfies these requirements. The novel variable resistance layer can include ametal
nitride, ametal oxide-nitride, atwo-metal oxide-nitride, or amultilayer stack thereof.

Figure 1is aperspective view of amemory array 100 of memory devices 200, configured
according to embodiments of the invention. Memory array 100 may be part of alarger memory
device or other integrated circuit structure, such as a system-on-a-chip type device. Memory
array 100 may be formed as part of ahigh-capacity nonvolatile memory integrated circuit, which
can be used in various electronic devices, such as digital cameras, mobile telephones, hand-held
computers, and music players. For clarity, memory array 100 isillustrated as asingle layer
memory array structure. However, memory arrays such asmemory array 100 can also be stacked
in avertical fashion to make multilayer memory array structures.

Each of memory devices 200 comprises anonvolatile resistive switching memory device,
such as aresistive random access memory (ReRAM) device. Memory device 200 comprises a
novel memory element 112 that may be formed from one or more materia layers 114. Materia
layers 114 include anovel variable resistance layer comprising ametal nitride, ametal oxide-
nitride, or acombination of each, and is described below in conjunction with Figure 4. In some
embodiments, memory device 200 also includes a current steering device, which is described
below in conjunction with Figures 2A, 2B.

Read and write circuitry (not shown) is connected to memory devices 200 using
electrodes 102 and orthogonally positioned electrodes 118. Electrodes 102 and electrodes 118,
which are sometimes referred to as "bit lines' and "word lines," and are used to read and write
datainto memory elements 112 in memory devices 200. Individual memory devices 200 or
groups of memory devices 200 can be addressed using appropriate sets of electrodes 102 and
electrodes 118.

Figure 2A is aschematic diagram of amemory device 200 configured in accordance with
an embodiment of the invention. Memory device 200 includes memory element 112 and in some
embodiments current steering device 216, which are both disposed between electrodes 102 and
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electrodes 118. In one embodiment, current steering device 216 comprises an intervening
electrical component, such as ap-njunction diode, p-i-n diode, transistor, or other similar device
that is disposed between electrode 102 and memory element 112, or between electrode 118 and
memory element 112. In some embodiments, current steering device 216 may include two or
more layers of semiconductor material, such astwo or more doped silicon layers, that are
configured to allow or inhibit the current flow in different directions through the memory element
112. In addition, read and write circuitry 150 is coupled to memory device 200 via electrodes 102
and electrodes 118 as shown. Read and write circuitry 150 is configured to both sense the
resistance state and set the resistance state of memory device 200.

Figure 2B schematically illustrates memory device 200 configured to allow current to
flow through memory device 200 in aforward direction ("1*), according to embodiments of the
invention. However, duetothe design of current steering device 216, areduced current can also
flow in the opposing direction through the device by the application of areverse bias to electrodes
102 and electrodes 118.

Figure 3 schematically illustrates exemplary log-log plots of measured current (1) values
versus applied voltages (V) of an exemplary embodiment of memory device 200 having a
resistive switching memory element 112. The resistive switching memory element may be placed
intwo stable resistance states. alow-resistance-state (LRS), following the |-V curve of aLRS
curve 320, or a high-resistance- state (HRS), following the 1-V curve of aHRS curve 310.

In general, by sweeping the voltage applied to the electrode layers 102 and 118 between
two applied voltages (e.g., between v ;. (€.9., -3 Vvolts) and V oo (€.0., +4 volts)) while memory
device 200 isin the low resistance state, the LRS curve 320 is obtained. On the other hand, by
sweeping the voltage applied to the electrode layers 102 and 118 between two applied voltages
(e.g., between v o and V ;.o-;) While memory device 200 isin the high resistance state, the HRS
curve 310 is obtained. Accordingly, resistive switching memory element 112 may either bein a
high resistance state (HRS) or alow resistance state (LRS). Resistive switching memory element
112 within memory device 200 can be selectively chosen by read-and-write circuitry 150 to
switch between itsresistance states. Current steering element 216 is used to regulate (e.g., allow
or inhibit, etc.) current such that current will flow through only the desired memory cells when the
appropriate set of word-lines and bit-lines and/or electrodes are selected.

During a"set" operation, because of the physical and electrical characteristics of variable
resistance layer 206, resistive switching memory element 112 of memory device 200 can switch
from the HRS to the LRS (e.g., following the path of an arrow 330), when a"set" switching pulse
(eg., apulse & Vv o voltage level) is applied and delivered through the memory device. By
applying the "set" switching pulse to memory device 200, the current flowing through memory

device 200 can shift from the initial "set" current level, I ¢, to the final "set" current level,
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IsET(f), according to the arrow 330, due to the change in the resistance of the variable resistance
layer 206.

In addition, during a"reset" operation, variable resistance layer 206 can function to
switch from the LRS to the HRS (e.g., following the path of arrow 340), when a'reset" switching
pulse (e.g., apulse at V g7 VOltage level) is delivered to memory device 200. The current
flowing through memory device 200 can shift from the initial "reset” current level, Igcqer), © the
final "reset" current level, Ic©, duetothe change in the resistance of variable resistance layer
206.

During aread operation, the logic state of resistive switching memory element 112 in
memory device 200 can be sensed by applying a sensing voltage (i.e., a"read" voltage V ocap as
shown in Figure 3, (eg., applying asense pulse a about +0.5 volts (V) voltage level)), to an
appropriate set of electrodes 102 and 118. Depending on its history, aresistive switching memory
element 112 addressed in this way may be either in ahigh resistance state (HRS) or alow
resistance state (LRS). Theresistance of resistive switching memory element 112 therefore
determines what digital datais being stored by resistive switching memory element 112. If
resistive switching memory element 112 isin the low resistance state (LRS), for example,
resistive switching memory element 112 may be said to contain alogic one (i.e,, a"1" bit). If, on
the other hand, resistive switching memory element 112 isin the high resistance state (HRS),
resistive switching memory element 112 may be said to contain alogic zero (i.e, a"0" hit).

