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Technical Field

The present invention generally relates to programmable metallization
structures, and more particularly, to a brogrammable sub-surface aggregating
metallization {“PSAM”} structure including an ion conductor, a plurality of electrodes
and a voltage-controlled metal structure or dendrite formed through the ion conductor
between the electrodes.
2. Description of the Related Art

The present invention claims the benefit of U.S. Provisional Application No.
60/067509, filed December 4, 1997.

MEMORY DEVICES

Memory devices are used in electronic systems and computers to store
information in the form of binary data. These memory devices may be characterized
into various types, each type having associated with it various advantages and
disadvantages.

For example, random access memory {("RAM”) which may be found in personal
computers is volatile semiconductor memory; in other words, the stored data is lost
if the power source is disconnected or removed. Dynamic RAM (“DRAM”) is
particularly volatile in that it must be “refreshed” (i.e., recharged) every few
microseconds in order to maintain the stored data. Static RAM {(“SRAM"} will hold
the data after one writing so long as the power source is maintained; once the power

source is disconnected, however, the data is lost. Thus, in these volatile memory
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("PDAs") .10 amounts of power These negative aspects make these memory devices non-ideal
for low power portable applications such as lap-top and palm-top computers and
personal digital assistants ("PDAs”}.

Due to the rapidly growing numbers of compact, low-power portable computer

systems in which stored information changes regularly, read/write semiconductor

15 memories have become widespread. Furthermore, because these portable systams
require data storage when the power is turned off, a non-volatile storage device is
required. The simplest programmable semiconductor non-volatite memory devices in
these computers are programmable read-only memory {“PROM”). The most basic
PROM uses an array of fusible links; once programmed, a PROM cannot be

20 reprogrammed. This is an example of a write-once read-many {"WORM”) memory.
The erasable PROM {“EPROM?”) is alterable, but each rewrite must be preceded by an
erase step involving exposure to ultra violet light. The electrically erasable PROM
(“EEPROM” or “E?PROM”)} is perhaps the most ideal of conventional non-volatile
semiconductor memory, as it can be written to many times. Flash memories, another

25 type of EEPROM, have higher capacaty than the low density, traditional EEPROMSs but
‘ Iack their endurance One major problem with EEPROMs is that they are inherently
complex. The floating gate storage elements that are used in these memory devices

are difficult to manufacture and consume s relatively large amount of semiconductor

real estate. Furthermore, the circuit design must withstand the high voltages

30 necessary to program the device. Consequently, an EEPROM’'s cost per bit of

-~ memory capacity is extremely high compared with other means of data storage.
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PROGRAMMABLE PASSIVE AND ACTIVE COMPONENTS

Electronlc circuits may include literally millions of component parts. These
component parts generally fall into two distinct categories, namely, passive
components and active components. Passive components, such as resistors and

15 capacitors, have electrical values associated with them which are relatively constant.
On the other hand, some electrical characteristics of active components, such as
transistors, are designed to change in response to an applied voltage or current.

Because of the extensive use of these two types of components, it is highly
desirable to have a low-cost device which may perform both the functions of a

20 passive component and an active component. For example, it would be highly
desirable to have a device that acts as an active component which responds to an
applied signal by altering its resistance and capacitance and yet, in an alternate
embodiment, acts as a passive component which can be pre-programmed (i.e., the
change is “remembered” by the device after programming is complete). Such a

25 device would be used in many diverse applications from tuned circuits in

. communications equipment to voilume controls in audic systems.

Because of the widespread use of devices such as memory devices, and
programmable resistor and capacitor devices, it is very desirable to have a low cost,
easy to manufacture device thai may be implemented in all of these various

30 applications, among others.
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dendrite grows through the ion conductor and connects the electrodes, thersby
shorting the device. The continuous metal dendrite then can be broken by applying
another voltage. The break in the metal dendrite can be reclosed by applying yet
20 another voltage. Changes in the length of the dendrite or the presence of a break in

the dendrite affect the resistance, capacitance, and impedance of the PSAM.

BRIEF DESCRIPTION OF THE DRAWING FIGURES

The subject matter of the invention is particularly pointed out and distinctly
claimed in the concluding portion of the specification. The invention, however, may
25 best be understood by reference to the following description taken in conjunction
with the claims and the accompanying drawing, in which like parts may be referred

to by like numerals:
FIG. 1A is a perspective view of an exemplary programmable sub-surface
aggregating metallization structure configured in accordance with various éspects of

30 the present invention;
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FIG. 4C is a graphic representation showing the relationship between current
and voltage in an exemplary embodiment of the present invention;

FIG. BA is a cross-sectional view of an exemplary memory device in accordance

15 with various aspects of the present invention;

FIG. 5B is a cross-sectional view of a portion an alternative configuration of the
exemplary memory device illustrated in FIG. 5A;

FIG. 6C is a schematic of a network of memory devices in accordance with
various aspects of the present invention;

20 FIG. 6 is a cross-sectional view of another exemplary memory device in
accordance with various aspects of the present invention;

FIG. 7 is a cross-sectional view of an exemplary programmable
resistahce/éépacitance device in accordance with various aspects of the present
invention;

25 FIG. 8 is a cross-sectional view of yet another exemplary programmable
resistance/capacitance device in accordance with various aspects of the present
invention; and

FIG. 9.is a cross-sectional view of another exemplary programmabile resistance/

capacitance device in accordance with various aspects of the present invention.
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With reference to FIGS. 1A and 1B, a programmable sub-surface aggregating
10 metallization (“PSAM") structure 100 in accordance with various aspects of the
present invention is illustrated. In an exemplary embodiment of the present invention,
the PSAM structure 100 preferably includes an ion conductor 110 and a plurality of
electrodes 120 and 130 disposed on the surfaces of ion conductor 110,
The ion conductor 110 of the PSAM structure 100 may include a solid
15 electrolyte, a metal ion-containing glass, a metal ion-containing amorphous
semiconductor, a chalcogenide-glass which includes metal ions, or the like. In the
broadest sense, in accordance with various aspects of the present invention, a
chalcogenide material includes any compound containing sulfur, selenium and/or
tellurium, whether ternary, quaternary or higher compounds. In an exemplary
20 embodiment, the ion conductor 110 is formed from a chalcogenide-glass which
includes a metal ion composition, while the metal may be selected from various Group
I or Group !l metals {preferably, silver, copper, zinc or a combination thereof).
The ion conductor 110 which includes a metal ion composition may be
obtained using any convenient method. For example, in an exemplary embodiment
25 of the present invention, ion conductor 110 is preferably formed from arsenic
trisulphide-silver {”As,S;-Ag”} using photodissolution. The silver is suitably
introduced into the As,S; by illuminating a thin silver film and the As,S; layer with
light of appropriate wavelength, such as wavelength less than about 500 nanometers
{nm). The silver and As,S, bilayer are exposed under the light until an appropriate

30 saturation level is reached, approximately 45 atomic percent of silver to As,S;. The
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present I nvention; FIG 8 is a cross-sectional view of
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FIG 9 is a cross-sectional view of another exe progranma
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the present {gyf8th®Blectrode 130 fi.e., the anode). It should be appreciated that the polarity

"> of electrodes 120 and 130 may be reversed prior to the growth of the metal dendrite
140, in which case the metal dendrite 140 will grow from the electrode 130 {now the
cathode} toward the electrode 120 (now the anode). As will be discussed in greater

15 detail below, if the polarity of electrodes 120 and 130 are reversed when the metal
dendrite 140 has already started to grow from the electrode 120 (the cathode) to
elsctrode 130 {the anode}, then metal dendrite 140 will retract back toward electrode
120.

The metal dendrite 140 may be allowed to grow entirely through the ion

20 conductor 110 until it meets the electrode 130, thereby completing the electrical
circuit. Alternatively, the metal dendrite 140 may be halted before it reaches the
electrode 130 by stopping the applied voltage. As long as the metal dendrite 140
does not touch the electrode 130, its growth can be easily stopped and retracted by
reversing the applied voltage at electrodes 120 and 130.

25 Additionally, the growth rate of the metal dendrite 140 is a function of the
applied voltage, device geometry, and time; thus, {ow voltages result in relatively
slow growth whereas higher voltages result in relatively rapid growth. The growth
and changes in the length of the metal dendrite 140 described. above affect the
electrical characteristic (e.g., the resistance, the capacitance, and the like) of the

30 PSAM structure 100, which may then be suitably detected using any convenient
detection circuitry. Once the metal dendrite 140 has grown to a particular length, the
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embodiment, electrodes 220 and 230 are suitably configured as a cathode and an

anode, respectively. Thus, a nonvolatile metal dendrite 240 grows from electrode
220 (cathode) througﬁ ion conductor 210 toward electrode 230 (anode).

Referring now to FIG. 2B, in accordance with another aspect of the present

20 invention, the nonvolatile metal dendrite 240 grows entirely through ion conductor

220 and contacts electrode 230 when the conditioning pulse is applied to electrode

220 of PSAM structure 200 for a sufficiently long enough period of time. The length

of time required depends in part on the voltage of the conditioning pulse and the

geometry of the PSAM structure 200. For example, if thickness t2 of the ion

25 conductor 210 is thin, about 10 nm to about 50 nm, and the conditioning pulse is

about 1 V, then approximately 50 usec is required to grow the nonvolatile metal

dendrite 240 entirely through the jon conductor 220. If the conditioning pulse is

about 5 V, however; then approximately 2 usec is req_uired to grow the nonvolatile

metal dendrite 240 entirely through the ion conductor 220. it will be appreciated that

30 various voltages, dimensions, and therefore lengths of time required are possible.



introduced into the As[errlSterr] by illumnating a thin silver film and

the As[err]S[err] layer with | i ght of appropriate wavel ength, such as

wavel ength | ess than about 3B sRaMOEBRRElced (NM . The si .

