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The present invention relates, generally, to a programmable metallization cell

PROGRAMVABLE METALLI ZATI ON CEﬂ " AND

5 comprising a fast ion conductor, a plurality of electrodes and a voltage-controlied
metal structure or dendrite formed at the surface of the fast ion conductor between
the electrodes, and more particularly, to devices such as electronic memory,
programmable resistors and capacitors, integrated optical devices, and sensors

utilizing the programmable metallization cell.

10 Background Art and Technical Problems
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

15 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

20 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
configurations, information is only retained so long as the power to the system is not
turned off. |

25 CD-ROM is an example of non-volatile memory. CD-ROM is large enough to

contain lengthy audio and video segments; however, information can only be read
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10 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
memories have become widespread. Furthermore, because these portable systems
require data storage when the power is turned off, a non-volatile storage device is

15 required. The simplest programmable semiconductor non-volatile 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
reprogrammed. This is an example of a write-once read-many ("WORM") memory.
The erasable PROM ("EPROM") is alterable, but sach rewrite must be preceded by an

20 erase step involving exposure to ultra violet light. The electrically erasable PROM
(“EEPROM"” or “E2PROM") is perhaps the most ideal of conventional non-volatile
semiconductor memory, as it can be written to many times. Filash memories, another
type of EEPROM, have higher capacity than the low density, traditional EEPROMSs but
lack their endurance. One major problem with EEPROMs is that they are inherently

25 complex. The floating gate storage elements that are used in these memory devices
are difficult to manufacture and consume a relatively large amount of semiconductor
real estate. Furthermore, the circuit design must withstand the high voltages
necessary to program the device. This means that an EEPROM's cost per bit of

memory capacity is extremely high compared with other means of data storage.
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10 Accordingly, in view of the various problems associated with conventional data
storage devices described above, it is highly desirable to have a read/write memory
technology and device which is inherently simple and inexpensive to produce.
Furthermore, this memory technology should meet the requirements of the new
generation of portable computer devices by operating under a low voltage while
15 providing high storage density, non-volatility, and a low manufacturing cost.
Programmable Passive and Active Components
Electronic circuits may comprise 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
20 capacitors, have electrical values associated with them which are relatively constant.
On the other hand, the electrical values of active components, such as transistors,
are designed to change when a voltage or current is applied to control electrodes.
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
25 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 vyet, in an alternate
embodiment, the same device acts as a passive 'component_whic'h can be pre-

programmed (i.e., the change is “remembered” by the device after programming is
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Conclusion

20 Because of the widespread use of devices such as memory devices,
programmable resistor and capacitor devices, electro-optical devices, and sensors, it
is very desirable to have a low cost, easy to manufacture device that may be

implemented in all of these various applications, among others.

Summary of the Invention

25 In accordance with an exemplary embodiment of the present invention, a
programmable metallization cell ("PMC") comprises a fast ion conductor such as a
chalcogenide-metal ion and at least two electrodes e.g., an anode and a cathode)

comprising an electrically conducting material and disposed at the surface of the fast
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volatnle metal dendrite rapldly grows from the cathode along the surface of the fast

ion conductor towards the anode. The growth rate of the dendrite is a function of
the applied voltage and time; the growth of the dendrite may be stopped by removing
10 the voltage or the dendrite may be retracted back towards the cathode by reversing
the voltage polarity at the anode and cathode. Changes in the length of the dendrite
affect the resistance and capacitance of the PMC.
In accordance with one aspect of the present invention, a PMC is utilized as a
memory storage device. More particularly, by applying a constant or puised bias to
15 the cathode and anode over a period of time, a dendrite of a certain length is
produced. Associated with this dendrite length are measurable electrical parameters
such as resistance and capacitance. In a preferred embodiment, both analog or digital
values may be stored in the device.
In accordance with another aspect of the present invention, a PMC is employed
20 as a programmable resistor/capacitor device wherein a specific resistance or
capacitance value is programmed by applying a DC voitage for an appropriate period
of time.
In accordance with yet another aspect of the present invention, an electro-
optical device comprises a PMC having electrodes of broad width. When a large
25 wvoltage is applied to the electrodes, a dendrite “sheet” is produced that acts as a
shutter to block the passage of light through an optical cell or as a mirror for
deflecting a scanned incident beam on or off a screen or other target.
In accordance with still a further aspect of the present invention, a PMC is