During aprogramming operation, the state of amemory element can be changed by
application of suitable programming signals to appropriate sets of the electrode layers 102 and
118. In one example, initially, resistive switching memory element 112 may bein ahigh
resistance state (e.g., storing alogic "zero"). The high resistance state (HRS) of resistive
switching memory element 112 can be sensed by read and write circuitry 150 (Figure 2A) using
the electrodes 102 and 118. For example, read and write circuitry 150 may apply aread voltage
pulse & aV g p Voltage level (eg., +0.5V) toresistive switching memory element 112, and can
sense the resulting "off current level (1) that flows through resistive switching memory
element 112.

Next, when it is desired to store alogic "one" in memory device 200, resistive switching
memory element 112 needs to be placed into its low resistance state (LRS). This may be
accomplished by using read and write circuitry 150 to apply a"set" voltage pulse & aV ; (eg., -
2V to-4 V) voltage level across the electrodes 102 and 118. In one configuration, applying a
negative voltage pulse at aV o voltage level toresistive switching memory element 112 causes
resistive switching memory element 112 to switch toits low resistance state (LRS), following the
arrow 330. Resistive switching memory element 112 is changed so that, following the removal of
the "set" voltage pulse, V o, resistive switching memory element 112 is characterized tobein a
low resistance state (LRS). It isbelieved that the change in the resistance state of resistive

6
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switching memory element 112 may be because the reverse biasing of the device cause traps
formed in avariable resistance layer in the memory element to be redistributed or filled (i.e.,
"trap-mediated") during this process. V o and V oor are generaly referred to as "switching
voltages' herein. The low resistance state (LRS) of the resistive switching memory element can
be sensed using the read and write circuitry 150. When aread voltage pulse & the V ¢, level is
applied to resistive switching memory element 112, read and write circuitry 150 senses the
relatively high "on" current value (1), indicating that resistive switching memory element 112 is
in its low resistance state (LRS).

When it isdesired to store alogic "zero" in the memory cell 200, resistive switching
memory element 112 can once again be placed in its high resistance state (HRS) by applying a
positive "reset" voltage pulse a aV gy (€9, +2 V to+5 V) voltage level to the memory device.
When read and write circuitry 150 applies V o1 t0 resistive switching memory element 112, it
switches to its high resistance state (HRS), following the arrow 340. When the reset voltage
pulse, V peser, isremoved from resistive switching memory element 112, resistive switching
memory element 112 can once again betested whether it isin the high resistance state (HRS) by
applying aread voltage pulse & the V ¢, VOltage level.

While the discussion of the resistive switching memory element herein primarily provides
bipolar switching examples, some embodiments of the resistive switching memory elements may
use unipolar switching, where the "set" and "reset" voltage pulses have the same polarity, without
deviating from the scope of the invention described herein.

In embodiments of the invention in which anovel variable resistance layer comprises a
metal nitride or metal oxide-nitride, it isbelieved that the defects or traps that provide multiple
resistance capability for the variable resistance layer may be nitrogen vacancies. Embodiments of
avariable resistance layer, i.e., variable resistance layer 206, are described below in conjunction
with Figure 4. It isbelieved that the change in the resistive state of the memory element 112 may
be "trap-mediated,” i.e., duetothe redistribution or filling of traps or defects in avariable
resistance layer of memory element 112 when memory device 200 isreverse biased. The defects
or traps, which are commonly thought to be oxygen vacancies, are formed during the deposition
and/or post-processing of the variable resistance layer. For example, oxygen vacancies are likely
created by anon-stoichiometric material composition of ahost oxide material in the variable
resistance layer.

Figure 4 is a schematic cross-sectional view of memory device 200 formed from a series
of deposited layers, including anovel variable resistance layer 206, according to embodiments of
the invention. In the embodiment illustrated in Figure 4, memory device 200 is formed over, or
integrated with and disposed over, portions of a surface of a substrate 201 (e.g., asilicon substrate
or an SOI substrate). It is noted that relative directional terms used herein with regard to
embodiments of the invention are for purposes of description only, and do not limit the scope of

7
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the invention. Specifically, directional terms such as "over," "above," "under,” and the like are
used under the assumption that substrate 201 on which embodiments are formed is a"bottom™
element and istherefore "under" elements of the invention formed thereon.

In the embodiment illustrated in Figure 4, memory device 200 comprises amemory
element 112 disposed between electrodes 102, 118. Memory element 112 isanonvolatile
resistive memory element that includes variable resistance layer 206. In other embodiments,
memory device 200 further comprises an optional intermediate electrode and optional current
steering device 216 disposed between electrode 118 and variable resistance layer 206.

