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(57) Abstract: A nonvolatile memory cell includes a volatile selector electrically coupled in series with a nonvolatile memory
device. The nonvolatile memory device includes a switching oxide or switching nitride sandwiched between a first bottom electrode
and a first top electrode. The volatile selector includes a selector oxide matrix sandwiched between a second bottom electrode and a
second top electrode. The selector oxide matrix may be composed of either copper oxide, silicon dioxide, or a mixture of copper ox-
ide and silicon dioxide. One or both of the second bottom electrode and the second top electrode may be composed of silver. A
memory array including a plurality of the nonvolatile memory cells is also disclosed, as is a method for manufacturing the array.
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NON-VOLATILE RESISTANCE MEMORY DEVICES
INCLUDING AVOLATILE SELECTOR

BACKGRQOUND

{00013 Non-volatite memory is computer memory that can store infor-
mation even when not powered. Types of non-volallle memory may include re-
sistive RAM {random access memory) (RRAM or ReRAM), phase change RAM
(PCRAM), conductive bridge RAM (CBRAM), ferroelectric RAM (F-RAM), etc.

10002] Resistance memaory glements, such as resistive RAM, or ReRAM,
can be programmed {o different resistance stales by applying programming en-
ergy. Affer programming, the state of the resistive memory elements can be
read and remains stable over a specified time period. Large arrays of resistive
memory elements can be used to create a variety of resistive memory devices,
including non-volatile solid state memory, programmable logic, signal pro-
cessing, controf systems, pattern recognition devices, and other applications.
Examples of resistive memory devices include valence change memary and
electrochemical metallization memory, both of which involve ionic motion during

electrical switching and belong to the category of memristors.

100031 Memrisiors are devices that can be programmed o different resis-
tive stales by applying a programming energy, for example, a voltage or current

pulse. This energy generates a combination of electric fisld and thermal effects
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that can modulate the conductivity of both non-volatile switch and non-lingar se-
fect funclions in a memristive slement. Afler programming, the stale of the

memyristor can be read and remains stable over a specified time period.

BRIEF DESCRIPTION OF THE DRAWINGS

(0004} FIGS. 1A~1B depict, in perspeclive, a memristor crosshar and a

selector-memristor crossbar, respectively, according to an example.

[0005] FIG. 2 depicis a half V scheme with selector, according o an ex-
ample.
100083 FIG. 3 is a cross-sectional view, depicting a device struciure for a

selector, according to an example.

0007} FIG. 4 is a cross-sectional view, depicting another device struc-

tre, according o an example.

{00083 FIGS. 5A-5D, in cross-sectional view, depict a process for fabricat

ing the device structure of FIG. 4, according o an example.

(0009 FIG. 8, in cross-sectional view, lliustrates a nonvolatile memory
cell that may include a volalile selector elechrically coupled in series with a non-

volatile resistance memory device, according to an example.

{0010} FIG. 7 depicts a method of manufacturing a memaory array with
nonvolatile resistance memory devices and volatile selectors, according to an

exampile.

(00113 FIGS. 8A-8B show the |-V results for a selecior having a Cuz0 se-
lector oxide matrix sandwiched between a TIN boltom electrode and an Ag-con-

taining top electrode, according to an example.
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DETAILED DESCRIPTION

(0012] Memrisiors are nano-scale devices that may be used as a compo-
nent in a wide range of electronic circuits, such as memories, swilches, radio
frequency circuits, and logic circuils and systems. In a memory struciure, a
crossbar aray of memristor devices may be used. When used as a basis for
memories, memristors may be used to store bits of information, 1 or . When
used as a logic circuil, a mamristor may be employed as configuration bits and
swilches in a logic circuit that resembles a Field Programmable Gate Array, or
may be the basis for a wired-logic Programmable Logic Array. t is also possible
to use memristors capable of multi-stale or analog behavior for these and other
applications. While specific examples to memristors are provided herein, itis
appreciated that many other types of non-volatile memory may beneficially em-
ploy the teachings herein. Examples of such other types of non-volatile memory
may include resistive RAM (random access memory} {(RRAM or ReRAM), phase
change RAM (FCRAM), conductive bridge RAM (CBRAM), ferrcelectric RAM
(F-RAM), stc.

[0013] The resistance of a memristor may be changed by applying a volt-
age across or a currant through the memrisior, Generally, at least one channel
may be formead that is capable of being switched between two states—ons in
which the channel forms an electrically conductive path ("ON”} and one in which
the channel forms a less conductive path ("OFF”). In some cases, conducting
channels may be formed by metal ions and/or oxygen vacancies. Some
mermristors exhibit bipolar switching, where applying a voltage of one polarity
may swilch the state of the memristor and where applying a voliage of the oppo-
site polarity may switch back to the original state. Alternatively, memristors may
exhibit unipolar switching, where switching is performed, for exampls, by apply-

ing different vollages of the same polarity.