utilized as a short wavelength radiation sensor. Because the growth and dissolution
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5 The present invention will hereinafter be described in conjunction with the
appended drawing figures, wherein:
FIG. 1A is a plan view of a programmable metallization cell in a lateral
configuration in accordance with one embodiment of the present invention;
FIG. 1B is a cross-sectional view of FIG. 1A taken from line 1-1;
10 FIG. 2 is a graphic representation showing the relationship between resistance
and time in an exemplary programmable metallization celi;
FIG. 3 is a graphic representation showing the relationship between capacitance
and time in an exemplary configuration of a programmable metallization cell;
FIG. 4A is a plan view of a programmable metallization cell in a vertical
15 configuration in accordance with another embodiment of the present invention;
FIG. 4B is a cross-sectional view of FIG. 4A taken from line 2-2;
FIG. BA is a plan view of an exemplary lateral type memory device in
accordance with the present invention;
FIG. BB is a cross-sectional view of FIG. BA taken from line 5-5;
20 FIG. 5C is a cross-sectional view of a lateral memory device in accordance with
another embodiment of the present invention;
FIG. 5D is a cross-sectional view of a lateral memory device in accordance with
yet another embodiment of the present invention;
FIG. 5E is a cross-sectional view of a lateral memory device in accordance with
25 still yet another embodiment of the present invention;
FIG. 6A is a plan view of an exemplary vertical-type memory device in
accordance with the present invention;

FIG. 6B is a cross-sectional view of FIG. 6A taken from line 6-6;
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FIG. 10B is a cross-sectional view of the sensor of FIG. 10A taken from line
10-10.

15 Detailed Description of Preferred Exemplary Embodiments
). Programmable Metallization Cell
Referring now to FIGS. 1A and 1B, an exemplary programmable metallization
cell (“PMC”) 10 in a lateral or horizontal configuration is shown in accordance with
one embodiment of the present invention. FIG. 1A is a plan view of PMC 10 and FIG.
20 1B is a cross-sectional view of PMC 10 taken from line 1-1 of FIG 3A. PMC 10
comprises a fast ion conductor 12 and a plurality of electrodes 13 and 14 (e.g.,
cathode 13 and anode 14) disposed at the surface of fast ion conductor 12.
Optionally, a supporting substrate 11 may be provided at the base of fast ion
conductor 12, above electrodes 13 and 14 {not shown), or both, to give added
25 strength and rigidity to device 10. Substrate 11 may appropriately comprise, for
example, plastic, glass, or semiconductor material.
With continued reference to FIGS. 1A and 1B, fast ion conductor 12 comprises

a solid electrolyte, a metal ion-containing glass, a metal ion-containing amorphous
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10 composition may be obtained by photodissolution, by depositing from a source
comprising the chalcogenide and metal, or by other methods known in the art.

With continued reference to FIGS. 1A and 1B, in a most preferred embodiment,
fast ion conductor 12 comprises arsenic trisulphide-siiver {“As,S;-Ag”).” The silver is
introduced into the As,S; by illuminating a thin silver film and the As,S, layer with

15 light of wavelength less than 500 nanometers. If sufficient silver is present, the
process resuits in the formation of a ternary compound which is stoichiometrically
similar to the mineral smithite {AgAsS,), a stable amorphous material. Preferably,
sufficient silver is deposited on the chalcogenide surface to form the equilibrium
phase throughout the chalcogenide layer. While it is possible for PMC 10 to operate

20 without fast ion conductor 12 being in the equilibrium phase, the operétion of PMC
10 requires considerably higher voltage.

With continued reference to FIGS. 1A and 1B, electrodes 13 and 14 are
suitably arranged apart from each other at the surface of fast ion conductor 12,
forming a distance d1 in the range of preferably hundreds of microns to hundredths

25 of microns. Electrodes 13 and 14 may comprise any electrically conducting material
that will produce an electric field for the rapid transport of metal ions in fast ion
conductor 12. When a voltage is applied to electrodes 13 and 14, a metal dendrite
15 grows from electrade 13 (i.e. cathode}, the electrode connected to the negative

pole of the power supply. Dendrite 15 grows by precipitation from the solid solution
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with 25 still yet another enbodi nent of the present invention;
FIG 6A is a plan view of an exenplary vertical -type nmenory devi ce in
accordance with the present invention; FIG 6B is a
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FIG 7A is a plan view of an exenplary enbodi nent of a programmbl e

resi stance/ capacitance device in accordance with the present invention;
FIG 7B is cross-sectional viewof FIG 7A taken fromline 7-7;