Electrodes 102, 118 are formed from conductive materials that have a desirable work
function tailored to the bandgap of the material making up variable resistance layer 206. In some
configurations, electrodes 102, 118 are formed from different materials so that electrodes 102,
118 have awork function that differs by adesired value, eg., 0.1 eV, 0.5 eV, 1.0 eV, etc. For
example, in one embodiment, electrode 102 is comprised of TiN, which has awork function of
4.5-4.6 eV, while electrode 118 can be n-type polysilicon, which has awork function of
approximately 4.1-4.15 eV. Other electrode materials suitable for use in electrode 102 and/or
electrode 118 include p-type polysilicon (4.9-5.3 €V), n-type polysilicon, transition metals,
transition metal alloys, transition metal nitrides, transition metal carbides, tungsten (4.5-4.6 eV),
tantalum nitride (4.7-4.8 eV), molybdenum oxide (-5.1 €V), molybdenum nitride (4.0-5.0 €V),
iridium (4.6-5.3 eV), iridium oxide (-4.2 €V), ruthenium (~4.7 eV), and ruthenium oxide (-5.0
eV). Other potentia electrode materials include atitanium/aluminum alloys (4.1-4.3 eV), nickel
(-5.0 eV), tungsten nitride (-4.3-5.0 €eV), tungsten oxide (5.5-5.7 eV), aluminum (4.2-4.3 eV),
copper or silicon-doped aluminum (4.1-4.4 eV), copper (-4.5 eV), hafnium carbide (4.8-4.9 eV),
hafnium nitride (4.7-4.8 V), niobium nitride (-4.95 eV), tantalum carbide (approximately 5.1
eV), tantalum silicon nitride (-4.4 €V), titanium (4.1-4.4 eV), vanadium carbide (-5.15 eV),
vanadium nitride (-5.15 eV), and zirconium nitride (-4.6 €V). In some embodiments, electrode
102 isametal, metal alloy, meta nitride or metal carbide formed from an element selected from a
group of materials consisting of titanium (Ti), tungsten (W), tantalum (Ta), cobalt (Co),
molybdenum (Mo), nickel (Ni), vanadium (V), hafnium (Hf) aluminum (Al), copper (Cu),
platinum (Pt), paladium (Pd), iridium (Ir), ruthenium (Ru), and combinations thereof. In one
example, electrode 102 comprises ametal alloy selected from the group of atitanium/aluminum
aloy (Ti,Aly), or asilicon-doped aluminum (AISi).

Variable resistance layer 206 comprises a dielectric materia that can be switched between
two or more stable resistive states. In some embodiments, variable resistance layer 206 has a
thickness of between about 10 and about 100 A . Numerous materials have been explored for
possible use in variable resistance layers for nonvolatile resistive memory devices, including
various oxides and all of the transition metals, i.e., hafnium (Hf), zirconium (Zr), titanium (Ti),

tantalum (Ta), and the like. In contrast to such materials, according to embodiments of the
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invention, variable resistance layer 206 includes a metal nitride, ametal oxide-nitride, atwo-metal
oxide-nitride, or amultilayer stack thereof, and can have advantageously low "set" voltage V o
and "reset”" voltage V o1~ For example, amemory device with avariable resistance layer 206
comprised of hafnium nitride (HfN,) has demonstrated better switching performance than a
substantially identical memory element in which variable resistance layer 206 is comprised of
hafnium oxide (HfO,).

Metal nitrides suitable for use as avariable resistance layer 206 include HfN,, ZrN, ,
SiN,, AINy, TiN,, VyNy (eg., V.N), NbN, (eg. Nb N, Nb,N5 NbN), WNy (e.g., WN,), among
others. Suitable metal nitrides can be deposited by reactive physical vapor deposition (PVD) and
chemical vapor deposition (CVD) processes known in the art. In some embodiments, an atomic
layer deposition (ALD) process may be used to deposit such metal nitrides.

Metal oxide-nitrides suitable for use asvariable resistance layer 206 include HfO,N,
ZrO,N,, A10, N, and TaO,N,, among others. Asused herein, the term "metal oxide-nitride"
refers to amaterial that is acombination 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 ways,
including an "interlayer deposition” ALD process; an "intralayer deposition” ALD process; the
combination of ametal oxide deposition, anitridization, and an anneal process; or the
combination of ametal nitride deposition, an oxidation, and an anneal process. These different
processes are described below in conjunction with Figures 6-12.

Two-metal oxide-nitrides suitable for use as variable resistance layer 206 have two
metallic or semi-metallic elements and include films such as: Hf,S,ON(, vy 5, ZI,Si;ON(, 4y 5,
Hf,Zr,O,N(, vy o, and HELALON(, , . ). Two-metal oxide-nitrides may be deposited with aco-
sputtering PV D process or by a series of ALD processes similar to that used for the deposition of
metal oxide-nitrides. Alternatively, two-metal oxide-nitrides may be deposited via an interlayer
deposition ALD process or an intralayer deposition ALD process. Such ALD processes are
described below in conjunction with Figures 6-12. Suitable metals for such two-metal oxide-
nitrides include hafnium (Hf), zirconium (Zr), aluminum (Al), tantalum (Ta), titanium (Ti),
vanadium (V), niobium (Nb), and tungsten (W) and suitable semi-metallic elements include
silicon (S).

Figure 5 sets forth aflowchart of method steps in aprocess sequence 500 for forming
memory device 200, according to one embodiment of the invention. Although the method steps
are described in conjunction with memory device 200 in Figure 4, persons skilled in the art will
understand that formation of other resistive switching memory devices using process sequence
500 iswithin the scope of the invention.

As shown, method 500 begins at step 502, in which electrode 118isformed on substrate
201. In one embodiment, electrode 118 is ahighly doped polysilicon layer that isformed on

9
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substrate 201 using aconventional CVD or ALD type polysilicon deposition technique. In one
embodiment, electrode 118 comprises polysilicon, and isbetween about 50 and about 5000 A
thick.

In step 504, variable resistance layer 206 is formed on electrode 118 using one or more
deposition processes. Embodiments of the invention include various methods of depositing
variable resistance layer 206, and depend in part on the specific composition of variable resistance
layer 206. Exemplary methods of depositing variable resistance layer 206 are described below in
conjunction with Figures 6-12.