As[err] S errVOPRNE, are expHERE I light until an é%%?%%%’%te 30

saturation level is reached, HERR{IIH I 45 atom c percent of silver to

As[err] S[err]. The ' 6 -

WO 99/ 28914

PCT/ US98/ 2586itage limit is suitablyrappied betwieen elactedal 320 @andidectmede 230 yoffthem a

f ew nanonet r AVELS; : The el ectrodes

1 20 and 13852%&8%%%%?993??%%%? %Lg;aer {}'a@r om chc edb{r}%agrrrmgtth?%@% polarty .

surfaces of of elactroded22® end ¢lediPodeT2RO réedloiat beeevet . diite et@® pudse treaksctheed '

from 5 any eleciri.cal nguct.i n teri h AR u an, electric

field for tMEH rJfHS@‘Sr%‘Y" Fe%”gﬁgr%%ta%agﬁ%ﬁé’"?he %'hegg'iagﬂd’é?ﬁ%ﬁgt The SHitenef an

exenpl ar y5 eobaoisk geptwittihahe Inetbirdesheeite 240 bRersathe eldfirical ehbract@idtits .,

mat erial contaipin WY n_an_appropriate voltage i

appl i ed bet \'A'B%‘?fpaf’ﬁ% °§I%%F %éyle'%tnﬁﬂefr?c?%es at Vg& sﬁﬁ%“é’l"’}ta%‘??cf?igc‘ge?ﬁ‘a@r ows

fromthe el abdutadED ARQ tpically ddvwotgadmoedendtie @bach;theefdrd, tHentartisfdheo t he
h the ion conductor 1 10

negative pol,e of the power sugpl t hro _

ovar d the. paditeoney B8 Bunaon Betebted (hrdh B st & hihst Bhesesst Aslseat ed ¢ hat
the polarity  Rdtbrrinb ol @Rs. 280inaR6ordatbeRith Dot s 28sbdRoF e frésdrite
grow h of the netal dendrite in which case the netal dendrite 140

140
will gr oWt iyentiga, & Mgite ,pgh;@ ity a(rﬁlaﬁyqlﬁ@igh voltage set point and a relatively low
current limit is suitably applied to electrodes 220 and 230 of the PSAM structure 200

to reclose the gap in the metal dendrite 240. Thus, the PSAM structure 200 can be

erased, read, and written by suitably applying different unipolar voltage pulses.

Alternative, the PSAM structure 200 also can be erased, read, and written in various

15 directions, thus offering considerable operational flexibility. For example, the PSAM

structure 200 can be erased with a forward bias pulse, read with a reverse bias pulse,
then written with a forward bias pulse, or various other combinations.

In the above description, pulses with high or low voltage set points and high

or low current limits were described. It should be appreciated that the specific high

20 and low levels of the voltage set points and current limits may vary greatly depending

on the specific configuration and dimensions of the PSAM structure. In general, a

low voltage set point refers to voltage set points which are sufficiently low to prevent

the growth of a metal dendrite. Accordingly, a high voltage set point refers to

voltage set points which promote the growth of a metal dendrite. A high current limit

25 refers to current fimits which are sufficiently high to form a gap in a metal dendrite

which has grown between the electrodes. ' Accordingly, a low current limit refers to

current limits which are sufticiently low to keep the metal dendrite intact. The

specific current limit at which a gap in the metal dendrite can be formed will depend

in part on the thickness of the metal dendrite. For exampie, a gap in a thin metal

30 dendrite may be formed with a current limit of a few nano-amps, whereas a gap in

a thick meta! dendrite may be formed with a current limit of a few micro-amps.
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cathode) toward the el ectrode 120 (now the anode). As will be discussed in
greater 15 detail below, if the polarity of electrodes 120 and 130 are
reversed when the netal dendrite 140 has already started to grow from
the el ectrode 120 (the cathode) to el ectrode 130 (the anode), then
metal dendri tSOMYBIA | | retract back toward el ectrode 1DEr/USIB/25830_

The netal dendrite 140 nay be allowed to grow entirely through the ion 20
conductor 110 until it neets the el ectrode 130, thereby conpleting the

el ectrical circuit. Alternatively, the netal dendrite 140 nay be halted

before it reac heAlthb@gh thuseﬂae%d exempiay SMbsdiMBs S thE Predent ifdnioh hage: As
| ong as the netal ﬁpdrlte 14 does not touch the electrode 130, Its

growth can HRPeRAeser e&%ﬂp‘&!"ﬁﬁﬁ aﬁéﬁwg&t@aﬁﬁyaﬂv vertigal dp SPRFEUAYOMR Yaripusy
vol tage at eliRelaNeRenfiditatistd shallarrahgements are ﬁggélﬁlb%%éd1deb£ﬁing "tk Tnd At e

of the nmetal dendrite 140 is a function of th appl i vol t age, eV| ce
geonetry, arfPiftiaqd scopr,ef the dpyeptieh o ferexampla, fefpﬁtngéqom 10\/@!13;7 3A fhmughﬁljr owt h

wher eas” hisghgirioug! £l€é}§§miee%8$ﬁ% er:&r%l a? 'fﬁ@' Yreb&R FhvEhHIM %%Tégfwg{) DoMora

and changes in the len dendrite 140 descri
t he el edi@tigdprivheithdetarenras to El@ g3A ithene alseroatiyr eonfigusatiom zc PBANte,

and the |1 kednRbubfod BrotsablySheabd!ioh diiucithiaph Jﬁ%yelé%]%hege%o%’hﬁcf%é

det ect ed usi ng any conveni ent ection circult
dendrite 140dniresotfdanes with thip gonfiguratien.| tegti¢strades 304 and 306 are preferably

[Dé:r/ US98/ 258 éwaaller 4R R4 &?t%l‘\éuctor 302. With reference to FIG. 3B, in another alternative

10 configuration, a PSAM structure 310 preferably includes ion conductor 312 and

electrodes 314 and 316. In accordance with this configuration, the electrodes 314

and 316 are preferably substantially the same size as the ion conductor 312. With

reference to FIG. 3C, in still another configu.ration of the present invention, a PSAM

structure 320 preferably includes jon conductor 322 and multiple pairs of electrodes

15 324, 326, 328 and 328. With reference to FIG. 3D, in yet another configuration of

the present invention, a PSAM structure 330 preferably includes ion conductor 332

and electrodes 334 and 336. In this configuration, the electrodes 334 and 336 are

suitably disposed along a horizontal orientation on the ion conductor 332, W.ith

reference to FIG. 3E, in another alternative configuration of the present invention, a

20 PSAM structure 340 preferably includes a ion conductor 342 and multiple pairs of

electrodes 344, 346 and 348, 349 suitably in a plurality of dimensions on the ion

conductor 342. With reference to FIG 3F, in still another alternative configuration of

the present invention, a PSAM structure 350 preferably includes a spheric ion

conductor 352 and electrodes 354 and 356. Although in this configuration the ion

25 conductor 352 is depicted as being spheric in shape, the ion conductor 352 may be

configured as various other non-conventional geometries. Additionally, it should be

appreciated that the above described aiternative configurations can all be extended

to 3 dimensional structures. For example, an ion conductor can be configured as a
block with a plurality of electrodes attached at some or all of the faces.

30 Referring now to FIGS. 4A and 4B, graphic representations show the

relationship in an experimental PSAM structure between voitage and time and applied
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metal dendrite 140 remains intact when the voltage is renoved from

el ectrodes 120 and 130. Therefore, the changes in the electrical
characteri st sflksﬁ 17e PSAM structure 100 which result rsgg .
changes in the Tength of the nmetal dendrite 140 Is al so non-volatile.
5 Havi ng thus described the basic structure of one possible exenplary
enbodi nent, the follow ng description and related figures nore particularly
descri be and depi, ct the operation of_another possible exenplar

enbodi ment BItagRAng, Wegip short, respectivelyn. Thy P ﬁAP’bngP%tHE“e“?%S’ 1o eigaingthesdyr ough

2D, a progr ARRShSs Svionsienbiassr thickna&dsfeabait A0 MR ahd bdidurst SutREMMaby

structure 200 |s Illustrated in_accordance with 10 vari ous aspects o? t he

present i nvEftiabAe tha embedimapt dustraled dai HER: 1At #rd p8AMIt showd rhec pated, 200
preferably hogbisle %héi"}th %Pe&ﬁ@ @%B%&%Qeﬁurmg%%lp erd\Rlfe leﬁ%&ﬂ@ﬂﬁgnd

220 and 230. ererring now to I'n accor nce
aspect of5t Hatptheseresent inveptiamis ont hmlfeén@l amomar@qlnyl eanfigutdiioa. hiviith

vol tage set rag.leggﬂﬁ@ 48V ea%%% fobflstnti 3né ?elé‘mshﬁ,dbégg} gﬁ%ougé,ee%%é odes

220 and 230 o structure I'n"an exenp
el ectrodes H@ ofrttle PSAMhsteuctuiet Myhen e(ynftaguofeﬂ \és applied,tbd ®SAMI structure

anode, resp 0 e, 240 oms fr

el ectrode gﬁér&Zﬁ a}‘:g LEH%B g%&g%“o%%'%ﬂt%@%%%tcgﬁér f%”cf??%@% 230

(anode) . the relation$hig beuweeg applied witEi&Gand Bmelm shoacthe ®Sad etrudtupgioTher

aspect o n th nonva | t dendrite 2

gr ows enil r &1y t%?fgtur}‘ e%b’ﬁe%%néﬁg{%cr!endﬁ %i}' %'5?1‘1%3 tfxlg 'Y ?@FPB@E}*’Q@O

when t he conohlrtelcothernqummkisa therehwptharﬁwb the RSAEM istraciire, incréad@s as tHaSdylied

structure 200 for asuff| iently |o nough peri of tinme, The |length
hoyriohiE Brt aee 4a0y

of time reqUPFedf WSpaNL ?Terﬁ'ﬁp ag¥e PRICRRSIRI AR "SIREARSTRI se
and t he bgeoseet cyrraft érhiev&f&@M tﬁtammhslfo@teBOEBAlﬁOﬁr@talfﬂﬂ Fhe ismdilbdigrianess

t 2 of the|Q 5 ndyctor 210 \yn o about 50 nm and the
condi ti oni ngg'['ffﬁ Vg’? per chara 6‘6'9‘"'""1Of g?\‘@‘he '&Hﬁ tHﬁ‘t‘bFﬁ? % yery ditile Earadaig
requi r ed150cgir@v dthennomei bik| therdfeiedlat bias léb%rtﬂéh t1® rﬂ’@'&h@fét tbﬂlﬁié’déﬂ’&ﬁﬁé‘gh
the ion conleJPg{ng 20. I f the candi égp’gng q%u se i s about V, however,
then appr oxFRYS yTTs gharpqeristicjal the, Y ”@rmﬁéhﬁmﬁpﬁhq gendrite p( g
dendri-te. 24@ Bél}éd’deus{nd Bm%fhrtpb&elvﬂfho@@ AkegbMg the Qtatklof Whé deRditaPpr eci at ed
t hat 30 vari ous vo di mensi gns, and therefore |engths of tine
required are po stmcture according'to various aspects of the present invention is
partlcularly suxted for use in connection with memory devices such as programmable
20 read only memory {“PROM”} devices, electrically erasable PROM {"EEPROM”} devices,
and the like. Additionally, the present invention is particularly suited for use in
connection with programmable resistance and capacitance devices. As a result,
exemplary embodiments of the present invention will be described betow in that
context. It should be recognized, however, that such description is not intended as
25 alimitation on the use or applicability of the present invention, but is instead provided

to enable a full and complete description of exemplary embodiments.