FIG 8A is a plan view of a programmuabl e resi stance/ capaci tance device in
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the present invention; and 1 OBis a cross-sectional view of

t he sensBr remoying, themltagr &Qurgecer by ,péacmg an @nspiating physical barrier before the
anode. As long as dendrite 15 does not touch opposite electrode 14, its growth can

be easily stopped and retracted by reversing the volitage at electrodes 13 and 14.
Changes in the length of dendrite 15 affect the resistance and capacitance of PMC

10; these changes may then be easily detected using simple circuitry known in the

10 art. Another important characteristic of dendrite 15 is its non-volatility; metal
dendrite 15 remains intact when the voltage is removed from electrodes 13 and 14.
With continued reference to FIGS. 1A and 1B, in a preferred embodiment where

fast ion conductor 12 comprises As,S;-Ag, anode 14 comprises silver such as a solid
silver layer or a silver-aluminum bilayer; this allows for rapid dendrite gfowth to occur

15 at a relatively low electric field as anode 14 acts as a sacrificial electrode. Cathode
13 may be a solid silver layer, an aluminum layer, or a silver-aluminum bilayer, and

in some configurations aluminum is the preferred material. if electrodes 13 and 14
comprise silver (e.g. pure silver or an aluminum-silver bilayer), dendrite 15 will grow
from the electrode that is connected to the negative side of the power supply; when

20 the voltage is reversed, the previous dendrite is dissolved or retracted and a new
dendrite grows from the opposite electrode. Alternatively, if cathode 13 comprises
aluminum and anode 14 comprises pure silver or a silver-aluminum bilayer, dendrite

15 will only grow from cathode 13; when the voltage polarity is reversed, dendrite

15 will retract towards cathode 13 but little or no dendrite growth will occur from

25 opposite electrode 14. If anode 14 or both cathode 13 and anode 14 comprise
aluminum or another non-dissolving metal (e.g., gold), growth of dendrite 15 becomes
extremely siow and requires a high applied voltage.
With continued reference to FIGS. 1A and 1B, the growth rate of dendrite 15

is a function of the appli'ed voltage and time. Low voltages result in relatively slow



15 Detailed Description of Preferred Exenplary Enbodinments 1.

Pcogranmabl e Metal lization Cell Referring nowto FIGS. 1 A and 1
B, an exenplary progranmable netallization cell ("PMC') 10 in a lateral
or horizontal configuration is shown in accordance with one enbodi ment

of the presepbopmpesgntion. FIG 1 Ais a plan view of PMC l1@cawuseropis? 20 1
Bis a cross-sectional view of PMC 10 taken fromline 1-1 of FIG 1A PMC 10
conprises a fast ion conductor 12 and a plurality of electrodes 13 and 14
(e.0., cat hode 13 and anode 14) disposed at the surface of fast ion
conductor 12. Optionally, a supporting substrate 11 may be provided at

t he base ' q&ptg

shown) , (?(rP 3\ggl-?l§l\fhe¥%5§gtlngréera deg%ghd;c‘?’?ee%gtg %%%J g'%g‘?‘f“ yjiﬁ ﬂgh‘h\#a

Subst r at eleVicesHy. eam)mprmmtmaumwiqml smlta‘ges in the earyyp bt appioxirhately ngss

or sem congduct or eria Wth continyed reference to FIGS. 1 A

and 1 B, P ttonoﬂ ome#u?e i'?gl?o‘?ﬁﬂq"é%§““°m'%s %‘i groxythJates greater than o
. gn cont §ig¥ ffs Wlﬁl%svolt%gﬁgtﬁbxé% S1O16 FbRé BEn PREYLIYEO0A Ssheet” of dendrite 15

PCT/ USB7/beo@egn electrodes sleawamd)ﬂ&ucatber tlmncmangbgtendme rret al ion, or the

![ Ihleiepr leg eh? ei W) aggﬁﬁn%ﬁfgﬁe?gggc%w Fﬁ?g ?Rga%'& ﬂf a so yrrller}lcagoc %ng%o? with
shown) such as polyimide or novolac may be disposed over fast ion conductor 12 and
electrodes 13 and 14 for protecting PMC 10 from moisture or physical damage while
still allowing growth of dendrite 15.