[0014] Using menwistors in crossbar arrays may lead to read and/or write

failure due o sneak currents passing through the cells that are not selected, for
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example, cells on the same row or column as a targsted cell. Failure may arise
when there is insufficient current through the targeted memristor due to current
sneaking through untargeted neighboring cells. As a result, effort has been
spent on minimizing sneak currents. Using a transistor with each memristor has
been proposed {0 isolate sach ¢ell and overcome the sneak current. However,
using a transistor with each memyristor in a crossbar array limits array density
and increases cost, which may impact the commercialization of memristor de-

vices.

(00157 When used as a switch, the memiristor may either be in a low re-
sistance (ON) or high resistance (OFF) state in a crosspoint memory. During the
last few vears, researchers have made great progress in finding ways e maks
the switching function of these memyristors behave efficiently. For example, fan-
talum oxide (TaO)-based memyristors have been demonstrated to have superior
endurance over other nano-scale devices capable of elecironic swiiching. In lab
settings, tantalum oxide-based menwistors are capable of over 10 billion switch-

ing cycles.

[0016] A memristor may use a swilching material, such as TiOy, HfOx or
TaOy, sandwiched between two electrodes. Memristive behavior is achieved by
the movement of ionic species (2.g., oxygen ions or vacancies) within the
switching material to create localized changes in conductivity via modulation of
a condugctive filament between two elecirodes, which resulis in a low resistance
“ON” state, a high resistance “OFF” state, or intermediate stales. Inltially, when
the memristor is first fabricated, the eniire swilching material may be noncon-
duclive. As such, a forming process may be required o form the conductive
channel in the switching material between the two electrodes. A known forming
process, often called “eleciroforming”, includes applying a sufficiently high
(threshold) voltage across the electrodes Tor a sufficient length of time to cause
a nucleation and formation of a localized conductive channel {or active region}
in the switching material. The threshold vollage and the length of time required

for the forming process may depend upon the type of material used for the
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switching material, the first elecirode, and the second elecirods, and the device

geometry.

[0017] Metal or semiconductor oxides may be employed in memristive
devices; examplas include sither transition metal oxides, such as tantalum ox-
ide, titanium oxide, yitrium oxide, hafnium oxide, niobium oxide, zirconium ox-
ide, or other Hike oxides, or non-transition metal oxides, such as aluminum ox-
ide, calcium oxide, magnesium oxide, dysprosium oxide, lanthanum oxide, sili-
con dioxide, or cther like oxides. Further examples include transition metal ni-
iriddes, such as aluminum nitride, gallium nitride, tantalum nitride, and silicon ni-
fride.

0018} TaOy and HfO« based memrisiors have demonsirated the most
promising results. However, both of these oxide syslems have a linear current-
voltage relation in the ON state, which is not desired due o the sneak path cur-
rent issue, described above. For applications in high density crossbar arrays, a
nonlinear selector may be in series with each memristor to form a 151R {one
selector - one resistor) struciure. A bipolar nonlinear selector {0 suppress the
sneak current in the crosshar array has been fabricated using a simple metal-
oxide-metal structure realized by the Schottky emission over the metal/oxide
barriers or other method. Many materials ¢an be used for the oxide {e.g., V02,
Ti02, NbQq, etc.). The metal for the botiom electrode and the top elecirode can
be TiN, TaN, afc. For illustration example, both TaN/NbQ,/TaN and

TaN/TaO/TaN have shown good performance.

(00191 However for practical applications, the selectors presently under
development may not be able {o meet the requirement for both high nonlinearity
{(>1000), low leakage current {less than 1 nA at below threshold voltage), and
high current density requirement at above threshold voltage {on the order of 109
Ajem?®). As used herein, “high nonlinearity” is based on a comparison of the cur-
rent density level at two different volfages, here, V and V/2. The ratio of the two
current densities should be at least 107 to be considered nonlinear. In some

cases, the ratio may approach or even exceed 10° for improved nonlinearity.
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fo2}

{00201 Herein, a new type of selector is described, which can satisfy both
requirements of high nonlinearity and be able o conduct current at a level of a

few tens of yA for a nano device size such as 30 nm x 30 nm, or have a current
density of at least 10°% A/fcm?. The new selector may enable the final production

of memristors for large crossbar applications.