METAL DENDRITE MEMORY
As described above, a PSAM structure may be used for implementing various
different technologies such as memory devices. Accordingly, with reference to FIG.
30 BA, a metal dendrite memory ("MDM"} 50O in accordance with various aspect of the
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-8 - Referring nowto FIG 2C, in accordance with still

anot her aspect of the present invention, an erase pulse with a relatively
hi gh current set point and a relative low voltage limt is suitably

appl i ed between el ectrode 220 and el ectrode 230 of the PSAM structure 200.
The erase pulW@®¥#l4pe forward bi ased, meaning that the poP&FUSIs2580_ -

el ectrode 220 and el ectrode 230 need not be reversed. The erase pul se
breaks the nmetal dendrite 240 resulting in a gap within the netal dendrite
240. The existence of the gap within the netal dendrite 240 alters the

el ectrical phaeatinedntivhiic shdven.dn an exgraplarnyaembodiméritof Bfedresdnt imientich, 108 .

2 MM e A5 s L0 hicon reod i b °°

sui tably deE@Cﬂﬁdnémeadheibur deiicy) B thBQUbsti4ty/ 510! ik @a-isliffrg or otherwise
Referring now to FIG 20, in accordance with yet anot herat%ggct, of the

present i n\}'éﬁﬁ‘ﬂﬂﬁ’i‘b'eawﬁpltf‘%”ﬁﬂﬁ?' tradhinghe MOV, 8R9. AP Qde suitabinoj nt

and a rel gt idispb¥ed StheCsibk@Re 8110MolisdisteIHE aab)exboaﬁm dfe:ele MDA 500! fir i Qe 220
and 230 of the PSAM structure 200 to reclose the in the netal dendrite-

240. Thus, SHestHsEARS: NRet 2 BoYerp elestofe 539:*%%!&@”%@3&5“%%%%@? oy -
suitably apphe/siktbies BROGBE tHEThORheg MObr SR if A infiator A dsREN abete anlif¢ PSAM.

structure 200 al so can be_erased, read, and witten in variou
conductor 540 is suitably deposited and patterned over the bottom electrode 530 and
the substrate 510 (or the insulating layer 520 if an insulator is used}). Next, a
10 dielectric film 550 is preferably deposited over the ion conductor 540 and vias are
opened over a portion of the ion conductor 540 and the bottom electrode 530 layers.
Finally, a top electrode 560 is suitably deposited and patterned in the vias. Suitable
interconnects to bottom electrode 530 and top electrode 560 are provided using any
convenient method which is well known, for example, in the semiconductor
15 integrated circuit industry.
When an appropriate voltage is applied between the top electrode 560
{cathode) and the bottom electrode 530 {anode}, a nonvolatile metal dendrite 570
grows through the ion conductor 540 toward the bottom electrode 530 {anode).
Similar to the PSAM structures described above, the growth and changes in the
20 length of the nonvolatile metal dendrite 570 affects the electrical characteristics {e.g.,
the resistance, the capacitance, and the like} of the MDM 500, In this manner, as
will be described in greater detail below, the MDM 500 can be utilized as various
memory devices.
The MDM 500 also can be appropriately patterned to provide isolation from
25 multiple adjacent MDM devices. For example with reference to FIG. 6B, a suitable
amorphous silicon diode 562, such as a Schottky or p-n junction diocie, may be
configured between the bottom selectrode 560 and the ion conductor 540.
Additionally, a dielectric film can be deposited over the top electrode 5§60 and the
entire structure can be repeated. Thus, with reference to FIG. 5C, rows and columns
30 of MDM devices 500 may be fabricated into a high density configuration to provide

extremely large storage densities. In general, the maximum storage density of
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directions, thus offering considerable operational flexibility. For
exanpl e, the PSAM structure 200 can be erased with a forward bi as pul se,
read with a r bias pulse, then witten with a forwarg~hi se, or
vari ous othepﬁ¥o§§?ﬁations. In the above description, pu ses$thh
hi gh or. |ow voltage set points and high or lowcurrent lLimts were
described. It should be appreciaied that the specific high and | ow | evel s

of the voltage set points and current limts nmay var atly dependi ng
on the speciemory sievicgs can;kenlimites By ﬁ%ﬁzﬁr@d(ﬂ"“ﬁ%?"%s%rl\ﬁ tqq)ﬁt'f‘%raé.d rpw

general, a de+mrva.lchﬁaﬁ: HRIwder Nihe’ MOV Sstbfagé dth@d@ak e BRtablyS falH eI ©

sufficiently lTowto prevent the growh of a netal dendrite. Accordingly,
a hi gh vol t ayerhdeg apditagrated eireyit with the entitgesasriconsicirr<chitheren dedisatacta he
growt h of a | Jef- WalatEA g la"thbnagehfng eictdi ﬁm jmts
whi ch are sﬁ#‘?{cgltuéﬂt? Pg&?ﬁ"g ﬁeﬁsoyérgplr'ﬁ 'gfg;. f%\ﬂagﬂq rr%atgal der?d?‘?l?gq%{ |c\ﬁhlhas
grown bet Breeince fiwe MO eleptiots wilbresruseragly\silican [real estats. c i this mppnerestorage o

current |1 MibReHbl 6F by SHICLabeYatflied g.ﬁiage@gy%emh@ bl hems

intact. The ~'specific current rmt at in the netal dendrite
can be for metannet,| thecld®Mi is esserpially apnadditive eahionlogy tbat aids wepabilityeandl i t e.

For exanpl e, . a Jon a ' l. ' formed with a current
limt of a F‘é’\‘ﬁ‘ﬁﬁﬁ‘éﬂygﬁﬁs"gﬁ‘ﬂéﬂﬁﬁ "éteag‘gg‘?%ﬁ&ﬁ%@ﬁ‘?@&%et al dendrite nay be
formed with a cutrséould berrécoghized fthat thete grauvpeous alternative configuAiGy 88914

P G o ot b U e | ol TR BB
subst ant i al IPgr égérnplealvith neferenice golFiG] Bnin araaltanstive cordigtieatioatin \secordance
configurationg AN 2l ange TP M priehtR erting i MOIA Bod' RRMsta1% I SMchE
dielectric film 650 is preferably deposited over a bhottom electrode 630 and a
substrate 610 {or an insulating layer 620 if an insulator is used). Vias may be opened
15 over a portion of the bottom electrode 630. An ion conductor 640 may be deposited
and patterned over the bottom electrode 630 within the vias. Next, a top electrode
660 may be deposited and patterned in the vias.
Turning now to FIG. 7, the illustrated device is similar to the memory csll or
metal dendrite memory cell of FIGS. 5A and 6, howsever, additional electrodes are
20 provided. Specifically, an MDM 700 includes an ion conductor 710 and electrodes
720 and 730 disposed at the surface of the ion conductor 710. When an appropriate
voltage is applied to the electrode 720 {cathode}, a dendrite 740 grows through the
ion conductor 710 towards the electrode 730 (anods).
In accordance with one aspect of the present invention, the MDM 700 also
25 includes two additional etectrodes 760 and 770. Electrodes 760 and 770 are
separated from ion conductor 710 by a material 750, which can be either a dielectric
or resistive material. In the case of a dielectric material, the MDM 700 will exhibit
programmable capacitance between the various electrodes. In the case of a resistive
material, the MDM 700 will exhibit programmable resistances between the various"

30 electrodes. The programmable capitances or resistances between the various
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spirit and scope of the invention. For exanple, referring nowto FIGS. 3A
through 3F, 5 various alternative configurations of the present invention
are shown. More particularly, with reference to FIG 3A, in one
alternative configuration, a PSAM structure 300 preferably includes ion
conduct or 302¥QA¥28AM4ect r odes 304 and 306. | n accor danc ®CHUSPSASE0s -
configuration, the el ectrodes 304 and 306 are preferably smal | er than
the ion conductor 302. Wth reference to FIG 3B, in another alternative 10
configuration, a PSAM structure 310 preferably includes ion conductor 312

and el ecéleaetrizs Atel pRfstatiy Brogrimmes B A8 eRteit bhgloth QAL hits1Hengfite t NE
el ectrodes 3 and 316 are preferably substantrally the sane size as

4
the ion cond-&%?’or 312. Wth reference to FIG 3C, in still another

configuration of ThEVPMEBE bffertyEdvietdh RdvantEsiMver théMmtwoear%?ng}ﬁ %g) rably
I ncl udes ion conducé&% 322 and nmultiple pairs of electrodes 15 324, 6,
r

328 and 329. SRR Ef%rihepd heanfiguratwithrtwe eleatiedase r Ferosiample. carieosuabt
the preser8 adAtigeas that £I6WAGE EIF b aBpRal1d bR E6ABIN%tiS %zgﬂ%s?liegﬁode[she

conduct or 332 and el ectrodes 334 qng 336. I'n this configura
el ectrodes 33Wenihanelpstrades 720 and, 78Qnyithayt giberingcthalength af metal demdrite 740

orientation &xH tHaPefor MHeRMPHEMMce 3Pd/or Pedittance of BlCdAGE TRis 'ﬂag" g b
of th azo"

anot her alternative configuration t he present invention, : .
structure 340RjeEicansden the upe piihe MBM 700 ibanetoery erragsiandetiienelbttrpiecipaitr s of
el ectrodes 3gdblicatffhs2THhesét Same 2 | ' | f_ i si.ons on
the ion conlgluctgr 322. Vr\?t hg?%é%gﬁtgearit%%?@%g%ﬂyst ialtﬁregﬁ%?%g"r e

al t er nat i\ @8hrithen atfpemnelegtrode devige. pit sbevlt berapprediateq thatASAMsgiartiatiar e

350 pref er ablen uhias oGt 1O, : nd. el ectrades 354
and 356. AlthOtr}deg&i{ln thidgn%gﬁﬁ |éSﬁertglttlmggn%%zwgh&%g%ton%ﬂc I%crtmggislzg and
depi ct ed as DP Apd Jphdetwedmaryhabthe ather électrardesdTierefoRS 2lettrpdbe 720 and
configured i ; = ' lLes itiopally, it
Shoul d Do 739 B B BrethaliraIRAIL RSB 968 Rl oS el Pt deS el
confi gur at i oifie attputaetmibals @f tee MM 700.t 0 3 di nensi onal structures. For

exanpl e, i on | QU as-a |Lock with lurality
of el ect r%es at 1? gg%g%%g{arémmsg??gﬁé. g:;ﬁ,ﬁaen 2 %%rgs@ga sxgm}%aq&éﬁggwrﬁg now
to FI GS. 4A faerd coByentiomphsiliconemsed emiciaelectrenisfiom tase siliconrighat regibd fori N an

?XESE | ment al o B S1dnUse e MBRF WRELL Yd R LRcBlGict B Phd inac%%oirgt%d on the
same chip. Also, the overall manufacturing process of an MDM is considerably
simpler than even the most basic semiconductor processing techniques. With simple

20 processing techniques coupled with reasonable material costs, the MDM provides a
memory device with can be manufactured with a lower production cost than other

memory devices,

1. PROM and Anti-fuse Applications
With reference now to FIG. 5A, in accordance with various aspects of the
25 present invention, an MDM device can be utilized as a PROM type memory device.
Most conventional PROMs use fusible links which are broken or blown during
programming. Once a link is broken, it cannot be remade. The MDM device of the
present invention provides the ability to make, as well as to subsequently break, a
connection. This is more desirable as it gives more latitude and flexibility; for

30 example, even if a wrong link (i.e., dendrite) is made, this link can always be blown
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PCT/ US98/ 25830 voltage and time to short, respectively. The PSAM
structure used to_ o tain t hese results has an i on conduct or thlckness
of about 1 20™R#Ad* configured substantially simlar POV

embodi nent illustrated in FIGS 1A and 1B. It should be noted, . homever,

that the specific enbodi nent described herein are nerely exenplary and 5
that the present invention is not linmted to any particular configuration.