10 Referring now to FIGS. 2 and 3, graphic representations show the relationship
in a PMC between resistance and time and capacitance and time, respectively. The
PMC used to obtain these results was a relatively large device (i.e. approximately 12
microns from electrode to electrode); nevertheless, these results provide a fair
overview of the general electrical characteristics of the PMC.

15 With specific reference to FIG. 2, a curve 32 represents the relationship
between the resistance and time of the PMC. Before any volitage is applied to the
electrodes of the PMC, the resistance of the PMC is approximately 2.65 megohms.
When a small 0.7 volt bias is applied to the electrodes as a series of 0.5 second
pulses, the resistance of the PMC demonstrates an inversely proportional relationship

20 to the length of time the voltage is applied to the electrodes. For example, the
resistance value after 4.5 seconds of applied voltage has decreased approximately
550K ohms to approximately 2.1 megohms. Greater changes in the resistance value
are achieved when a smaller PMC device or larger voltages are used.

With reference now to FIG. 3, a curve 42 shows the relationship between the

25 capacitance of the PMC versus time. At approximately 0.5 seconds of an applied 0.7
volt bias, there is approximately 0.45 picofarads of capacitance for the PMC device.
When 0.7 valts is applied to the electrodes as a series of 0.5 second pulses, the

capacitance of the PMC then rapidly increases to approximately 0,9 picofarads after
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conpound contai ning sulfur, seleniumand/or tellurium whether ternary,

quat ernary or higher conpounds. In a preferred enbodi nent, fast ion
conductor 12 conprises 5 a chal cogenide-netal ion conposition, the

chal cogenide material is selected fromthe group consi sting of arsenic,
germani um sekgdewgeszt el | uri um bi smut h, nickel, sulfur, PAERAISITDAI6A and
zinc (preferably, arsenic sul phide, germanium sul fide, or gernmani um

sel enide) and the nmetal conprises various Goup | or Goup Il netals
(preferably, silver, copper, zinc or a conbination thereof). The

chal cogeni de-netal ion 10 conposition nmay be obtai ned by photodi ssol ution,
by depositi risi r
by of her ROt Sd g, He Effpsttante THRkbadd VAl dipitel A0 Arislef PICTBEGe i
FIGS. 1A anédlnﬁmgeﬂvehagaﬁaquﬁerred enbodi ment , fast ion conductor

12 [ t hi d | 'AS S Ag" Th il [
Tt T otnced T nt o WiHY roleansSulow (1P FIERad and 4By verticoly coRfigiraf FRc2 e |
As[ err] I erifidstlA¥&in Wetdtdance W:@lhénd%ﬁer"‘@ﬁ‘uﬁbgim Jiehe p?&%ﬂt mnﬁ?HP Whitd S-

If sufficient silver is present, th process results in the formation
of a ter barthedatepalenhfiguration ef EIGS. cm @ndt 1B takasjer to fabrinateaand bas hdower

I h bl
STt oi ent Aerpygtec BaRTatrPacoRh Fr YRRIcH Biseriorl Brovides e Sivptepna of
equi | i bri ura muchPhase cohipadg device! hEIGE A D aagNas Ridvay 'PMEBEG 6n ithe ivertical
possible for PMC 10 to operate 20 without fast ion conductor 12 being in

the equil i Honfisusiagandtile. 4Bds ataress-ssctipng view of PME 29 taken dom i'ﬂ%lza%Pf/

hi gher vol tqg i Wth continued reference to FIGS. 1A and 1 B,
el ectrodes and 14 are suitably arranged apart from each other at the
surface16f fast Withcotitdiedireferdrize to FIGE04 Aiand 4B, cinslemtioele B (eng.t beathauige of

preferably ndr ds of, rons to dr edt hs, 25 of mcrons El ect.r ode 3
PG 14"y BT Fieuads 28/ BEy m Aedel s actiongd el Tron Sach s in parilet
produce an ;ﬂam.rst rAcraét Rintedridfuctdi2Z ARishddedNSriindwithdFbatvdeANsledtrodedsi3 | on
conductor 12. When a voltage is applied to el ectrodes 13 and 14, a netal
dendrite andlsz ng $ veltage is@pplierbtol gathpde 23¢ ardepddte, 25 grows Eem eathode

connect ed 19y %aélf Efce of f%?'.&n %fonhf}@top%{ov%%@a}hod%ﬂr 1hea profdiry's
by preci pi tat | on P om sol ut
- 8- 15 embodiment, a supporting substrate 2'l is provided adjacent electrode 24 or 23 to

support and give rigidity to PMC 20,

i Metal Dendrite Memory
As described above, a PMC may be implemented in various different
technologies. One such application is in memory devices.