(0021} In accordance with the teachings herein, a volalile, nonlinear se-
fector may be made with a matrix oxide {s.g., CuaO or SiO; or a CupO-Si0 mix-
ture) and at least one of two electrodes based on a cation metal, such as Ag. By

N
[T SN
2

ERE IR Rt U 1

“volatile”, in reference 1o memory, is meant compuier memory {

By “fast-diffusing” is
meant that the rate of diffusion shouid be faster than the rale of diffusion of oxy-
gen vacanaies in a memrisior oxide {or nitrogen vacancies in a memristor ni-
tride). Spedifically, interstitial diffusion is much fast than substitutional diffusion.
Fast diffusion is a relative term which can be originated from diffusion of impuri-
fies in Si. There are two main lattice point defects: inlerstitial and substitutional.
Interstitial diffusion has a lower activation energy, and a higher jump frequency
{neighboring interstitial sites are always vacant). Substitutional diffusion has a
higher activation energy, and a lower jump frequency (neighboring substitutionat

site may not be vacant). Cu, Ag, and Au are some examples of fast diffusers.

100223 In some examples, fast ions, e.g., sibver, and the malrix oxide
{(Cup( or Si0z or Cua(G-Si0: mixture) may have phase equilibrium and no mu-
tual solubility. This can be seen from the phase diagrams involved (not shown).
For example, from an inspeaction of the ternary phase diagrams Ag-Cu-0 {and
Ag-Si-0O, and Cu-Si-0), Ag-CuO, is seen to be in sguillibrium {(co-exist without
chemical reaction or atomic inferaction). No mutual solubility means Ag wili not
be dissolved in CuOy and CuO« will not be dissolved in Ag (i.e., not form a solid

solution}. This can be due o the heat of mixing being positive.
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[0023] The selector may be configured in series with a nonvolatile ele-
ment, such as a memristor. The term “in series” means that the components are
electrically connected along a single path so that the same current flows
through all of the components. While the components may be in serigs, they
may or may not be in direct contact with one another, and the order of the com-

ponents may vary.

[0024] In an exampile, the nonvolatile element may be lingar, or, if non-
finesar, then only slightly. The selector formed with the materials mentioned (fast-
diffusing cation metal particles) evidences high nonlinearity and volatile charac-
terizations. The terms “linear” and “non-lingar” refer {0 the nature of the current-
voltage (1-V) curve; that is, whether the curve is linear or non-linear, respec-
tively. As used in the present specification and in the appended claims, the ferm
“‘nonlinear” may refer (o a property of the selecior or memyristor wherein a
change in voliage applied across the selector or memvristor resuits in a dispro-
portionate change in current flowing through the selector or memrisior, respec-

tively.

[0025] The sneak-path issue is inherent for crossbar architectures, re-
gardless of the memory slement emploved. FIG. 1A depicts a crossbar 100 con-
taining a plurality of memory elements 102. Each memory element 102 may in-
clude a switching oxide sandwiched between a bottom elecirode and a top slec-
trode {not visible in FIG. 1, but depicted in FIG. 4). Each memory element 102 is
sandwiched betwesn a bollom slectrically conducting trace 108 and a top slec-
frically conducting frace 108, The crossbar 100 Is made of a lower layer 110 of
electrically conducting traces formed by a plurality of bottom conducting fraces
106 and an upper layer 112 of electrically conducting traces formed by a plural-
ity of top conducting fraces 108, with the memory element 102 at each
crosspoint 114 formed by a botiom trace 106 and a top frace 108, The botlom
conductive fraces 106 may be referred {0 as row, or bit, lings, while the top con-
duclive traces 108 may be referred {0 as column, or word, lings. However, itis
immaterial whether the row (bit) lines are above or below the column {word)

lines.
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[0026] FIG. 1A depicts the situation thal while trying to read the high re-
sistive slement 1023, a current sneak path exisls due 10 three low resistive sle-
menis 102b. The thin ling 116 with arrow head shows the desired current path.

The dashed line 118 with arrow head shows a sneak path current path,

10027} The solution, lustrated in FIG. 18, may be to increase the nonlin-
earity or asymmetry of the -V characteristic of the memrisior elements 102,
which may ensure that the memvristor, or other nonlinear memory device, can be
used in farge crossbar arrays 1580, Increasing the nonlinearity of the memristor
cells 102 may resull in reduction or even slimination of the sneak path current
path 118. As noted above, a nonlingar, nonvolatile memristor cell 102" may in-
clude a selector 300 {discussed below in connection with FIG. 3) and a memis-
tor element 102. The selector 300 may be nonlinear and volatile; the memristor
102 may be linear and nonvoiatile. While these are the ideal states of the selec-
tor 300 and memvristor 102, respectively, it is understood that there may be
slight variations from the ideal state. In any event, the netintent is to provide a

memory call 102" that is both nonlinear and nonvolatile.