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

In step 508, formed memory device 200 isthermally processed, e.g., via an anned
process. Temperature and duration of the anneal process is afunction of the configuration of
memory device 200 aswell asthe materials included in memory device 200. For example, in
some embodiments, the anneal process takes place a atemperature of greater than about 550 °C.
In other embodiments, the anneal process takes place at atemperature of greater than about 600
°C. Inyet other embodiments, the anneal process takes place & atemperature 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 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
without exceeding the scope of the invention. For example, athermal process may be performed
during or after multiple steps of method 500.

Asnoted above, variable resistance layer 206 may comprise ametal nitride, ametal
oxide-nitride, atwo-metal oxide-nitride, or amultilayer stack thereof. Various techniques can be
used to deposit metal nitrides, such asPVD, ALD, and CVD processes known in the art. On the
other hand, metal oxide-nitrides, two-metal oxide-nitrides, and multilayer stacks of metal oxide-
nitrides may be deposited according to various embodiments of the invention, including an
"interlayer deposition” process, described in conjunction with Figures 6-9; an "intralayer
deposition” process, described in conjunction with Figure 10; the combination of ametal oxide
deposition process, anitridization process, and an optional anneal process, described in
conjunction with Figures 11; or acombination of ametal nitride deposition process, an oxidation

process, and an optional anneal process, described in conjunction with Figures 12.
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Figure 6 sets forth a flowchart of method steps in aprocess sequence 600 for forming
variable resistance layer 206 using an "interlayer deposition” procedure, according to one
embodiment of the invention. In method 600, ametal oxide-nitride layer is formed by
sequentially interleaving different ALD processes in an "interlayer deposition” procedure, in
which metal oxide layers are interspersed with metal nitride layers, and then converted into a
substantially homogeneous layer by an anneal process. Although the method steps are described
in conjunction with memory device 200 in Figure 4, persons skilled in the art will understand that
formation of other variable resistance layers using process sequence 600 is within the scope of the
invention.

As shown, method 600 begins at step 601, in which ametal layer isformed on a suitably
prepared and activated surface, such asthe surface of electrode 118 after being hydroxylated. The
metal layer is formed by exposure of the prepared and activated surface of electrode 118to a
suitable precursor. For example, for the deposition of a hafnium (Hf) layer, precursors such as
tetrakis (dimethylamido) hafnium (Hf(NMe,),), tetrakis (ethylmethylamido) hafnium
(Hf(NMekEt) ,), and/or tetrakis (diethylamido) hafnium (Hf(NEt,),) may beused. In another
example, for the deposition of a zirconium (Zr) layer, tetrakis (dimethylamido) zirconium
(Zr(NMe,),), tetrakis (ethylmethylamido) zirconium (Zr(NMekEt) ,), and/or tetrakis (diethylamido)
zirconium (Zr(NEt,),) may beused. Generally, the metal layer formed in step 601is on the order
of one monolayer thick. In some embodiments, an optional purge process is performed e the
completion of step 601 to remove residual precursors from the ALD chamber.

In step 602, the metal layer deposited in step 601 undergoes an oxidation process to form
ameta oxide (Mo,) layer. For example, the metal layer is exposed to an oxygen source, such as
water vapor or ozone (0 5). In some embodiments, the oxidation process is carried out for atime
duration and at an oxygen concentration level that fully oxidizes the metal layer. In some
embodiments, an optional purge process is performed at the completion of step 602 to remove
residual oxygen-source gas from the ALD chamber.

In step 603, asecond metal layer is deposited on the metal oxide layer formed in step 602,
using the process described in step 601. In some embodiments, the second metal layer deposited
in step 603 has the same composition as the first metal layer deposited in step 601.

In step 604, the metal layer deposited in step 603 undergoes anitridization process to
form ametal nitride layer (Mn,). For example, the metal layer is exposed to areactive nitrogen-
containing gas, such asammonia (NHy). When exposed to the metal layer, nitrogen in the
reactive nitrogen-containing gas diffuses into the metal layer. In some embodiments, the
nitridization process is carried out for atime duration and a anitrogen concentration level that
fully nitiridizes the metal layer. In some embodiments, an optional purge process isperformed at
the completion of step 604 to remove residual reactive nitrogen-containing gas from the ALD
chamber.
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In step 605, the determination is made whether or not the desired thickness of variable
resistance layer 206 has been reached. Because an ALD process is used to deposit the metal
layers in method 600, each metal oxide and metal nitride layer is on the order of asingle
monolayer in thickness. Consequently, in order to form variable resistance layer 206 with a
suitable thickness, (e.g., 10to 100 A), multiple cycles of steps 601-604 are generally performed,
(e.g., 2to 20 or more). |f the requisite number metal layers have been deposited, method 600
proceeds to step 606. |f not, method 600 proceeds back to step 601

In step 606, the stack of alternating metal oxides and metal nitrides isthermally
processed, e.g., by the thermal processing in step 508 of method 500. The duration and
temperature of the thermal processing of step 606 depend on the specific metal and thickness of
variable resistance layer 206 formed in step 601-605. Upon completion of step 606, the stack of
alternating metal oxides and metal nitrides is converted to a substantially homogeneous layer of
metal oxide-nitride.

Figure 7A schematically illustrates a cross-sectional view of variable resistance layer 206
formed in steps 601-604 of method 600 prior to the thermal processing of step 606, according to
an embodiment of the invention. A s shown, variable resistance layer 206 includes ametal oxide
(MO,) layer 701 and ametal nitride (MN,) layer 702. According to different embodiments of the
invention, variable resistance layer 206 includes multiple alternating layers of metal oxide (MO,)
layer 701 and metal nitride (MN,) layer 702, where the metal contained therein may be any metal
suitable for use asvariable resistance layer 206 in memory device 200, including hafnium (Hf),
zirconium (Zr), aluminum (Al), tantalum (Ta), titanium (Ti), vanadium (V), niobium (Nb),
tungsten (W), and the like. For clarity, variable resistance layer 206 in Figure 7A only includes a
single metal oxide (MO,) layer 701 and asingle metal nitride (MN,) layer 702. In practice, the
number of alternating metal oxide (MO,) layers 701 and metal nitride (MN,) layers 702 can be on
the order of 2 to 20 or more, so that variable resistance layer 206 has the desired thickness for
proper operation of memory device 200. Also, in some embodiments, metal nitride (MN,) layer
702 is deposited first, followed by metal oxide (Mo,) layer 701.