20 Turning now to FIGS. BA and 5B, an exemplary memory cell or metal dendrite
memory {(“MDM”) cell 50 is shown in a lateral or horizontal configﬁration. FIG. 5A
is a plan view of MDM 50 and FIG. 5B is a cross-sectional view of MDM 50 taken
from line 5-5 of FIG BA. In this illustrated embodiment, MDM 50 comprises a
substrate 51 which provides the physical support for the memory cell or device. If

25 substrate 51 is non-insulating or otherwise incompatible with the materials used in
MDM 50, an insulator 56 may be disposed on substrate 51 to isolate the active
portion of MDM 50 from substrate 51. Next, a fast ion conductor 52 is formed on

substrate 51 (or insulating layer 56 if an insulator is used). Fast ion conductor 52 is
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WD 97/ 48032

PCT/ US97/ 09367 of cations (e.g. silver cations) on cathode 13
created by a high local electric field. Dendrite 15 may be allowed to
grow across the surface of fast ion conductor 12 until it nmeets

opposi ng el Qfd snMfsz14, thereby closing the gap and conpl etpdgudonesssr
el ectrical circuit. Alternatively, dendrite 15 may be halted before it

reaches anode 14 by 5 renoving the voltage source or by placing an
i nsul ati ng physical barrier before the anode. As long as dendrite 15
does not touch opposite electrode 14 its gromﬁh can be easily stopped

and retracted by . .rev q t he v 7 aft ect rode nd 14. . Changes
"t he. | BRBLaPrieN BRfiPTIeR ToePraY B ORRE oI BoaARG SR RyiReE AbED TBRY ph

10; t hesgeCAMatERE toTB¥I BOE MTHeEdiRRRkioKs 4@ b ehgth, Uﬁidﬂgaﬁd 'i!lﬂl:ﬂ-u.fs'sf 6§ FdstYorknown
inthe 1 0 art. Another inportant characteristic of dendrite 1 5 is its

non- vol atqqniduytor B2 will determined in part] the elgatricel charaeterigties of MDMHBR.ader i | s

renoved f I S e

i o, 1 At Tt oo Bl o7 shin and ag = st GPEkEPHER HEWAEN 56 o,
12 conpr IréﬁStaﬁ%E&fdhﬁ{ of IMIBRY 50awilll Be Igtea@mhan @Re Yesigtince Ualiualif fass tbn d
silver |ayer a silver-alum numbilayer; this allows for rapid dendrite

growt h t (5’°6'éEEﬁ°"f25Wé‘P thick anghits, width) ‘GﬂF greater thansitslepgths anode 14 acts as
a sacrificial \Aﬁh’?&&ﬁtﬂﬂﬁd refereftiiao F!Gslg 58, ﬁ'ngsé?éét%o‘%' Aw¥ﬁ5'laisa§fgrthe@n

al umi num | ayer, or a silver-alum num bi ayer
confi gur aiepoagechbm eonductps 5 land mppfapriately uuattemedl to ﬂoimeélec:radnjﬁs (63.amd 14

T3 |1 Geeeee) onfhctPie Bl Bmanofel, Mok Brvmibe i peplead reliadeui < o

of t hqopcaoﬂr aifoHePE ¥, a\WeRBriel56 hpove! fretacdiRod £LBSI 166y thdSuacy bPEsstdemdr i t e
is dissolved or retracted and a new dendrite grows fromthe opposite

el ect r ode&onApetor B2t foyeargs elertrede Re eThesdimmmpionsand shape gf plgcitades P aibde 14
CoNpri sessAWifhavd Y erfBEt 8n thd YisberidbHERAHEReRstiEY 6 devlES 8D Lor example, if