(00281 The selector 300 may be used 1o mitigate the sneak path current
issue by suppressing the total current passing through the non-selectad devices
in the array at the given voltage. Nonlinearily may depend on the operating volt-
age range, which in turn depends on the materials used and struciurs of the de-
vice stack {memristor plus selector). For memisiors having a certain operating
voltage, there may be a need 1o tune the threshold of selector 300, such as by
adjusting the species, film thickness, concentration, etc., as desocribed in greater

detail below,

(00291 The concept for a selector associated with the popular reading
scheme is shown in FIG. 2. The selected high resistance cell is denoted 102'a
and the cells having low resistance are denoted 162°b. The low resistance celis
102'b are in the same row or column as the selected call 102'a. s the low re-
sistance cells 102'b that may support sneak path currenis. V is the applied volt-

age, V/Z is half voltage, and G is ground.
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{00301 The selector 300, shown in FIG. 3, may includs a bottom elecirode
362, a top slectrode 304, and a selector oxide matrix 306 disposed between the
two elecirodes. The boltom elecirode 302 and top electrode 304 may be sym-
mefrical or asymmeltrical. If symmetrical, both glectrodes 302 and 304 may be
made of the same metal, here, silver (Ag). If asymmetrical, one of the two slec-
trodes 302, 304 may be silver and the other of the two electrodes may be, but
not limited o, aluminum (A, platinum (P, lungsten (W), gold (Au), titanium
(T1), ruthenium dioxide (RuQy), titanium nitride (TiN), tungsten nitride (WN3),
tantalum (Ta)hafnium nitride (HIN), niobium nitride {(NbN), fantalum nitride
{TaN}, and the like. The thickness of the electrodes 302, 304 may be in the
range of 0.3 o 20 nm. In some examples, the minimum thickness may be 0.6

RTEE

0031} The selector oxide malrix 306 may be copper oxide or silicon diox-
ide or a mixture of copper oxide and silicon dicoxide. in particular, the copper 0x-
ide may be CuzC. The mixture of Cuz0 and Si0Oz may be a two-phase mixture.
The thickness of the dielectric layer 310 may range from about 3 1o 100 nm.
Other dieleciric oxides that may be used in place of {or in conjunction with) Si0O;
to lower leakage current may include CrQs, HIO,, MoQs, NIQ, Taz0s, VaOs,
YoOs, and ZrQe, for example. The dielectric oxide, if used, may be a good insu-
lator (lo lower leakage current) and be In equilibrium with Ag and Cuz0 (notre-

active with either).

100323 FIG. 4 is a cross-sectional view of an example selector 300,
showing a particular implementation useful in a commercial device. FIGS. 5A-
50, described in greater detall below, illustrate a process for manufacturing the

selector shown in FIG. 4.

[0033] A tungsten (W) layer 402 may be formed on a substrate (not
shown). The W layer 402 may provide slectrical conductivity. Examples of other
slactrically conductive lavers that may be used in place of (or in conjunction

with} may include Al Cu, Ni, Mo, Pd, P{, Ta, Ti, Ag, and Au and their alicys. The
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elecirically conductive layer 402 may be about 100 to 500 nm thick. In an exam-

ple, the conductive layer 402 may be about 300 nm thick.

[0034] Alayer 404 of silicon nitride {SiaN4) may be formed on the tung-
sten layer 402, The BisNa4 laver 4G4 may be about 5 to 30 nm thick. In an exam-

ple, the SisNg layer 404 may be about 15 nm thick.

[0035] Alayer 406 of silicon dioxide (51Q2) may be formed on the silicon
nitride laver 404. The Si0; layver 408 may be aboutl 50 {0 300 nm thick. In an ex-
ample, the Si0; layer 408 may be about 100 nm thick.

100386} A via may be formed and filled with a plug of titanium nitride {TiN)
302. The TIN plug 302 may form the boltom electrode for the selector 300°. The
thin SisNg is o provide some etoh seleciivity for W. The thick S3i0: is the bulk di-
electric. Using TiN as the bottom electrode 302 may provide an asymmeiric or
unipolar selector 300, Alternatively, the boltom electrode 302 can be Agfora
symmetric or bipolar selector 300, Other electrically conducting materials, such

as Pt may be used to form an asymmetric selector 300,

{0037} The selector oxide malrix 306 is formed on the BIO) laver 406 and
in physical and electrical communication with the TiN plug 302, The thickness of
the selector oxide matrix 306 may be in the range of 2 10 50 nm. In an example,

the thickness of the selector midde matrix 306 may be about 15 nm.

[0038] The seleclor oxide matrix 306 may be CuzQ, a iwo-phase mixiure
of Cu20 and SiOz, or 5i0,. The selecior oxide matrix 306 may act as a dielectric
matrix in which a volatile conducting bridge can form under an electric field. As
used herein, the term “volatile conducting bridge” may be described by the fol-
fowing. The conductive bridge can be divided between ionic and electronic con-
ductions. lonic transport is involved to form a conductive path {or bridge, or
channel, or filament} from one elecirode through the dielectric film {o the other
slectrode under an applied slectric field. Once a conduclive path is formed,
electronic conduction can occour from one electrode o the other electrode under
an applied electric field. The conductive bridge being volatile means it will decay

or dissolve when the applied voltage is decreased or removed.
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(00393 While in some aexamples, the selector oxide mairix 306 may be
Cu(, it has been found that the addition of a more insulating oxide {more insu-
lating than Cux0), such as Si0y, to the Cu0 may further reduce leakage cur-
rent. Since Cux0 and Si0: are in equilibrium, then the disglectric film composition
can be optimized within the entire composition range. For example, a system
may be defined in which equilibrium exists between Ag-Cu20, Ag-3i0,, and
Cuz0O-SiCs.