Figure 7B schematically illustrates across-sectional view of variable resistance layer 206
formed after the thermal processing of step 606 in method 600, according to an embodiment of
the invention. Asshown, after such thermal processing, variable resistance layer 206 comprises a
substantially homogeneous metal oxide-nitride (MO,N,) layer 703, which is formed when metal
oxide layer (MO,) 701 and metal nitride (MN,) layer 702 are thermally annealed. Thus, in such
embodiments, variable resistance layer 206 comprises ametal oxide-nitride formed on electrode
118 by depositing alternating layers of metal oxide and metal nitride and then annealing the
alternating layers.

In some embodiments, method 600 can be used to form atwo-metal oxide-nitride. In
such embodiments, afirst metal oxide (M10,) layer is formed on adesired surface in steps 601
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and 602, and a second metal nitride (M20,) layer is formed in steps 603 and 604, where the first
metal and the second metal may be any metal suitable for use as variable resistance layer 206 in
memory device 200. The first metal oxide (M10,) layer and the second metal nitride (M20,)
layer are then combined in an anneal process to form a substantially homogeneous layer of atwo-
metal oxide-nitride material. In some embodiments, one of either the first metal or the second
metal is asemi-metallic element, such as silicon, so that after the anneal process in step 606, a
metal-silicon oxide-nitride layer isformed (e.g., Hf,S,ON, . ,).

Figure 8A schematically illustrates a cross-sectional view of variable resistance layer 206
formed in steps 601-604 of method 600 prior to the thermal processing of step 606, according to
an embodiment of the invention. Asshown, variable resistance layer 206 includes afirst metal
oxide (MI1OY) layer 801 and asecond metal nitride (M2Ny) layer 802. For clarity, variable
resistance layer 206 only includes asingle first metal oxide (M10,) layer 801 and a single second
metal nitride (M2Ny) layer 802, whereas in practice, the number of alternating first metal oxide
(Mloy) layers 801 and second metal nitride (M2N,) layers 802 can be on the order of 2 to 20 or
more, so that variable resistance layer 206 has the desired thickness for proper operation of
memory device 200. Also, in some embodiments, second metal nitride (M2N,) layer 802 is
deposited first, followed by first metal oxide (M10,) layer 801. Figure 8B schematically
illustrates a cross-sectional view of variable resistance layer 206 formed after the thermal
processing of step 606 in method 600, according to an embodiment of the invention. As shown,
after such thermal processing, variable resistance layer 206 comprises a substantially
homogeneous two-metal oxide-nitride (M I,M2,0,N(i_, , ., layer 803, which isformed when first
metal oxide layer (M10,) 801 and second metal nitride (M2N,) layer 802 are annealed. In an
exemplary embodiment, first metal oxide (M10,) layer 801 is ahafnium oxide (HfO,) layer,
second metal nitride (M2N,) layer 802 is asilicon nitride (SiN) layer, and two-metal oxide-nitride
(MI\M2,0,N, ., ) layer 803 is a substantially homogeneous layer of Hf, Si,O,N, ,, ..

It is noted that the inclusion of silicon in atwo-metal oxide-nitride in layer 803 can
improve the switching properties of variable resistance layer 206 by increasing the crystalline-
limit temperature of variable resistance layer 206. This isbecause the addition of silicon to
variable resistance layer 206 forms an amorphous nitride that isthermally metastable. In the case
of Hf,Si,O,N(i_, y,), the HfO, is ametallic bond and SiN is covalently bonded. The combination
of two amorphous nitrides, where one has ametallic bond and one has acovalent bond, provides a
relatively high crystallized temperature that is higher than the thermal budget for memory device
200. Therefore, in such embodiments, after therma annea occurs in the integration flow for
memory device 200, variable resistance layer 206 remains amorphous.

In some embodiments, the interlayer deposition procedure of method 600 can be used to
form amultilayer stack of materials for variable resistance layer 206. For example, the multilayer

stack may include ametal oxide or ametal nitride as afirst layer and ametal oxide-nitride as a
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second layer. In such embodiments, the first layer may be deposited using techniques currently
known in the art, such asALD, PVD, and CVD, while the second layer may be deposited using
method 600. In one embodiment, an ALD process isused to deposit afirst layer of metal oxide or
metal nitride, then, as a continuation of the ALD process in the same chamber, the interlayer
deposition procedure of method 600 is performed to form the metal oxide-nitride layer on the first
layer. In an alternative embodiment, the interlayer deposition procedure of method 600 is used to
form the metal oxide-nitride layer as afirst layer in variable resistance layer 206 and a subsequent
ALD process is performed in the same ALD chamber to form ametal oxide or ametal nitride as a
second layer in variable resistance layer 206. In yet another embodiment, the multilayer stack of
materials for variable resistance layer 206 may include atwo-metal oxide-nitride as one layer and
ametal oxide or metal nitride as a second layer. For example, atwo-metal oxide-nitride layer
similar to two-metal oxide-nitride (M I ,M2,0O,N i, , .)) layer 803, as shown in Figure 8B, may be
formed as described above as afirst layer of amultilayer stack, and ametal oxide or metal nitride
layer similar to metal oxide layer (MO,) 701 or metal nitride (MN,) layer 702, as shown in Figure
7, may be formed as a second layer of amultilayer stack. Each layer of such multilayer stacks
may beformed by aplurality of ALD deposition cycles, (e.g., 2 to 20 or more).