Wt h r eflike@ganventignalfusga Alsp, dhe dendiites ofghe dfeMidevickean avithstandshany
bet ween vol t J 0 oltage of 5V
I's applied, r?'ﬁ'ge@%%blcgflregcﬁféﬁnu‘t% ﬁ?ﬂ%ﬁ’&‘ cg‘?(s Ar/rméfpgrsa l\é [err]secs.

Wt h reference tdheiMPMdevice efuthecpreseot mpnmm; also b hsadrtalpmgramsdidulh
bet ween appl Ibglg (?Yr%gg ! n)d l"\' BIOEItLO(Efth elr:\)'fse"?]"\%é g%cirpu‘%ﬁtqgartg% ar (a’gcmjjg @?%lr) unt

of time requi ow a den te conpl e t:y
and ¢ &dnnfecned et are obt odmct&d: eﬂ'laé)yomubnm gret imadPSd\Mm tar pmtxbuiler, low

[ h t d . R to Fl 4C,
curve 430 T SppaBerBERIon (r.9v; o, 5B SRR it ot AT St bR an

unshorted PShddigs.r U’Cédimkmallifhﬁ\esffrml belﬂdegﬂahs betweeBthé @arid( IBEiE: elements are
characteristi cg%of t he.- devi.ce [ittl e Faradaic

y fT]dIC esthgb e is very
15 current anadep] taspiadustion faqlfy, Loxyeyer, b‘bﬂ'gl Jeyice ‘l”ﬂ'éfﬂ allownsechifdre | s
little dendfdévﬂ:es to wﬁwmproljmrﬁmehaf asitas taétr\reu\péasyhﬁ AN Ay déFihe hard

permts t tbgstate of the dendrite rf&\‘ read using a uni pol ar pul se
wi t hout t $ABeRtions Retesp SegHons n e fiyR with the metal enditeSSAM st ruct ur e

accordi ng to var iptsfusspaet élsé)foﬁnhen Wt@@%f@d EirtuRE e 'r&iundand?ﬁieﬁ:hﬁik}hé’é’ ly
suited for use in connection with a)éfdew ces such as_progranmable

read only rre?fﬁr‘&ﬁe(’"tPF&ﬁW'iato‘EG??ecséé"d‘é’Pé qctn PN insperyigs| failyseenviFor EEF’F@M )
devi ces, comhglet, H—H&%itymh‘fté aithl ds¥e4 MB?teﬁﬁﬁﬁﬁlrﬂavbW&Qtrﬁ%%rk’%n hoard

particul arly suited use in connection with progranmabl e'resi stance
and capaci ta‘i’i’@ec'&iEv‘ihées's getuglly; wsgd-t If one seetipp| ofr hee bladisndamagest duting

present iyw/estobadbiNg ok fafs QRARG! AHRFhtRR! QPaiemehRry may HaNbAKGNt bh ooy d be

recogni zed, however, that such descrlptlon I s not intended
compensate Typically, this process is controlled by logic gates on the memory chip
and requires constant self-testing and electrical reconfiguration. An MDM device in
accordance with the present invention may be incorporated into such memory chips
to appropriately form new connections inside the chip when required.

20 In accordance with one aspect of the present invention, data may be written
to a PROM configured MDM {(“MDM-PROM"} device by applying a constant or pulsed
conditioning bias to the electrodes of the MDM device to promote dendrite growth.
The metal dendrite is allowed to reach the anode so as to form a low resistance anti-
fuse connection. This connection changes both the resistance and the capacitance

25 of the memory system. The MDM-PROM device may then be easily “read” by
passing a small current (i.e., a current small enough not to damage the dendrite)
through the dendrite connection. “Erasing” the MDM-PROM device is accomplished
by passing a current through the dendrite sufficiently farge to break the dendrite and
therefore the connection. By applying another constant or pulsed bias to the

30 electrodes of the MDM device, the break in the dendrite can be closed.
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25 a limtation on the use or applicability of the present invention, but

I s instead provided to enable a full and conpl ete description of
exenpl ary enbodi nent s. VETAL DENDRI TE MEMORY As descri bed
above, a PSAM structure may be used for inplenenting various di fferent

t echnol ogi es ¥8eH28Y nenory devices. Accordingly, wth ref AICEHUSEASEHOE G 30
5A, a netal dendrite nenory ("MDM') 500 in accordance wth:various aspect
of the WD 99/ 28914 -

PCT/ US98/ 25830 present invention is shown. In an exenpl ary

enbodi ment of tHe the ddBN-PROMeddvice thé letectrical MbiideOfetpreeh ahaltivg deritygles a

substrate 510 whi.ch provi.des the,physical uppor.t, for the nenory cell
o evt oo, PPtk eRefrbicicea B 10 3hien e Rinkieters ot bpt, fuiTed o Yhe
i nconpat i bl MDAt beltshe Thas, ethieahems e klémerithsizéVbBbt &@Hés aafunictisniloft eriodBAsh | S

| ate the acti portion of

IR i R S S SR RB ORI Y R TR,
sui t abl y Sepaenti@ttcabetheahérerdoathabhthan typibst foethsd gate @r Sdtbefetrid MBmories
LSl 2100 LS e hrolal o e of e SEhin Sbbtec Ml e MBHY s0n
the subst r adevibdmap befenddsrilirttbliRGarlyodtRmidal ahd mddhanisallyakable bgbsuats) -
Do s i e s Bemncarel e PR REN U Ttk o
540 and t hetdraiddosh glsicdn ealsst@té) | ayers. Finally, a top el ectrode 560
Is suitably deposited and patterned in the vias. Suitable
10 2. EEPROM Applications
With continued reference to FIG. BA, the ability to create and control a non-
volatile change in an electrical parameter such as resistance or capacitance allows the
MDM of the present invention to be used in many applications which would otherwise
utilize traditional EEPROM or FLASH technologies. Advantages provided by the
15 present invention over present EEPROM and FLASH memory include, among others,
lower production cost and the ability to use flexible fabrication techniques which are
easily adaptable to a variety of applications. MDMs are especially advantageous in
applications where cost is the primary concern, such as smart cards and electronic
inventory tags. Also, the ability to form the memory directly on a plastic card is a
20 major advantage in these applications as this is generally not possible with all other
semiconductor memories. |
Further, in accordance with the MDM device of the present invention, memory
elements may be scaled to less than a few square microns in size, the active portion
of the device being less than one micron. This provides a significant advantage over
25 traditional semiconductor technologies in which each device and its associated
interconnect can take up several tens of square microns.
In accordance with another aspect of the present invention, pass transistors are
used in the EEPROM configured MDMs {“MDM-EEPROMs”) for providing EEPROM
devices with DRAM-type densities. Alternatively, the materials of the MDM devices

30 or separate diodes or thin film transistors {“TFTs"”) may be used in place of the silicon
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I nterconnects 'to bottomel ectrode 530 and top el ectrode 560 are provided

usi ng any conveni ent nethod which is well known, for exanple, in the
sem conduct or | grated circuit industry. Whe prjate
voltage is abgﬁﬁgéﬂﬁgtmeen the top el ectrode 560 (cathoﬂeg %ﬁga%ﬁe
bottom el ectrode 530 (anode), a nonvolatile netal dendrite 570 gr ows

t hrough the ion conductor 540 toward the bottom el ectrode 530 (anode).
Simlar to the PSAM structures descri bed above, the growth and changes in
t he 20 | engt passftrarsistosnegiratdnt eelitd-aéll steort cir¢wtsSn Qnadrfaytavingh pririky lof cal
characteristjcs

e.g. - the.resis ce,.Lhe capacitanc and the |ike)
of the NDM 589VC (Sn 'ﬁﬁ?"s” ﬁ%’ﬁ’tﬁe ith ofte as&g&/ﬁ%ﬁl’e B%esa'éa@EY%‘BB' ‘%ﬁa Y Rewrites oi |
bel ow, "t he l\/‘E&l\MBOGDN&BERROMtdeMic_E &4 applyingra carstant or Imrﬁﬁ)biéi&_%i th@Slectrodes
26 i t1 ol e BtiRERM-RERRAR Fuls to R B AT piv e At Srncubed shoes, the. o
suitable 5 gRVahTOMS dehtifiteahafgexisothGRe réditindtSartd SsgHeithide 6F th-dbvice,
junction di oge, n;a bﬁ configured between the bottom el ectrode 560 and
the ion condB®the? \%ﬁtﬁ. can beA%&?cttg‘gH%{W3?,""&°HY‘“§!‘%§Et’F?tE°‘F'i | m can be deposited
over the top el ey @daMONOEEPROM G6vice exribit hfgﬁly&i&&kﬁé&%ﬂfc%%tgﬁafcépﬁﬁ%gg :

may

Thus, with reference to FIG 5C, rows and col ums 30 of devi ces
be fabri cat eths 9angrite pesi¥eruiend heper nsistanreanderagitancelisde part a tunctiomef y

I ar ge stor ag%@%@\g&gﬁ 3%% ?meﬁralthetéb%na@wi&&a%&}ﬁagf‘st&%w A¥tetd 10gic
PCT/ US98/ 1@ gsterage is also possible. In this storage scheme, more than two levels (i.e., binary)

may be held in each storage cell; thus, increasing the overall storage density greatly.
For example, 4-state storage (possible by using four dendrite positions) allows a
doubling of memory capacity per unit area for the same storage cell size. Thus, in
accordance with various aspects of the present invention, MDM-EEPROM device may

15 be able to store a continuum of analog, rather than digital, quantities. The storage
of analog values in conventional memory technologies is extremely difficult if not
impossible.