{00403 Equilibrium, which can include chemical eguilibrium, mechanical
equilibrium, and thermal equilibriurm, may be an important and essential prop-
erty for materials o function properly and with iong term stability. For example,
chemical equilibrium means equal chemical polentials between iis components
such that no chemical reactions will cocur o form new components that can be
undesirable or detrimental. Further increasing the Si0; portion in the (CuO-

Si02) matrix may reduce leakage current gven more.

100413 The iop electrode 304, which contacis the selecior oxide matrix
306, may be made of a melal. The top slectrode may be composed of three lay-
ers 304a-304¢. Layer 304a may be silver. Where the selector oxide matrix 306
is Cux, then the Ag-Cu-0 ternary phase diagram may be considered. The ter-
nary phase diagram may be constructed from Ag-Cu, Ag-O, and Cu-O binaries,
and from the thermodynamic properties of AgeD, CueD, and CuO. From these

considerations, the following points may be noted:
Ag is in equilibriurm with Cu;

Ag is in equilibrium with Cu20, and CuQ, or in equiiibrium with

CuQy, where x = 0.5 or 1;
Ag and CuQy show no mutual solubility;

CuQ (bandgap approximately 2.1 eV) is more resistive than CuO

{(bandgap approximately 1.2 eV};
Ag responds fast under vollage so that Cu20 does not switch; and

An Ag electrode can be used as a source and sink for Ag ions.
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{00423 The silver layer 304a may have a thickness of aboui 1 to 30 nm. In
an exampie, the thickness may be about 10 nm. The top slectrode 304 may fur-
ther include additional metal lavers 304b and 304c¢. Metal laver 304b may be
platinum (P, for example, and metal layer 304¢ may be chromium (Cr), Tor ex-
ample. Ptlayer 304b may have a thickness in the range of 5 1o 50 nm. In an ex-
ampile, Pliayer 304b may have a thickness of about 16 nm. Cr layer 304¢ may
have a thickness in the range of 5 to 50 nm. In an example, Cr layer 304¢ may
have a thickness of about 20 nm. The Pllayer 304b may be used for glectric
conductivity, while the Crlayer 304¢ may be used as a self-aligned etch mask, if
desired. The Ptiayer 304b may be replaced with CMOS-compatible metals or a
conductive oxide, such as RuO2, or a condugctive nitride, such as TiN. The Cr
laver 304c can be omitled if no bit elch is used {to remove an oxide film not cov-

ered by electrode 304},

{0043} FIGE. 5A-50 depict an example process for forming the example
selector 300 depicted in FIG. 4.

[0044] in FIG. BA, a nano-via device platform is formed, with TiN as the
bottom electrode 302, in which the diameter of via 502 is about 30 nm. The bot-
tom meial contact 402, e.g., W, is  for eleciric connection to the botiom elec-
trode of the selector 3007 structure. The bottom metal contact 402 may in tum
be supported by a diglectric substrate, such as Si0; (not shown). The W layer
402 may be formed by sputter deposition. The SisNg layer 404 and the SiO»
laver 406 may be successively formed on the W layer 402, Formation of these
two dislectric layers 404, 406 may be done by CVD {chemical vapor deposition).
The via 502 may be formed by lithography to define an opening that extends
through both the dieleciric layers 404, 406, down to and exposing the W layer
402. The TiN plug 302 may be formed by ALD {(atomic layer deposition) or CVD
(chemical vapor deposition) fo fill the via 502. if necessary, CMP (chemical-me-
chanical polishing), or other suitabie process, may be used to planarize the {op
surfaces of the Si0; layer 406 and the TiN plug 302.
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[0045] In FIG. 88, the Cux0 layer 306 may be blanket sputiered from a
Cu2( target {0 a thickness of about 20 nm, covering both the Si0; layer 406 and
the TiN plug 302.

(0046} in FIG. 5C, the top electrode 304 may be formed by e-beam evap-
oration, in succession, of Ag, Pi, and Cr, using a shadow mask. In an example,
the Ag layer 3043 may be formed to a thickness of about 5 nim, the Ptiayer
304b may be formed 1o a thickness of aboui 20 nm, and the Cr layer 304¢ may

be formed 1o a thickness of about 10 nm.

(00471 in FIG. 5D, the selector oxide malrix layer 306 may be laterally re-
duced by, for examplg, an ion etch to isolate it and form individual selectors.