Figure 9A schematically illustrates a cross-sectional view of variable resistance layer 206
comprising amultilayer stack having afirst layer 901 and a second layer 902, prior to athermal
processing step, according to an embodiment of the invention. First layer 901isameta oxide
(MO,) or metal nitride (MNXx) layer and second layer 902 is ametal oxide-nitride layer. First
layer 901 may be asingle layer of metal oxide or metal nitride deposited by various techniques
known in the art. As shown, second layer 902 includes aplurality of alternating layers, i.e., metal
oxide layer (MO,) 701and metal nitride (MN,) layer 702, formed as described above in
conjunction with Figures 6 and 7. Figure 9B schematically illustrates a cross-sectional view of
variable resistance layer 206 formed after athermal processing of step, such as step 606 in
method 600, according to an embodiment of the invention. As shown, after such thermal
processing, second layer 902 comprises a substantially homogeneous layer that is substantially
similar to metal oxide-nitride (MO,N,) layer 703, which is formed when metal oxide (MO,)
layers 701 and metal nitride (MN,) layers 702 are annealed. Thus, in such embodiments, variable
resistance layer 206 comprises a multilayer stack of materials, which can have advantageous
properties when used as aresistive switching material. For example, in some embodiments, each
layer in amultilayer stack can advantageously have different functions. Specifically, one layer or
more layers of the multilayer stack can act asthe variable resistance layer while other layers of
the multilayer stack can assist the variable resistance layer portion of the multilayer stack in
performing the switching function. This assistance can be in the form of acting as a current
limiter layer or providing adoping source for the variable resistance layer portion of the
multilayer stack.
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In some embodiments, variable resistance layer 206 is formed by sequentially
interleaving different ALD processes in an "intralayer deposition” procedure to deposit asingle
layer of metal oxide-nitride or other desired nitride-containing material as part of variable
resistance layer 206. The sequence of different ALD processes isrepeated until the desired
thickness of the nitride-containing material is achieved.

Figure 10 sets forth a flowchart of method steps in aprocess sequence 1000 for forming
variable resistance layer 206 using an intralayer deposition procedure, according to embodiments
of the invention. It isnoted that in method 1000, asingle layer of material isformed via a series
of different ALD processes, whereas in the intralayer deposition procedure of method 600, two
different material layers are formed that are subsequently annealed to form a substantially
uniform material layer. Although the method steps are described in conjunction with memory
device 200 in Figure 4, persons skilled in the art will understand that formation of other variable
resistance layers using process sequence 1000 iswithin the scope of the invention.

As shown, method 1000 begins at step 1001, in which ametal layer isformed on a
suitably prepared and activated surface, such asthe surface of electrode 118 after being
hydroxylated. The ALD meta layer deposition in step 1001 may be substantially similar to that
in step 601, described above in method 600, and forms ameta layer formed that is on the order of
one monolayer thick.

In step 1002, the metal layer deposited in step 1001 undergoes an oxidation process to
form ametal oxide (Mo,) layer. The oxidation process of step 1002 may be substantially similar
tothat described in step 602 of method 600, except that the oxidation process of step 1002 isnot
designed to fully oxidize the metal layer. Instead, step 1003 begins before the metal layer can be
completely oxidized. In this way, the deposited metal oxide (Mo,) layer can include a
combination of metal oxide and metal nitride.

In step 1003, the partialy oxidized metal layer is exposed to areactive nitrogen-
containing gas, such asammonia. It isnoted that step 1003 begins only a short time after the
initiation of step 1002, so that the metal layer can benitridized aswell as oxidized. Depending on
the particular metal layer deposited in step 1001, aswell asthe particular oxygen source and
nitrogen source being used in steps 1002 and 1003, the relative rates of the oxidation and
nitridization processes can be controlled by adjusting the concentration of the oxygen source and
the nitrogen-containing gas. Inthisway ametal layer isformed that includes a combination of
metal oxide (MO,) and metal nitride (MNy, i.e., ametal oxide-nitride layer. In some
embodiments, a the conclusion of step 1003 an optiona purge process isperformed to remove
residual oxygen-source gas and nitrogen-containing gas from the ALD chamber. It is noted that
in some embodiments of method 1000, the nitridization process in step 1003 can beinitiated
before the oxidation process in step 1002.
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In step 1004, the determination is made whether or not the desired thickness of variable
resistance layer 206 has been reached. Because an ALD process isused to deposit ametal oxide-
nitride layer in method 1000, each metal oxide-nitride layer is on the order of asingle monolayer
in thickness. Consequently, in order to form variable resistance layer 206 with a suitable
thickness, (e.g., 10to about 100 A), alarge number of cycles of steps 1001-1003 are generally
performed (e.g., 2to 20 or more). If the requisite number metal layers have been deposited,
method 1000 ends. If not, method 1000 proceeds back to step 1001.

In some embodiments, the intralayer deposition procedure of method 1000 may be used
to deposit atwo-metal oxide-nitride. In such embodiments, in step 1001, a second metal layer is
formed on the first metal layer using a second ALD process. For example, ahafnium layer is
deposited using any technically feasible ALD process known in the art, then a silicon layer is
deposited on the hafnium layer using any ALD process known in the art. Together, the oxidation
process of step 1002 and the nitridization process of step 1003 form ahafnium silicon oxide-
nitride (Hf,S,ON i, ) layer.