In accordance with another aspect of the present invention, the MDM-EEPROM
device may be "conditioned” by applying a conditioning bias with a suitably low

20 current limit. The conditioning bias is applied for a sufficient length of time to permit
the growth of a nonvolatile metal dendrite to connect the electrodes of the MDM-
EEPROM device. A short erase bias with a suitably high current limit is applied to
break the metal dendrite thereby "erasing™ the MDM-EEPROM device. A read bias
with a sufficiently low voltage limit to prevent dendrite growth is applied to "read"

25 the MDM-EEPROM device. A write bias with a low current limit is applied to close
the break in the dendrite thereby "re-writing” the MDM-EEPROM device.

The MDM-EEPROM device can be erased, read, and written by applying
different bias with the same or different polarities depending upon operational
requirements. For example, the MDM-EEPROM device can be erased with a forward

30 bias, read with a reverse bias, and written with a forward bias, or various other

combinations.
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menory devices can be limted by the size and conplexity of the colum and
r ow decoder circuitry. However, the MDM storage stack can be suitably
fabricated overlying an integrated circuit with the entire sem conduct or
chip area dedicated to row col utm decode, sense anplifiers, and data
managenent ciwWeg¥i81# (not shown) 5 since the MDM el enents RGTYSSBEIBYs o any
silicon real estate. In this manner, storage densities of many
Go/cnjerr] can be attained using MDM devi ces. Utilized in this manner ,
the MDMis essentially an additive technol ogy that adds capability and
functionality to3gexi smilmysajnbimasﬁaabma&amnei rcuit technol ogy.

It should be recggni zed that there are various alfternative confiqurations
or 10 methods 1 oF e BIFSERIRYSWGR BAS IS0V AEGUERS whigh leadte Rtbetpen it ant—

i nvention. of use0r IneyehrdI ereudlvvnteeeiawmbemﬁmﬁbﬁa@basea Gt piridisibiofca
conflguratlon i n accordance various aspects of the present

i nventi on, &harasatersge; §of ?ﬂaﬂ'ﬂeﬁéﬂ BBAW %Fbﬁgﬁ's storeg;fgy @ fgw "E°'1°§?‘Fﬂ"@50 is

preferabl ¥ deEEPROMES Beihargd Rialy BB fbRG! foP §Bar8 3 UrdbHudately, t88H8dré ¥hRodsL0
(or an insulating layer 620 if an_ insulator is used). Vias nmay be opened 15 -

over a por t iRSRCesEeS WRIGhAMNFHARILBYS charog Sech ahHioNEINGIGHIRILR o FoB 2¥amAle. e
deposi t ed mm?d?? vt &ﬁdaesbmaioﬁsh%nmt p&HILIRS CohER FasEiRg tWrddlhNatfiBicwl as.
ec

Next, a top el rode be deposited and patterned in the vias.
Tur ni ng now Segigqnductor 9ﬁ\§°?| FW?r&t%’Qﬁ;‘\nt@é‘ whichy d@itess the ehasgednoithe cel |

or et al sefdGEiidubfor MRURE.Y IF el cagl of %or@ﬁcﬁﬂ&iggesb@l@‘éﬁas 6k ebond!

el ectrodes are 20 provided._Specifically, an 0 1 ncludes an ion
conduct or107 1andiada epeuntiosd ckhe preser invention.3on tespberelpng, depe netiderand o t he

i on conduct Qhafdd) st HUGE R APR' BNic Shange ‘fﬁ’|tB@9ﬁafe$ual§ERHseﬂ\att9|a§ Neein

el ectrode 720 (cat hodeé a dendrite 740 grows throu I on conduct or
710 t owar ds Yhedfestask by elstively laegeodeges of radiation. |im cstberomﬁ%ethm present

aspect of t ent t ,
p hﬁvéﬁtﬁ'ﬁx 13 rahfé\é‘éﬁ' Hafd) ¥ ﬁr%ﬁ%%@grﬁﬁ “a gé%gé@?& ffnY\‘ﬁagreand

addi ti onal ectrodes ar at ed
fromion corghacesysEert g well matr@aﬂ»'amgmegrmmmmnlabev%@ma@pch aauae'lceaft ric

or resistyjpve, m:ﬁ/éa‘ﬁonsl%ﬁﬁ 2 case of a dielectric material, the MDM 700
will exhibit ogra |'e capacitance between the various el ectrodes.

In the case of a resistive material, the MDM 700 wi || exhibit
programabl e resjstang hgﬁé\%%lé SeMRr i ous 30 el ectrodes. The

progranmmabl e capi tance resi stances between the various
Another apphcatlon of the present invention is in synthetic neural systems

{"SNS”"). SNS devices are based on the workings of the human brain and are
destined to become the next generation of computing anq control devices. SNS
20 devices rely on the ability to make connections between elements as part of a
“learning” process. Connections are formed between the most active circuit nodes
{i.e., those nodes which have signals present for a majority of the time}). The
“training” of the systems, by the application of input, results in a form of hard-wired
togic. However, this type of system is extremely difficult to achieve with
25 conventional silicon-based devices, On the other hand, in accordance with the
present invention, SNS systems can be configured with MDM devices. As described
above, in MDM devices, the formation of a dendrite depends on the presence of a
voltage signal, thus connections naturally form between the most active nodes as the
dendrites grow toward the electrodes which have voltages applied to them. In

30 addition, the strength of the connection, governed by its capacitance, will depend on
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- 13 - WD 99/ 28914
PCT/ US98/ 25830 el ectrodes are preferably programed by the extent

of growth of al dendrite: 740. The NDI\A&%%E;B;%%S
sever al advarﬁ%@gﬁgver t he MDM 500 and MDM 600 shown in ' -and 6
configured wwth two el ectrodes. For exanple, one such 5 advantage is that

a voltage can be applied to any conbi nations of the el ectrodes ot her
than el ectrodes 720 and 730 without altering the length of netal dendrite

740 andhe sieength of theppihp Hois difaetablg aprlen menaewy isgnother sigaificest Thi s

has inport aidbect of thePrdsent i@atiber the use of the MDM 700 in nenory arrays
and other electronic circuit applications. These sane consi derations

and advantages apply to a three electrode 10 rather than a four el ectrode

device. It |8 ho%ﬂ?ﬁ“@ﬁﬂﬁﬁ%@%‘*%&g dehsvigay ticul ar exenpl ary

enbodi ment the ne et ween el ectrodes 720 and 730
and not bet weenAsidgsasibed abowr. ePSAMesttuctitre snayThe teéd far, implepudntingesriz2® and

being - ® it SERnBoles ScR sty BB pdipncdshil daGbinde (- o] e
of FIGS. 5AdeviceandArcerdinghsewith seferegae to FiGut 8.d2 PRI deeice 800f inaawcordance
comvents on e gy BERES VR pna ol SBne ! S e o 1o
be i ncor porextissiiroent; tree PR/C destive 800 preferibboinciuties asabsalate 810 whiah providgs
process of an MM LSUSSNR SHShEBRYC device BOO. If the substrate 810 is non-insulating
10 or otherwise incompatible with the materials used in the PR/C device 800, an
insulator 820 may be disposed on the substrate 81 O-to isolate the active portion of
the PR/C device 800 from the substrate 810. Next, a bottom electrode 830 may be
deposited and patterned on the substrate 810 [or the insulating layer 820 if an
insulator is used). Next, an ion conductor 840 is preferably deposited and patterned
15 over the bottom electrode 830 and the substrate 810 (or the insulating layer 820 if
an insulator is used). Next, a dielectric film 850 may be deposited over the ion
conductor 840 and vias are opened over a portion of the ion conductor 840 and the
bottom electrode 830 layers. Finally, a top electrode 860 is preferably deposited and
patterned in the vias. Suitable interconnects to the bottom electrode 830 and the top
20 electrode 860 are provided using any convenient method.
When an appropriate voltage is applied between the top electrode 860
(cathode) and the bottom electrode 830 {anode}, a nonvolatile metal dendrite 870
grows through the ion conductor 840 toward the bottom electrode 830 (anode).
Similar to the PSAM structures described above, the growth and changes in the
25 length of the nonvolatile metal dendrite 870 affects the electrical characteristics (e.g.,
the resistance, the capacitance, and the like) of the PR/C device 800.
The PR/C device 800 also can be appropriately patterned to provide isolation
from multiple adjacent PR/C devices. Additionally, a dielectric film can be deposited

over the top electrode 860 and the entire structure can be repeated. Thus, rows and
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si npl er than even the nost basic sem conductor processing techniques. Wth
sinple 20 processing techni ques coupled with reasonable material costs, the
VDM provi des a menory device with can be nmanufactured with a | ower
production cost than other menory devi ces. 1. P and
Anti-fuse AppY® ¥a8Pns Wth reference now to FI GPEHSHEE0 -
accordance with various aspects of the 25 present invention, an NMDM device
can be utilized as a PROM type nenory devi ce. Most conventional PROVs
use fusible |links which are broken or bl own during progranmm ng. Once a
link i s brokelomnistofcBRitbHeviees emaydbe fabivicatdd\Vintie\a bigh afensite configynatise o

I nvention provides.the | ] ] - ke, as well as to subsequently break, a
connecti on. ptﬂ’l’f&sje ?>%t\r‘e erlgpéééés?)r!%% ees!'rgs-"'i-t gives nore | ati tudg and Y

flexibility; forlit38bowddepdppreciated thét arious pgssiblekconfigeratiods odmetbyds formade,
tlzl_ s ink C%gnﬁlr‘t}%%%g;) g%&ﬁg\\ﬂce can be used in accordance with the present invention.

PCT/ US98/ 2583Pexample with référece oo Fid1t9, dn al PR/Cdevichl 301 a ididedtda ditrh t950 ief t he

VDM devi ce ca Lt hst and ke{b Kk l es; th L pl
repr og\r/:';mm' H&qe%fvez’e@?%‘egg%' bt é’.°ttr£?“ Hedits %Cﬁgﬁll %SVF%E“%}J éf"ﬁ@%ﬁ ABsent
i nvent i on mmsuking Idyer 82€ 6 dninguiagr Brased). eVias maly ©@iopensd oy a(pdrlidksof) thel n

PLAs, blocks of 1qgic el .such dd 5 d but
are hot conReBPBAeiTsR ettt B RAD re) bR eSe sl IR

the bottom electrode 930 within the vias. Next, a top electrode 960 may be

10 deposited and patterned in the vias.