The top Crlayer 304¢ may be used as the elch mask.

[00438] Although the resulting selecior 300° is asymmetrical, it offers the
advaniage that nano-size devices can be readily made and tesied on the exist-
ing TIN nano-via platform. On the other hand, the device stack is not symmetric

and the device |-V curves accordingly are not symmstric.

0049} As indicated above and as shown in FiG. 8, an example nonvola-
tile memory cell 102 may include the volatile selector 300 electrically coupled in
series with the nonvolatile resistance memory device, such as memristor 102,
The nonvolatile resistance memory device 102 may include a swilching layer
806 composed of an oxide or nifride sandwichad betwean a first botiom elec-
frode 602 and a first top electrode 604. The volatile selector 300 may include
the selector oxide matrix 306 sandwiched between a second bottom electrode
302 and a second top electrode 304. In a crossbar configuration (FIG. 1, 150},
each mamory cell 102" may be disposed at the intersection 114 formed by one

of the bottom conducting traces 106 and one of the iop conducting traces 108.

100501 The eleclrodes 602, 604 for the memrisior 102 may indlude alumi-
num {Al), platinum (P}, tungsten (W), gold {Au), itanium (T}, ruthenium dioxide

(RuOz}, titanium nitride (TIN), tungsten nitride (WN2), tantalum (Ta),hafnium ni-
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tride (HiN), niobium nitride (NbN), tantalum nitride (TaN), and the like. The thick-
ness of the elecirodes 602, 604 may be in the same range as for slectrodes
302, 304,

00513 The teachings hersin may be employed with an crossbar that is
fabricated with resistance memory devices, or resistance random access
memory devices, denocled RRAM or ReRAM, such as phase change RAM
(PCRAM), spin transfer torque RAM (STTRAM), conductive bridge RAM
(CBRAM), and others. In some examples, the nonvolatile resistance memory

device 102" may be a memristor.

00521 in some examples, the nonvolatile memory cell 102" may include
an optional interface layer 808 sandwiched belween the first top electrode 604
of the nonvolatile resistance memory element 102 and the second botfom elec-
trode 302 of the selector 300. The interface laver 608 may serve as a buffer
laver to separate the memristor and selector so that they do not chemically
and/or physically interfere with sach other. The interface layer 608 may be a
good electrical conductor over the temperature range from room temperature
{approximately 20° 10 26°C) to 85°C and a good diffusion barrier. In some gx-
amples, the interface layer 808 may be a metal, such as tantalum or lungsten.
The cholce of a2 malerial for the interface layer may depend on layers below and
above it. Additional non-limiting examples of the interface layer 608 may includs
TiN, Ti2Oy, TaN, NbN, Ry, and W. The interface layer 608 is optional, in that it
may be omitted, since the nonvolatile memaory cell 102° may operate fine without
it. Alternatively, it may be used for an improved device 102, but accepting the

cosis associated with providing the exira layer.

[0053] A memory array, or crossbar, 150 {in FIG. 1B) having nonvoialile
resistance memory devices may include a set 110 of electricaily conducting row
traces 106 intersecting a set 112 of electrically conducting column fraces 108 o
form intersections 114, with a memory cell 102" disposed at each intersection
between one of the row lines and one of the golumn lines. As shown in FIG. 6,

the memory cell 102" may be a combination of a volatile selector 300 slectrically
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coupled in series with the nonvolalile resisiance memory device 102, as de-
scribed above. The first botiom electrode 602 may be electrically coupled to a
row trace 106 or fo a colummn irace 108 and wherein the second {op slectrode
304 may be electricaily coupled to the other of the row trace 108 or the column
trace 108. In some examples, one or both of the first bottom elecirode 602 and
the second top electrode 304 may be omitled, and the swilching oxide 606 and
selector oxide matrix 308 layers may be coupled directly fo the electricaily con-
ducting row trace 106 and the electrically conducting column trace 108, respec-

tively.

[0054] A method of manufacturing a memory array with nonvolatile re-
sistance memory devices and seleciors is depicted in FIG. 7. The method 700
includes providing 705 a set 110 of electrically conducting row traces 106. The
electrically conducting row traces 108 may be formed by any of a number of
processes, including electroplating, sputtering, evaporation, ALD {(atomic layer
deposition), co-deposition, chemical vapor deposition, IBAD {ion beam assisted
deposition), oxidation of pre-deposited materials, or any other fiim deposition

technology.

[0085] The method 700 further includes providing 710 memory cells 102
disposed at a plurality of locations along the set 110 of row traces 106, The
meamory cell 102" may include the nonvolatile resistance memory device 102
electrically couplad in series with the volatile selsctor 300 or 300, as described

above.