In some embodiments, the intralayer deposition procedure of method 1000 can be used to
form amultilayer stack of materials for variable resistance layer 206. For example, the multilayer
stack may include ametal oxide or ametal nitride as afirst layer and ametal oxide-nitride or two-
metal oxide-nitride as a second layer. In such embodiments, the first layer may be deposited
using techniques currently known in the art, such as ALD, PVD, and CVD, while the second layer
may be deposited using method 1000. For example, in one embodiment, an ALD process is used
to deposit afirst layer of metal oxide or metal nitride, then, as a continuation of the ALD process
in the same chamber, the intralayer deposition procedure of method 1000 is performed to form the
metal oxide-nitride layer or two-metal oxide-nitride on the first layer. Each layer in the multilayer
stack may be formed by aplurality of ALD deposition cycles (e.g., 2 to 20 or more).

In an aternative embodiment, the intralayer deposition procedure of method 1000 is
performed to form the metal oxide-nitride layer as afirst layer in variable resistance layer 206 and
a subsequent ALD process isperformed in the same ALD chamber to form ametal oxide or a
metal nitride as a second layer in variable resistance layer 206. In yet another embodiment, the
multilayer stack of materials for variable resistance layer 206 may include atwo-metal oxide-
nitride as one layer and ametal oxide or metal nitride as a second layer, where the two-meta
oxide-nitride layer isformed using method 1000 and the metal oxide or metal nitride layer is
formed using a standard ALD or other known deposition process.

In some embodiments, variable resistance layer 206 is formed by the combination of a
metal nitride deposition process, an oxidation process, and an optional anneal process. One such
embodiment is described below in conjunction with Figure 11.

Figure 11 sets forth aflowchart of method steps in aprocess sequence 1100 for forming

variable resistance layer 206, according to an embodiment of the invention. Although the method
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steps are described in conjunction with memory device 200 in Figure 4, persons skilled in the art
will understand that formation of other variable resistance layers using process sequence 1100is
within the scope of the invention.

As shown, method 1100 begins at step 1101, in which ametal nitride layer is deposited
on adesired surface, such asthe surface of electrode 118 in Figure 4. The metal nitride layer may
comprise any metal nitride suitable for use in variable resistance layer 206, including HfN, ZrN,
SiN, AIN, TiN,, VyNy, NbN, , and WN,, among others. Deposition of the metal nitride layer
may be accomplished using any suitable deposition method known in the art, including reactive
PVD, CVD, and ALD. In some embodiments, the metal nitride layer is deposited as a single
layer using PVD or CVD processes, and in other embodiments, the metal layer is deposited using
multiple cycles of an ALD metal layer deposition process substantially similar to that described in
step 601 of method 600.

In step 1102, the metal nitride layer formed in step 1102 undergoes an oxidation process
to form ametal oxide-nitride. Suitable oxidation processes include thermal oxidation in an oxide
furnace, rapid thermal oxidation (RTO), and oxygen plasma treatment. Process parameters of the
oxidation process of step 1103 may be selected based on the composition and thickness of the
metal layer deposited in step 1101.

In an optional step 1103, athermal anneal process is used to form a substantially
homogeneous metal oxide-nitride layer. Temperature and duration of the anneal process is a
function of the materials and thickness of variable resistance layer 206. In some embodiments,
the thermal anneal process takes place immediately after step 1102. In other embodiments, the
thermal anneal process in step 1103 takes place later in the fabrication of memory device 200,
such as during the thermal processing described in step 508 of method 500.

In some embodiments, variable resistance layer 206 is formed by the combination of a
metal oxide deposition process, anitridization process, and an optional anneal process. One such
embodiment is described below in conjunction with Figure 12.

Figure 12 sets forth a flowchart of method steps in aprocess sequence 1200 for forming
variable resistance layer 206, according to an embodiment of the invention. Although the method
steps are described in conjunction with memory device 200 in Figure 4, persons skilled in the art
will understand that formation of other variable resistance layers using process sequence 1200 is
within the scope of the invention.

As shown, method 1200 begins at step 1201, in which ametal oxide layer is deposited on
adesired surface, such asthe surface of electrode 118 in Figure 4. The metal layer may comprise
any metal oxide suitable for use in variable resistance layer 206, including HfO, ZrO, SIO, and
AlO. Deposition of the metal oxide layer may be accomplished using any suitable deposition
method known in the art, including PVvD, CVD, and ALD processes.
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In step 1202, the metal oxide layer deposited in step 1201 undergoes anitridization
process to form ametal oxide-nitride. Suitable nitridization processes include decoupled plasma
nitridation (DPN) and rapid thermal nitridization (RTN). Process parameters of the nitridization
process of step 1202 may be selected based on the composition and thickness of the metal oxide
layer deposited in step 1201.

In step 1203, an optional thermal anneal process isused to form a substantially
homogeneous metal oxide-nitride layer. Temperature and duration of the anneal process is a
function of the materials and thickness of variable resistance layer 206. In some embodiments,
the thermal anneal process takes place immediately after step 1202. In other embodiments, the
thermal anneal process in step 1203 takes place later in the fabrication of memory device 200,
such as during the thermal processing described in step 508 of method 500.

While embodiments of the invention are described herein in terms of resistive switching
memory elements that are used to form memory arrays, embodiments of the present invention can
be applied to other resistive memory devices without deviating from the basic scope of the
invention described herein.