As discussed earlier in connection with FIG. 7, MDM devices in accordance
with some embodiments of the invention include an electrode or electrodes additional
to the two electrodes utilized to program dendrite growth, which can be used for
“outputs® of the devices. The same structures as illustrated in FIG. 7 are applicable

15 for providing programmable capacitance and resistant elements in contexts other than

memory elements and for appropriate application anywhere capacitance and

resistance elements are utilized.
The PR/C devices of the present invention are typically constructed so as to be
physically larger than the MDM devices of FIGS. 5A, 6 and 7 so that a greater
20 parametric variability may be attainable. The PR/C devices of the present invention
may be suitably “programmed” using a DC voltage with a relatively high current
levels; consequently, a small signal AC voltage or DC voltage with a relatively low
current levels would not affect the dendrite condition and hence the resistance or
capacitance would not vary. These programmable devices may be used as tuned
25 circuits in generat {(e.g., frequency selection in communication systems, tone controls
and audio systems, voltage controlled filter circuits), voitage controlled oscillators
{*VCOs"}, signal level {e.g., volume controls), automatic gain controls (“AGC”), and
the like.
With continued reference to FIG. 8, the exesmplary PR/Cs represent a significant
30 departure from conventional silicon-based microelectronics. In fact, silicon is not

even required for the operation of the PR/C. Also, the overall manufacturing process
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vol ume application (e.g., an application which would not justify a custom
chip design). Traditionally, the final connections between the various
| ogic el enents are made at the production facility. However, the NDM
devi ce woul d ¥PPYPlich PLA devices to be "field progr aRAHB®BRSEIG it s
relatively easy to electrically define hard 10 connections between sections
on the chip with the netal dendrites. Anti-fuses are also found
inintegrated circuits where redundancy techniques are used to conbat
process-i ndiscednsigbeblys shngler nthanr evete theli Mmost basicOberAicdRMictor procdsifgl €X,

he chi p. hESFPPECHR: TaF FIE Bieosesi R e vutiar Oiblon Wit eBrBbie soriana o8

the chip thefm '§Y&2t G dnataiel gests
during 15 ppocddesa dgviee with b sovd prodiugtiopebsd.i on, spare nmenory may be brought
on line to conpensate. Typically, this process is controlled by |ogic
gates on the nenory chip and requires constant self-testing and

el ectrical tecorderpiisidri on. An MDM device in accordance with the
present ipventi may, be i ncorporated into such nmenory chips

appropri afely fofHsmeld ashAEap %n@"hné’ﬁjé"’ﬁﬁ!‘tcmvﬁﬂmfm ar daMi cest, lZthly

I n"accor dangmntfddiu@BiR dasiReGs obfainel Mt RSB ion, itten
tq a PROM confi gurtéd MDM (" I\/DI?/LPIQO\/I) de?}:’acg&“rl?ﬂlda’}lh iRd Vaq%%h?%ﬂs

pul sed SUFHRS Memary deyises, P@Qﬂé"@P@d’?ﬁ‘é@é@"@Paﬂwonldw|aud the like.onot e
dendrite grow h. Althoug_Ehﬂ\éT%Fé'enéjWhhﬁﬁ is Sse@'#oﬂWeQerE e chife gnqd SO as

to forma |low resistance anti - fuse connecti on. ﬁIshl S connec Ion C anges
bot h t he redpPRensdedsraying WVE%phéhQ%ée appregiatechthatdhminyesyjert ismot Tivdted

VDM PROM gle s Cﬁae”‘%ﬁe&h@ NidPfsC KW, " \Sﬁ%usbxtmer a‘n%gg ﬁgr}sa §£ﬁaﬂtkpcur [ ent

(i.e., acurrent small enough not to damage t the
dendrite coﬁanemnts" Prihsidegion; Wéamwmdﬁmnlmemsﬂmobrfpt e:s&mmle. the by

f th
fandr i Lo ando W ehChAyAS SotRofReIel] Fal b agud Bt B eBhe bl o0

pul sed bi as apd sesne Fthe peasentitvention. Fuethamiireconecef, skilllie ther aravill ap;irbﬁate
dendrite caphfie diod8%fther applications and uses exist for the PSAM structure besides tha°

15 specific examples given.
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WD 99/ 28914

PCT/ US98/ 25830 In the MDM PROM device, the electrical change
between the two dendrite conneeted—etectrodes can be | arge enough that

transi stors are not required at ME Thus, the nenory el enent
si ze becones ¥OPUMEH on of anod ‘ﬂlﬂ“‘“‘ma‘ r/ cat hode BGEBISA3S §30a| one.
This geonetry allows the nenory o elpréseht *5 invention to be the nore
conpact than typical floating gate or ferroelectritc nenories whi ch

require transistors to be part of their storage elenents. In addition, the

VDM devi ces may be formed on virtugtlayvmgny chem cally and nechanical ly

st abl e subst | madtterlal If siliconis required for additional
circuitry, t aﬁ/ﬁ\fa@\'ﬁ &s may sinply be formed on a silicon substrate.

10 2. 1. EBPRbYBAPhdbtatsubRtirface aggregatikt Metizhtio GPSAR) CEPHGErel O
FIG 5A the ability to create and control a non- vol atil e change in an

el ectrical pﬁ?’&ﬁﬁf' * such as resistance or capacitance allows the VDM
of the present i RANGBH beﬁuac@o.—be used in many applications which would

ot herw se utilize traditional EEPROM or FLASH technol ogi es. Advant ages
provi ded by the PPWBEEYAeleqipdAt disRosasten Baid domeonduetenWheakInEatAepst sieor v

I ncl ude, anoggs&l Rfctrodes arel mguﬂaaqaugidmng s%émmuimh&efram ﬂhbtrbé hvdlore

flexible fabrication techni qgues which are easi | i;a apt abl e to a variety.
e

of applicati Biss twergctegdes doperd 3he \pogitiya Rfateotyeo | ctrodes, gfyobghtsaishipnaher e

cost is the péadiREsr \Qﬁ&?@"v&ta%’i@Qp?%&ﬁ‘&%eﬁ%&ﬂ&v@ngetﬁ}&ﬁy oni ¢
inventory tags. Also, the ability formthe memory directly on a plastic

card is a 20 maj or advantage in these applications as this is generally not

possible ypth, al la pEARA structu?eeiﬁ‘a&g&@'dﬁ&é){}vuﬁedm{n' ?SWherem salcl ion &HHL&‘SF is 1 N
accordance with the MDM devi ce of present 1nvention,
formed from a chalcogenide matenal containing metal jons.

3. A PSAM structure in accordance with claim 2, wherein said chalcogenide
material is selected from the group consisting of sulfur, selenium and tellurium, and
said metal ions are formed from a metal selected from the group consisting of silver,

15 copper and zinc,

4. A PSAM structure in accordance with claim 3, wherein said ion conductor

contains arsenic trisulphide-silver.

5. A PSAM structure in accordance with claim 1, wherein at least one of said

plurality of electrodes is formed from an electrically conducting material containing

20 silver.

6. A PSAM structure in accordance with claim 1, wherein said plurality of

electrodes further comprises:
a first layer of electrically conductive material; and

a second layer of electrically conductive material, wherein said ion conductor

25 is disposed between said first and second layers of conductive material,
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el ements may be scaled to less than a few square mcrons in size, the
active portion of the device being Tess tThan one mcron, This provides

a significant advantage over 23, ﬂﬂﬂ“mrm I conductor technol ogies in
whi ch each deW¥2814 its assoall ,tmronnect can tgﬁ'@’”ﬁ’ﬁ’”g% eral

tens of square m crons. * fn acdordante with another aspect of the
present invention, pass transistors are used in the EEPROM confi gured
MDMs (" MDM EEPROVE") for providi ng EEPROV devi ces with DRAMtype

densities. Ayier paPSAM strudthes inpdceoidahee withtdisimVBWitkesincsatd Bt @hd Seperidit e

diodes or thn {1} m L5 SLRNSorke Wbt SRY B8 5 Sorbifefr 358 BimddSn

silicon ayer of electrically conductive ma

99/ 28914 substrate material for strength and rigidity. PCT/ US98/ 25830
pass transistors to prevent cell-to-cell short circuits in an array having
a plurality of devices. In accordance with one aspect of the present
invention, dgfa pRyprbgraMmdbiesub-surfat® dgaregstivg EhERMIYatioN i PSANY) sBDEME] a
constant or pulsed bias to the el ectrodes of the NMDM EEPROM device to
promot e dehdFPPRIYRGW h. As described above, the 5 growth of the dendrite
changes bot h the gnash sbidic@orind capaci t ance of the device, bot h of
which can be detected using any conveni ent mnethod. As the

MDM EEPROM devi cé@ ‘EXM%& hi ghly non-vol atile characteristics, and as
the dendrite posighigds,aath SaRese aﬁémmﬁ@&tﬂﬁﬁa@l@@w@ss&hbﬁoﬁ Gailldéd a

function of t he magni tude and duration o e applied vol tage,
mul ti pl e- st ac@ndyctar; 88dte | ogic 10 storage is al so possible. In this

storage sggeme, THElBUIniNG, LAY fletalhd ddharitdbRiBhdihg from SE é%wzﬁma% each

storage ¢ thus, 1ncreasing the overall storage density great
said anode through said ion conductor when a first series of pulses of electricity is

applied between said cathode and anode.

9. A PSAM structure in accordance with _c}aim 8, wherein said matallic dendrite
has a length which affects the electrical characteristics of the PSAM structure, and
15 said length of said metallic dendrite remains intact when said first series of pulses of

electricity is removed.

10. A PSAM structure in accordance with claim 9, wherein said length of said
metallic dendrite decreases when a second series of pulses of electricity is applied,
said second series of pulses of electricity having an opposite polarity to said first

- 20 series of pulses of electricity.

11. A PSAM structure in accordance with claim 8, wherein said first series of

pulses of electricity is applied until said metallic dendrite contacts said anode.

12. A PSAM structure in accordance with claim 11, wherein a gap is formed in said
metallic dendrite when a third series of pulses of electricity is applied between said
25 cathode and anode, said third series of pulses of electricity having a high current set

point and a low voltage limit.