(00561 Taking FIG. 8 as an example, deposition of the metal layers 602,
604, 302, and 304 may be performed by such processes as eleclroplating, sput-
tering, svaporation, ALD {atomic laver deposition), co-deposition, chemical va-
por deposilion, IBAD {ion beam assisted deposition), oxidation of pre-deposited
materials, or any other film depaosition technology. The switching oxide laver
606, the optional interface layer 608, and the selecior oxide matrix 3086 may be
formed by e-beam deposition, sputier deposition, atornic layer deposition (ALD),
and the like. The layers 802, 606, 804, 808 {if used), 302, 308, and 304 may be
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deposited sequentially. It will be appreciated that in FIG. §, the selector 300 is
shown on “lop” and the memistor 102 Is shown on the “bottom” of the device
102°. However, in some examples, the memristor 102 may be on “top” and the

selactor 300 on the “botiom”.

0057} The method 700 concludes with providing 715 a set 112 of electri-
cally conducting column fraces 108 o contact the memory ceils 102 at unigue
intersections 114. The electrically conducting column traces 112 may be formed
by any of a number of processes, including electroplating, sputtering, evapora-
fion, ALD {atomic layer deposition), co-deposition, chemical vapor deposition,
IBAD {ion beam assisted depaosition), oxidation of pre-deposited materials, or
any other film deposition technology. The process used may be the same as or
different than the process used o form the electrically conducting row traces
110. The order of the steps of method 700 may be reversed, so that the column

traces 108 are formead first and the row traces 106 are formed last.

100583 In some examples, the new selector 300, 300" may have a nonlin-
sarity of >10° with large current density. The higher the current ratio {nonlinear-
ity), the larger the potential crossbar size. For example, a nonlinearity of »10°
may allow a crossbar array of 1000 rows by 1000 columns, or 10° memristors to
poptilate the 10° crosspoints. On the other hand, a nonlinearity on the order of

10° could lead to a smaller array.

{00597 FIGS. 8A-88 show the I-V resulls using the Cu0 selector oxide
mairix 306 with TiN bottom elecirode 302 and Ag-containing top elecirode 304.
in an example of the device 300, the selector oxide matrix 306 was a 20 nm
thick layer composed of Cux0. The bottom eleclrode 302 was a layer of TiN,
which supporied the selector oxide malrix 306. The top elecirode was a thres-
fayer element of silver 304a (5 nm), coverad with a layer of platinum 304b (20
nm) and chromium 304¢ (10 nm). The Cu:0 layer 306 was sputtered from a
Cu( target. The device size was 30 nm in diameter, which was the size the TiN

vig.,
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({0060} As shown in FIG. 8A, under & positive voltage bias (+V DC
sweaep), the selecior showed volatile swilching. Without subscribing o any par-
ficular theory, it appears that Ag ions were being driven from the top electrode
{silver layer 304a), o form the volatile conducting bridge (VCB) through the

CuzO selector oxide matrix 306.

0061} As shown in FIG. 8B, under a DC sweep from +V o -V, the device
exhibited an asymmatrical I-V curve, such that at +V polarity, a volatile swiich
was created, as also shown in FIG. 8A. However, at -V pdlarity, no switch was
created. To obtain symmeirical VOB switching, both bottom elecirode 302 and
top elecirode 304 would be the same, such as an Ag source/sink. On the other

hand, an asymmetrical selector may find use in a unipolar memristor.

(0062} The sslector disclosed herein may achieve both high current in a
fow resistance state and high nonlinear selection functions. The selecior may
return 1o the high resistance state when the voltage is below its holding voltage

{the voltage t© hold selecior in the ON state).

[0063] it is appreciated thal, in the foregoing description, numerous spe-
¢ific details are sel forth o provide a thorough understanding of the exam-
ples. However, it is appreciated that the examples may be pracliced without
fimitation to these specific details. In other instances, weli-known methods and
structures may not be described in detall to avoid unnecessarily obscuring the
description of the examples. Also, the examples may be used in combination

with each other.

0064} While a limited number of examples have been disclosed, it
should be understood that there are numerous modifications and variations
therafrom. Similar or equal elemenis in the Figures may be indicated using the

same numeral.
[0065] it is be noted that, as used in this specification and the appended
claims, the singular forms "a,” “an,” and “the” include plural referents unless the

context clearly dictates otherwise.



WO 2016/182562 PCT/US2015/030370

18

CLAIMS

What is claimed is:

1. A nonvolatile memory cell, including:

a volatile selector electrically coupled in series with a nonvolalile
resistance memory device, the nonvolatile resistance memory device compris-
ing a switching oxide or switching nitride sandwiched between a first botiom
electrode and a first {op elecirode and the volatile selector comprising a selector
oxide matrix sandwiched between a second botiom electrode and a second iop
electrode,

wherein the sslector oxide matrix comprises copper oxide, silicon
dioxide, or a mixture of copper oxide and silicon dioxide, and

wherein one or both of the second boltom electrode and the sec-

ond top electrode comprises silver.