electrode 53 is narrow or comes to a point, the electric field around electrode 53 will
be high and growth of dendrite 55 will be rapid. On the other hand, if electrode 53
15 has a broad configuration, the eledtric field at electrode 53 will be relatively small and
the growth rate of dendrite 55 from electrode 53 will be slower.
With continued reference to FIGS. BA and 5B, an insulating layer 59 is next
deposited on device 50. This insulating layer 59 protects the active area of MDM 50
from mechanical damage or chemical contamination. Holes 35 are then appropriately
20 provided in insulating layer 59 so as to allow a contact 57 and a contact 58 to be
electrically coupled with electrode 53 and electrode 54, respectively.
With continued reference to FIGS. 5A and 5B, a person of skill in the art will
recognize that this is not the only possible configuration or method for constructing
a lateral MDM device. For example, an alternate configuration for MDM 50 may
256 comprise forming electrodes 53 and 54 on substrate 51 and forming fast ion
conductor 52 over these electrodes. In this configuration, dendrite 55 will grow
along the interface between substrate 51 and fast ion conductor 52.
Turning now to a consideration of FIGS. 5C, the device shown there is similar

to the memory cell or metal dendrite memory cell of FIGS. BA and 5B, but in which
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1 5wll only grow from cathode 13; when the voltage polarity is reversed,

dendrite 1 5wll retract towards cathode 13 but little or no dendrite
growh will occur from 25 opposite electrode 14. If anode 14 or both

cat hode 13 and anode 14 conprise al um num or anot her non-di ssol vi ng
metal (e.g., @wolsgyusesgrom h of dendrite 15 becones ext r errEmUS97/093670 W
and requires a hi gh applied vol t age. Wth

continued reference to FIGS. 1 A and 1 B, the growh rate of dendrite 15
is a function of the applied voltage and tinme. Low voltages result in
rel atively slow 9

WO 97/ 480324 4:s: . e . .
| trod ded. Specifically, and ref FIGS. 5C, M
PCT/ US97/ o%%dét}ona slectro 8? Sf/evt%m%gr eag eﬁll lgﬂlevr a\r/tolrg[a %’é"sg B?v(‘)’ Scel ext rerlyle y

r.api d gr owtdll. 250 complisegyaninsulayor/substiate partion i254. suppofting arfast orsconduetatt h) |
vol t ages i he range, of approxjmately 0,5 vol t.s 1 vol roduce
s ngl e dentFtt ALNPEEHTFE Wt AN CATRTLGtIoRderegpiaidn HSnSA and o.dpF o <
whi | e vol t g&Rfuctdt 2593%Sﬁpﬁ?gprﬁel‘o%étferﬁé’d‘t&bﬂﬂﬁ&@is@léiﬁh@?&ﬁ]_rﬁﬁltfﬁ@ﬂdihé&nﬁ

5 between el ectrodes 13 ‘an , rather than a single dendrite.
Wt h corftieslisdor elexicenc e Elegtreieanaterialsaare thep, depesited, apd|patiterned ¢odormg

N E e 3 T
noi st ur e owhahya iveitlageldsrappliethtd eathodes283 landldnode 254y # dehidife 288droive 15.
along the surface of fast ion conductor 252 towards electrode 254 as shown in FIGS.
5C As was the case with the arrangement of FIGS. 6A and 5B, contacts 257 and

10 258 are provided contacting the cathode 253 and anode 254, respectively.
Additionally, and as shown in FIGS. 5C, two additional electrodes 260 and 262 are
provided, with respective contacts 264 and 266. Actually, in accordance with this

. aspect of the invention either one or the other or both of the electrodes 260 and 262
may be provided, although the presence of both is shown in FIG. 5C.

15 The additional electrodes 260 and/or 262 in accordance with this embodiment
are provided in the same plane as the dendrite 255, and are separated by a material
270 shown in FIGS. 5C, which can be either a dielectric material or a resistive
material. In the case of a dielectric material, the device shown in FIGS. 5C will
exhibit programmable. capacitances between electrode 253 and electrode 260,

20 between electrode 253 and electrode 262, and between electrodes 260 and 262, as
well as of course between electrodes 253 and 254. The programmable capacitances
between the various electrodes are programmed by the extent of growth of dendrite
255,