-23-



For exanple, 4-state storage (possible by using four dendrite positions)
allows a doubl i ng of nmenory capacity per unit area for the sane storage
cell size. Thus, i accordance with various aspects of the present

i nvention, MNDM EEPRO\/I devi ce rraymllﬂ,mmmﬂ]mﬂﬁ tore a continuum of

anal og, rathdfO%8M4digital, qua age oPCERP¥RTEYal Ues

I n conventional nenory technologles I's extreﬁel? difficult if not

I mpossi bl e. I n accordance with another aspect of the present

i nvention, the NDM EEPROM device may be "conditioned" by applying a
condi ti oni ng3.bi #sPSAVhstaucturet ial:aopotdamQthmlainemz, whatein sdideagapoiodned dmi ng

bias is appll ICI fe 1 rm row h of
2 nonvol at | THE ferdlicdisrie B ElossfiBieh Biabiselipe BEsbs ofohifie®
EEPROM devi appheé\ tlowsén eandsmtﬁndasanm drivde, said lfmbttyséﬂegkbfcpmsarﬁf dlectritity S

appl i ed to al. den te ther "erasing" the NDM EEPROM
devi ce. A rBae %F‘@g V°t'tagﬁws?{1p°éms?ﬂ£7 LW%HP'V?/“‘%E% 'voltage linit to prevent
dendrite grovvth i's applledto ‘'read" 25 the NMDM EEPROM device. A wite bias

with a l rren |ied,to clpse break.lnthe dendrite -
t her eby " e?g(/r k "ﬂ?&’uw éﬁﬁ?fd{ﬁm. yah claim 8, WF‘B SIRCRP SOPBERICevi ce
can be er aS&ﬂthe’rQ:’iﬂhprBlﬂ otva éﬁa@cfbdamdapﬁhgenagcontammgffhefae ﬁﬁnéalxmsiermt ¢hid he
sanme or different lariti pendj on operati.onal uj rements.
For exarpl e SHFRBIA BesHEh P BFETE ol (I8 SERAEA S OR oL M PN BT
read with atema»ieﬁaseanblmd nital ohs take formddnfroml & meradsdlected fedm\WRki grdp ot her

conbi nati ons. -17 -
WO 99/ 2891 4cons15t1ng of silver, copper and zinc.

PCT/ US98/ 25830

10 15. A PSAM structure in accordance with claim B, wherein said cathode and/or

anode is formed from an electrically conductive material containing silver.

16. A method of forming a PSAM structure comprising the steps of:
providing a cathode;
providing an anode;
15 providing an ion conductor material disposed between said cathode and anode
such that a metal dendrite grows from said cathode toward said anode through said
ion conductor material when a first voltage is applied between said cathode and said

anode.

17. A method of forming a PSAM structure in accordance with claim 16, wherein
20 said step of providing an ion conductor material further comprises the step of forming
an ion conductor material from a chalcogenide material selected from the group
consisting of sulfur, selenium, and tellurium, and a metal selected from Group 1B or

Group 1B of the periodic chart.

18. A method of forming a PSAM structure in accordance with claim 16, further

25 comprising the step of providing a substrate for supporting said PSAM structure,
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3. Mlitary and Aerospace Applications The present invention has

many attri butes which Ieadto-o‘(‘he‘rmmlds of use. In

general, read/wi | ectroni c negyARl l]lﬂ d on the prippes a.
charge stor agg.(”lg—%glgxarrpl e, in ,i”! mllmm ‘di s stored ?g?mg;s?gﬁ/ﬁ'

m croseconds, 5 in EEPROMs the charge‘mal) bt stored for years.
Unfortunately, there are various processes whi ch can change this charge
such as ionizing radiation. For exanple, in mlitary and space

appl i cat i ons19.al phmetiwd: ¢fclomsing\thBPAMstsyatyre:inasgeidance withceaim 16, further

sem conduct Oéon%%}’sih? the'&@%'{ﬁoﬁ charged trail which alters the charge in the
sem conduct of device. 1n e case of nenory technologies, this leads to
soft errors 10 andnditning tver REAM structireby grosing a meraldendrite from sdid cathiode
hand, does ngt_depen e but on a physical change in the
materials, t¥ ¥ f'%éiel ﬁ\%"b%q %ag@%rng&ﬂﬁg?#oggt ed by relatively |arge doses of
radi ati on.5 | n ot laeasingothd S AV strgetamanyt formingi angapniniseid metal defidsite oy aprlyidg

This provides signjficant advant far m,li y and space systens as
wel | as nanyaﬁf’%‘ﬁﬂ m‘*@aﬁb{e?"" m&ggg\oggfglgeaﬁégés‘uch as aircraft 1 5 and
navi gati on syst eRrfriting to the PSAM stéucture Byreblesing shidugapl bySapplyéngsa third voltage
Anot her appl Lcati on OJa %Re gr%fent invention is in synthetic neural systens
("SNS'). SNSPERNFeRRAIcFANBdR 8% 30°9%e wor ki ngs of the hunman brain and are
destined to becone the next generation of conputing and control devices.

art of & 20v] ghfnathek oFfamines PERRNERFu P or AR Qv Bt RSt AT Mt

active ci{@uhgmﬁggﬁgthe stepiof€. , those nodes which have signals present for
a majority of the tI‘ITE%. The "trai niag," of th s%stems, b¥ t,ge

appl i cation of i fpeding thaRFAM stryctyre By applying & fquiin valiage betvsgn said cathpdse,
this type of ;8y43h6d8, wiserhtdafimuythdiolthy6 8 & shért deRicRrent\piil¥e.25 conventi onal
silicon-based devices. On the other hand, in accordance with the

present invention, SNS systens can be configured with MDM devices. As
descri bed above, in MDM devices, the formation of a dendrite depends on
the presence of a vol tage signal, thus connections naturally form

bet ween the nost active nodes as the
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dendrites grow toward the el ectrodes which have voltages applied to them
In 30 addition, the strength of the connection, governed by its

capaci tance, will depend on - 18-
WD 99/ 28914 _ _
PCT/ US98/ 2583809928914 t he strength of the input. This direcpelrusssasead-og
menory effect is another significant aspect of the present invention.
I11. Programmabl e Resi st ance/ Capacitance Devi ces As descri bed

above, a PSAM structure may be used for inplenenting various 5 different
t echnol ogi es such as progranmmabl e resistancd/hd capacitance ("PR/ C')
devi ces. Accordingly, with reference to FIG 8, a PR/C device 800 in

accordance wi th various aspects of the present invention is shown. In
an exenpl ary enbodi nent, the PR/IC devicS @00 preferably includes a
substrate 810 which provides t he physic support for thfoPR C device
800. If the substrate 810 is non- |nsulat|ng 0 or other I'nconpati bl e
with the materials used in the PR Creeviee—888—ar nsul ator 820 may be

olate t he actl
Next, a bott op

if an insul ator is uged). i ' GIEEE %}u of ef erably .
deposi ted and pattegned/15_oyh : coe g yhe substrate
810 (or the insulati'ng | ayef.:§ A N

di sposed on the substrate 810 to | 110 the PR/ C-

130
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;/:/égjazzégéiigj;/;/ﬁgj;’“\——110
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an insulator is used). Next, a dielectric film 850 nmay be deposited over
the ion conductor 840 and vias are opened over a portion of the ion
conductor 840 and the bottom el ectrode 830 | ayers. Fina%hé sﬁm%ﬂﬁ
el ectrode 860WPSY#%¢ er abl y deposi t ed ang1 patterned in fugeast
Sui tabl e interconnects to the bottomele {Pode 830 and the top 20 el ectrode
860 are provided using any convenient nethod. ~an appropriate
voltage is applied between the top el ectrode 860 220 (cathgﬂg) and the
bottom el ectrode 830 (anode), a nonvol at 24& net al /dendrite B70 gr ows
t hrough the ion conductor 840 toward the bQttom €l ectropffe 830 (anode).
Simlar to the PSAM structureg descri bed [ofJa the gr wth and changes in
the 25 Il ength of the nonvol at ¥l e _nptal ddang affects ‘ﬂp el ectrica
characteristics (e.qg., t he tAnce, and the |ike)
of the PR/ C device 800. Y #lfso can be
| tiple adj acent
‘a deposi ted over the

appropriately patterned to provild £
PR/ C devi ces. Additionally, atdielect

top el ectrode 860 and -the ire strué e280 Thus, rows and
-19- WO 99/ 28914
PCT/ US98/ 25830 colums of PR/ C dEd(EEéZJ&y be fabricated into a

hi gh density configuration to 220 200
240
R ’,\/
X/

W ihad
IS

230

FIG.2B

20 200

S
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FIG.2D

SUBSTITUTE SHEET (RULE 26)




provi de extrenely |arge densities. It should be appreciated that
various possible configurations or nethods for constructing a PRI C

devi ce can be used in accordance with the present invention. 5 For exanple
with reference to FIG 9, in a PR/C device 900 a dielectric film950 is
preferably depeeidsed over a bottom el ectrode 930 and a subPCTASW28%BO (or an
insulating layer 920 if an insulator is used). Vies nmay be opened over a
portion of the bottom el ectrode 930. An ion conductor 940 may be
deposited and patterned over the bottom el ectrode 930 within the vias.
Next, a top el ectrode 960 may be 10 deposi t edithd patterned in the vias.