In sum, embodiments of the invention provide anonvolatile resistive memory element
with anovel variable resistance layer comprising ameta nitride, ametal oxide-nitride, atwo-
metal oxide-nitride, or combinations thereof. One advantage of the present invention isthat the
use of metal nitrides and/or metal oxide-nitrides as avariable resistance layer can provide low
programming and erase voltage and current. Another advantage isthat the present invention
provides alarge number of additional materials that can beused as avariable resistance layer,
each additional material having its own physical characteristics, e.g., work function, crystalline
limit temperature, resistivity, and the like. Consequently, materials for variable resistance layers
can be more readily selected that are suitable for integration into a specific device. In addition,
desired film characteristics of avariable resistance layer can betuned as desired by varying
process parameters during the deposition of the variable resistance layer and/or by varying the
composition of the switching layer, (e.g., by using amulti-metal film stack, by using amultilayer
film stack, or by changing the order of layers disposed in such a stack).

While the foregoing is directed to embodiments of the present invention, other and further
embodiments of the invention may be devised without departing from the basic scope thereof, and

the scope thereof is determined by the claims that follow.
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W eclaim:
1. A nonvolatile memory element, comprising:

afirst layer operable as an electrode layer;

a second layer operable as an electrode layer; and

athird layer operable as avariable resistance layer disposed between the first layer and
the second,

wherein the third layer comprises ametal nitride layer, ametal oxide-nitride layer, atwo-
metal oxide-nitride layer, or acombination thereof, and

wherein the metal is selected from the group of chemica elements consisting of hafnium
(Hf), zirconium (Zr), tantalum (Ta), titanium (Ti), vanadium (V), niobium (Nb), tungsten (W),

and silicon (Si).

2. The nonvolatile memory element of claim 1, wherein the third layer comprises amultilayer

stack.

3. The nonvolatile memory element of claim 2, wherein the multilayer stack comprises ametal

oxide-nitride layer.

4. The nonvolatile memory element of claim 1, wherein the two-metal oxide-nitride layer

comprises silicon and ancother metallic chemical element.

5. The nonvolatile memory element of claim 1, wherein the third layer comprises alayer of at
least one material selected from the group consisting of HfN,, ZrN,, SiN,, AINy, HFON,, ZrO,N,,
A10,Ny, TaONy, Hf, S, ON | ¢ o, Z1,S,ON 4y o, HR,ZI,ON and Hf, Al,O,N

(1%32)? (1%

6. The nonvolatile memory element of claim 1, wherein the third layer has athickness that is

between about 10 and 100 angstroms (A).

7. A method of forming anonvolatile memory element, the method comprising:

forming afirst layer, wherein the first layer is operable as an electrode;

depositing a second layer comprising ametal layer above the first layer using an atomic
layer deposition (ALD) process;

oxidizing the metal layer of the second layer by heating the metal layer while exposing
the metal layer to an oxygen-containing gas,

depositing athird layer comprising ametal layer above the oxidized second layer using an

ALD process,
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diffusing nitrogen into the metal layer of the third layer by exposing the metal layer of the
third layer to anitrogen-containing gas; and
forming afourth layer operable as an eectrode, so that the second layer and the third

layer are disposed between the first layer and the fourth layer.

8. The method of claim 7, wherein oxidizing the metal layer of the second layer comprises fully

oxidizing the metal layer.

9. The method of claim 7, wherein diffusing nitrogen into the metal layer of the third layer
comprises fully nitridizing the metal layer of the third layer.

10. The method of claim 7, further comprising performing athermal anneal process to form a
substantially homogeneous material from the oxidized metal layer of the second layer and the

nitridized metal layer of the third layer.

11. The method of claim 7, wherein the metal layer of the second layer and the metal of the third

layer comprise different metallic chemical elements.

12. The method of claim 11, wherein one of the second layer and the third layer comprises

silicon.

13. The method of claim 11, wherein the second layer and the third layer each comprise at least
one of the chemical e ements selected from the group of elements consisting of hafnium (Hf),
zirconium (Zr), aluminum (Al), tantalum (T4a) titanium (Ti), vanadium (V), niobium (Nb), and

tungsten (W).

14. A method of forming anonvolatile memory element, the method comprising:

forming afirst layer operable as an first electrode layer;

depositing a second layer comprising ametal layer above the first layer using an ALD
process,

oxidizing the metal layer of the second layer by heating the metal layer while exposing
the metal layer to an oxygen-containing gas,

diffusing nitrogen into the metal layer of the second layer by exposing the metal layer to a
reactive nitrogen-containing gas; and

forming athird layer operable as a an electrode layer, so that the metal layer of the second
layer is disposed between the first layer and the third layer.
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15. The method of claim 14, wherein exposing the metal layer of the second layer to areactive
nitrogen-containing gas is performed concurrently with exposing the metal layer to an oxygen-

containing gas.

16. The method of claim 14, further comprising depositing afourth layer comprising a metal
layer above the second layer and between the first and third layers, wherein the fourth layer is
deposited using an ALD process. [0073] [0074]

17. The method of claim 16, wherein the step of depositing the metal layer of the fourth layer
above the second layer isperformed prior tothe step of oxidizing the metal layer of the second
layer and prior to the step of diffusing nitrogen into the metal layer of the second layer.

18. The method of claim 16, wherein the step of depositing the metal layer of the fourth layer
above the second layer isperformed after the step of oxidizing the metal layer of the second layer
and after the step of diffusing nitrogen into the metal layer of the second layer, and wherein the
metal layer of the fourth layer comprises a different chemical element than the metal layer of the

second layer.

19. The method of claim 18, further comprising diffusing nitrogen into the metal layer of the

fourth layer by exposing the metal layer of the fourth layer to areactive nitrogen-containing gas.

20. A method of forming anonvolatile memory element, the method comprising:
forming afirst layer operable as an electrode;
depositing a second layer comprising ametal oxide layer above the first layer;
performing anitridization process on the metal oxide layer of the second layer to form a
metal oxide-nitride layer; and
forming athird layer operable as an electrode layer, so that the metal oxide-nitride nitride

layer of the second layer is disposed between the first layer and the third layer.
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