2. The nonvolatile memory cell of claim 1, wherein the non-volatile re-

sistance memory device is a memristor.

3. The nonvolatile memory cell of claim 1, further including an interface
layer sandwiched between the first top electrode of the nonvolatile resistance
meamory element and the second bottom electrode of the selector, the interface

tayer acting as a diffusion barrier while being electrically conducting.

4. The nonvolatile memory cell of claim 3, wherein the interface layer
comprises a material selected from the group consisting of TiN, TiaOy, TaN, Ta,
NDN, Ru, and W.

5. The nonvolatile memory cell of claim 1, wherein the second bottom

electrode comprises TiN, Ag, or Ft and the second {op slectrode comprises Ag.
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&. The nonvolatile memory cell of claim 1, wherein the selector oxide ma-
trix comprises a mixture of Cux0 and SiG: as (CuxO)(SIC:2« in a composition

range of x=0 1o x=1.

7. A memory array with nonvolatile memory cells, the memory array

including:

a set of electrically conducting row lines inlersecting a set of
electrically conducting column lines to form intersections; and

each nonvolatile memory cell disposed at each intersection
between one of the row lines and one of the column lines;

wherein the memory cell comprises a nonvolatile resistance
memory device slectrically coupled in series with a volatile selecior, the nonvol-
alile resistance memory device comprising a swiiching oxide or swilching nitride
sandwiched between a first botlom slectrode and a first top electrode and the
volatile selector comprising a selector oxide mairix sandwiched between a sec-
ond botiom elecirode and a second top electrode,

wherein the seleclor oxide matrix comprises copper oxide, silicon
dioxide, or a mixture of copper oxide and silicon dioxide,

wherein one or both of the second bottom slectrode and the sec-
ond top electrode comprises silver, and

wherein the first boltom slectrode is elecirically coupled to a row
trace or to a column frace and wherein the second op elecirods is elecirically

coupled to the other of the row trace or the column trace.

8. The memory array of claim 7, wherein the non-volatile memory device

is a memrisior.

8. The memory array of claim 7, further including an interface layer sand-
wiched between the first top slectrode of the nonvolatile resistance memory ele-

ment and the sscond botiom electrode of the selector.
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10. The memory array of claim 9, wherein the interface layer comprises a
material selected from the group consisting of TiN, TiaOy, TaN, Ta, NbN, Ru,
and W.

11. The memory array of claim 7, wherein the selecior oxide matrix com-
prises a mixiure of Cup0 and SiC: as (CO WSO« in a composition range of

x=0 1o x=1,

12. A method of manufacturing a memaory array with nonvolatile memory

cells, the method including:

providing a set of electrically conduciing row traces;

providing a memory cell disposed at a plurality of locations along
each of the row traces, wherein each memory cell comprises a nonvolatile
memory device electrically coupled in series with a volatile selector having a se-
fector oxide malrix, the nonvolatile resistance memory device comprising a
switching oxide or switching nitride sandwiched between a first botlom electrode
and a first fop electrode and the volatile selecior comprising the selector oxide
malkrix sandwiched betwsen a second bollom electrode and a second {op slec-
trode; and

providing a set of slectrically conducting column traces to conlact
the memory celis at unigue intersections,

wherein each nonvolatile memory device comprises a swilching
oxide or switching nitride sandwiched between a first botiom electrode and a
first top electrode and the volatile selecior comprises a selector oxide matrix
sandwiched belween a second boitom electrode and a second top slectrods,

wherein the selector oxide matnix comprises copper oxide, silicon
dipxide, or a mbdure of copper oxide and silicon dioxide,

wherein one or both of the second bottom slectrode and the sec-
ond fop electrode comprises silver, and

whersin the first bottom electrode of sach memaory device is slec-

trically coupled to a given row trace or to a given column trace and wherein the
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second top electrode of each selector is electrically coupled 1o the other of the

row frace or the column trace.

13. The method of ¢laim 12, whersin the second bottom electrode com-

prisgs TiN, Ag, or Pt and the sscond top elecirode comprises Ag.

14, The method of claim 13, wherein the selector oxide malrix is formed
from a mixture of Cu20 and SIO2 in a ratio of CupO:Si0; as (CuOSIC kxina

composition rangs of »x=0 o x=1.

15. The method of claim 12, further including providing an interface layer
sandwiched between the first top electrode of the nonvolatite memory element

and the second botiom electrode of the sslector,
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each of the row traces, wherein each memory cell comprises a

nonvolatile memory device electrically coupled in series with a

volatile selecior having a selector oxide malrix, the nonvolalile
resistance memory device comprising a swilching oxide or

710__| switching nitride sandwiched between a first botiom electrode
and a first top elsctrode and the volatile selector comprising the
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