As di scussed earlier in connection with FIG 7, MDM devices in accordance
wi th sone - enbodi ments of the invention include el ect :ng or el ectrodes
addi ti onal to the two electrodes utilized t rograntdendrite grow h,
whi ch can be used for "out puts" of the devifges. T ane structures as
illustrated in FIG 7 are applicable 1 5 for/providi pr ogr ammabl e

capaci tance and resistant elenents in qoat s ot her than menory

el ements and for appropriate gppljcai ci t gpge and _
resi stance elenents are utilizg Lets of the present
i nvention are typically const ppysical ly larger than
t he MDM devi ces of FIGS. 5A, = 20 paranetric

variability may be attai nable. The PR/ f Jobe present invention
may be suitably "programed" using a DC ge with a relatively high
current | evel s; consequently, a small signal AC voltage or DC voltage
with a relatively | ow current |levels would not affect the dendrite

condition and hence the resistance or | Z8A tance woul d not vary. These
programabl e devices may be used as tuned 25 circuits in general (e.g.,
frequency selection in comuni cation systens, tone controls and audi o
systems, voltage controlled filter circuits), voltage contrdifed
oscillators ("VCOs"), signal level (e.g., vojyyme controlg), automatic
gain controls ("ACGC'), and the Iike. Wth tinued
reference to FIG 8, the exenplary PR/ Cs repr nt a si ﬁ?i{(‘;ant 30
departure from conventional silj = } ics. In fact,
siliconis not even requi r the R C. Also, the

%?r al I manuf act qri ng process : ///r/t//// -~ -
- /é/////////////// 15

FIG.3B

328 324 320

g

329
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WD 99/ 28914

PCT/ US98/ 25830 is considerably sinpler than even the nost basic

sem conduct or _processi ng t echni ques. The sinpl e processi %ﬁﬁ jques
coupled with 0288881 e material costs provi de a devi ce&’gﬁ" a%gw
producti on cost. V. Conclusion 5 Thus, in accordance with the
present invention, a low cost, highly manuf act urabl e device is

obtai ned that may be enployed in a variety off{8pplications such as

menory devi ces, progranmmabl e resistor and capacitor dgyjces, and the like.
Al t hough the present invention is set forth herein in,the context of the
appended drawi ng figures, it s | d be appreciate at the invention is
not limted 10 to the specific for shown. _Varigpus ot her nodifications,
vari ations, and enhancenents iQ theAd n, arrangenment, and
i npl enentation of, for exanple, the ructure, as set forth herein
may be nade without departing from {hg 1/ d3%ope of the present
i nvention. Furthernore, one of skil k#h/t ,6é wi |l appreciate t hat
)

various other applications and uses exi t he PSAM structure besides
t he 15 specific exanpl es given. 33

FIG.3D
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352
354

FIG.3F
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CLAI M5 VWhat is clainmed is: 1. A progranmabl e sub-surface
aggregating netallization (PSAM structure conprising: 5
conduct or; a plurality of electrodes disposed on said ion- .
conduct or, whewep928t4 | east two of said el ectrodes are cREWVSISRE830 f Or
growing a netal dendrite fromthe negative of the two el ectrodes toward
the positive of the two el ectrodes through said ion conductor when a
voltage is applied between said two el ectrodes. 10 2. A PSAM structure
in accordance with claim11, wherein said ion conductor is formed froma
chal cogeni de material containing metal iorG10 3. A PSAM structure in
accordance with claim2, wherein said chal cogeni de material is selected
fromthe group consisting of sulfur, seleniumand tellurium and sai d
metal ions are formed froma netal selected fromthe group consisting of
silver, 1 5 copper and zinc. 4. A PSAM structure in accordance with
claim 3, wherein said ion conductor contains arsenic

trisul phide-silver. 5. A PSAM structure in accordance with claim1l
wherein at | east one of said plurality of electrodes is fornmed from an
el ectrically conducting material containing 20 silver. 6. A PSAM
structure in accordance gith claim1, wherein said plurality of

an ion

el ectrodes further conpreses: S
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a first layer of electrically conductive material; and a second

| ayer of electrically conductive nmaterial, wherein said ion conductor 25 is
di sposed between said first and second | ayers of conductive nmaterial.

- 22- WD 99/ 28914 _

PCT/ US98/ 2583Q0 99128914 /- A PSAM structure in accordance wdcrhussdmsian 6

wherein said first and second ‘layer of electrically conductive
material and said ion conductor are formed on a substrate material for
strength and rigidity. 8. A progranmabl e sub-surface aggregating
metal | i zati on (PSAM structure 5 conpr|5|ngy, an ion conductor
a cat hode; an anode, said cat hode ﬂg anode arranged opposi ng one
anot her on said ion conductor; and 10 a netaltic dendrite, said
nmetallic dendrite extending fromsaid cathode toward sai d anode t hrough
said ion conductor when a first series of pulses of electricity i 500
appl i ed between said cat hode and anode. /J

550 - 580 550

7 570 / // /J
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9. A PSAM structure in accordance with claim8, wherein said netallic
dendrite has a | ength which affects the electrical characteristics of
the PSAM structure, and 15 said length of said netallic dendrite renmins
intact when sqjghohisiat series of pul ses of el ectricity iRCT/USRAEYW:
10. A PSAM structure in accordance with claim9, wherein said | ength of
sai d netallic dendrite decreases when a second series of pul ses of
electricity is applied, sai d second series of pulses of electricity
havi ng an opposite polarity to said first 20 @?gl es of pul ses of
electricity. 11. A PSAM structure in acc ance with claim@8, wherein
said first series of pul ses of electricity is applied until said
netal lic dendrite contacts said anode. 12. A PSAM structure in
accordance with claim1 1, wherein a gap is fornmed in _said sometal lic
dendrite when a third series of pul ses } ed between
said 25 cathode and anode, sai g—ttmrd electricity

havi ng a high current set [ofo W2l and>§’
- 23 -

FIG.5C
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WD 99/ 28914

PCT/ US98/ 25830 13. A PSAM structure in accordance with claim 12,
wherein said gap forned in said netallic dendrite is recl osed when a
fourth series of pulses of electricity is appl i ed between said cat hode
and anode, saig, dQuskh series of pulses of electricity PaYRsiabieh

vol tage set point and a low current- limt. 5 14. A PSAM structure in
accordance with claim8, wherein said ion conductor further conprises

of a chal cogeni de material containing netal ions, wherein said
chal cogenide material is selected fromthe g@ﬂgp consi sting of sulfur,
[

sel eni um and tellurium and said netal are fornmed froma netal
sel ected fromt he--group consisting of silver, copper and _zinc00 10
15. A PSAM structure in accordance with claim8, wherein §¢ra'2athode
and/ or anode is fornmed from an elebﬂklcally conductive “materi al
containing silver. 1 6. A nethod ()t form ng a PSAM.strucTi0 e
conprising the steps of:

an anode; 15 provi di

sai d cat hode and anode su
cat hode toward sai d anode t hrof{g
first voltage is applied bet]
A et hod of formng EOPﬁéM S
20 said step of providi an
step of formng an i

sel ected fromthe group

el provi di ng
sngsed bet ween .
C{gévw fromsaid -
terial when a

/ aNode. 750 17. .
AL 16, wherein
nprises the

shi~de qggeria]
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consisting of sulfur, selenium and tellurium and a netal selected from

G oup 1B or Goup IIB of the periodic chart. 18. A nethod of

form ng a PSAM structure in accordance with claim 16, further 25 conpri sing
the step of prowoisdbsgs a substrate for supporting said PSAM spépigbddhsss '
- 24- WD 99/ 28914 :

PCT/ US98/ 25830 19. A nethod of formng a PSAM structure in accordance
with claim16, further conprising the steps of: condi tioni ng
the PSAM structure by growing a netal dendrite from said cathode to said
anode through said ion conductor; 5 er 401t the PSAM structure by
formng a gap in said netal dendrite by applying a second vol tage

bet ween sai d cat hode and anode; witing to the PSAM structure by
reclosing said gap by applying a third voltage bet ween sai.d cat hode and
anode. 20. A nethod of formng a PSAM structure in accordance with
claim19, further 10 conprising the step of:

* 900
o5 pad

950
940

830

NN
WS D
>/\\\\\\\\\\\\\\\\\\\\ —__ 920

- 910

FIG.9

SUBSTITUTE SHEET (RULE 26)



readi nfj T NREPISAWMMENTISHEEES bwGappllyi ng a fourth vo @%gé‘%&&we LIPOPEYS - 2
d fo

cat hodg pr pesefifliod Nqfged 6Q/t‘ner,tg:qg(sd.s::au urth voltage is a short |ow current
pul se. | ' Claim(s) : paged...to paged....

- 25 - [1 Drawing(s) : paged.... to paged ... 9 Substitute sheet - 19 June 2000
[0 Abstract : paged...to paged...

DATE OF RECEIPT...\ 0.k %

Refering now to FIG. 2C, in accordance with still another aspect of the present
invention, an erase puise with a relatlvety high current set point and a relatively low

. .-voltage limit is surtably applxed between electrode 220 and electrode 230 of the

PSAM structure 200. The erase pulse :s forward biased, meaning that the polarity

. of electrode 220 and electrode 230 need not be reversed. The erase pulse breaks the

metal dendrite 240 resulting in a gap within the metal dendrite 240. The existence

of the gap within the metal dendrite 240 alters the electrical characteristics (e. e,

smpeda%) ‘V the PSAM structure 200. Pulses at very small voltages (e.g., less than

about 399-5&-\/} typically do not promote dendrite growth therefore, the state of the
dendrite may be suitably detected {read) by using a short low}\eu#eﬁ%—pelse;

Referring now to FIG. 20, in_accordance with yet ancther aspect of the present

invention, é write pulse with a relatively high voltage set point and a relatively low

current limit is suitably applied to electrodes 220 and 230 of the PSAM structure 200

to reclose the gap in the metat dendrite 240. "hus, the PSAM structure 200 can be

erased, read, and written by suitably appiymg different unipolar voltage pulses.
Alternative, the PSAM structure 200 also can be erased, read, and written in various
directions, thus offering considerable operational flexibility. For example, the PSAM
strucfure 200 can be erased with a forward bias pulse, read with a reverse biaé pulse,

then written with a forward bias pulse. or various other combinations o

. In the above description, pulses with high or. low voltage set pomts and high

.or Iow current limits were described .- lt-should be’ appreciated that the specific high

and low levels of the voltage set points and current limits may vary greatly depending

-on the specific configuration and dimensions of the PSAM structure. In general, a

low voltage set point refers to voltage set points which are sufficiently low to prevent

the growth of a metal dendrite. Accordingly, a high voltage set peint refers to

voltage set points which promote the growth of a metéi dendrite. A high current limit
refers to current limits which are sufficiently high to form a gap in a metal dendrite
which has grown between the electrodes. Accordingly, a low current limit refers to
current limits which are sufficiently low to keep the metal dendrite intact. The
specific current limit at which a gap in the metal dendrite can be faormed will depend
in part on the thickness of the metal dendrite. For example, a gap in a thin metal
dendrite may be formed with a current limit of a few nano-amps, whereas a gap in

a thick metal dendrite may be formed with a current limit of a few micro-amps.
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A
sub-surface
metallization sructure
{'PSAM"™) includes an
fon conductor such as a
chalcogenide—glass  which
includes metal ions and at
least two electrodes disposed
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programmable
aggregating

ion conductor, Preferably, N Ao vata iy

the ion conductor includes BN i\ PR 2y L

a chalcogenide material with \ !i[ ..,:..:‘:.‘.:.... gy
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anode. The growth rate of
the dendrite may be stopped
1 by removing the voltage or

130

the dendrite may be retracted back towards the cathode by reversing the voltage polarity at the anode and cathsde, When a voltage is
applied for a sufficient length of time, a continucus meta) dendrite grows through the ion conductor and connects the electrodes, thereby
shorting the device. The continuous metal dendrite thea can be broken by applying ancther voltage. The break in the metal dendrite can
be reclosed by applying yet another voltage. Changes in the length of the dendrite or the presence of a break in the dendrite affect the

resistance, capacitance, and impedance of the PSAM.