In the case of a situation where the material 270 is a resistive material, the

25 device will exhibit corresponding programmable resistances in accordance with the
extent of dendrite growth. Specifically, programmable resistances exist between
electrodes 253 and 260, between electrodes 253 and 262, between electrodes 260

and 262, and of course between electrodes 263 and 254. The magnitude of all
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10 Referring now to FIGS. 2 and 3, graphic representati ons show t he
rel ationship In a PMC between resistance and tinme and capacitance and
time, respectively. The PMC used to obtain these results was a
relatively large device (i.e. approximtely 12 m crons from el ectrode
to el ectrodeygotisigsy t hel ess, these results provide a fair pcrusymnsrew of
the general electrical characteristics of the PMC. 15 Wth specific
reference to FIG 2, a curve 32 represents the rel ationship bet ween t he
resistance and tinme of the PMC. Before any voltage is applied to the

el ectrodes-of the PMC, the resistance of the PMC is approximtely 2.65
megohns

series of'eﬁ's?@gﬁwqﬁaepembﬁ" z'é% lntpﬂgtl’€ﬁ? tiﬁ"?ﬁ?%hf?m% ﬁ%tt"{g%@e%g%r@ g‘f’@s an

i nver sel yarjef 294 ti onal rel ati onshi p 20 to the Iength of time the voltage is
applied to the el ectrodes. For exanple, the resi stance value after 4.5
seconds of appghp&gvice shaya W£G§e§€e@swfqmﬁvéw Advantyges ovesshx devins Otfo

appr oxi Mg Wﬁeb\’n A z]n ﬁ%mﬁgg@%se{w& Q% d5ded. “s%?:?ﬂf:& 2 R68s &%‘tﬁ&e can

achi eved ce or ar ger v are use

Wth r&f a:seeamuedmut\tveeﬁhﬁi, cmeinatbh\tﬁ the e&l&ﬂbﬁeé bﬁher cha tlecsbdgs 2538 wRen t he

25 capaci ce.of t rsus tinme. At approximately 0.5 seconds of an
appl i ed W""'"\';‘BF’R‘*W% e qeqncrize feggabm%wm &efa\eaa%éy'meaﬂdéﬁraraglswce

capactt angeyiecioVidl, T 1iBliBRrians imPRSfc fo B aed o1 ARPhee iy o,
t hen rapiatrays aod cdbers etestrapisr gkd:umtaapycalmsm 6 bese sdmeatanmiderations and
- 10- advantages apply to a three electrode, rather than four electrode, device. Dendrite
10 growth is restricted to occur between electrodes 253 and 254 and never between
any of the other electrodes. Electrodes 253 and 254 are therefore the programming
terminals of the device, with the other electrodes being the output terminals of the
device.
Turning now to a consideration of FIG. 5D, a device is shown in cross section
15 similar to the device of FIGS. 5C, but in which the additional electrode or electrodes
is or are provided above the plane of the dendrite, rather than in the same plane. As
shown in FIG. 5D, MDM cell 350 comprises an insulator/substrate portion 351
supporting a fast ion conductor 352. As was the case with the construction
referenced in FIGS. 5A, 5B, and 5C, fast ion conductor 352 is appropriately patterned
20 to provide isolation from muitiple adjacent cells or devices. Electrode materials are
then deposited and patterned to form electrode 353 functioning as a cathode and
electrode 354 functioning as an anode. When a voltage is applied to cathode 353
and anode 354, a dendrite 355 grows along the surface of fast ion conductor 352
towards electrode 354, Contacts 357 and 358 are ﬁrovided contacting the cathode
25 353 and anode 354, respectively. Additionally, either one or two additional
electrodes can be provided, with one of these electrodes 360 being shown in FIG. 5D
as situated above the plane of dendrite 355, and having contact 364. The additional
electrode or electrodes 360 in accordance with this embodiment are separated by a

material 370 shown in FIG. 5D, which can be either a dielectric material or a resistive
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4.5 seconds. The capacitance increase is even greater if a smaller PMC
device is used or |arger voltages applied. Wth reference now
to FIGS. 4A and 4B, a vertically configured PMC 20 is illustrated in
accordance wi th anot her enbodi nent of the present invention. Wiile 5 the

| ateral configwpatiugese of FIGS. 1 A and 1B is easier to fabri eerwsswdidias a
| ower associ at ed manufacturing cost, the vertical configuration '
provi des t he advant ages of a much nore conpact device. FIG 4Ais a
plan view of PMC 20 in the verti cal configuration and FIG 4B is a
cross-sectional view of PMC 20 taken fromline 2-2 of FI G 4A. 10

Wth conti '}Hgﬂar{??f 915 ats% dﬁ %??Iéér@mgéﬁal e&e%?&er g’gm ein(ﬁ & 50 wi

cat hode) an e n anfo e are |one apart ’f‘rom

each ot her exhlmar;ﬂbbwnmablepbmanébs‘ @atweém efsvirbdet B532and Selebtpgdes SGO0T
sandw ched bet ween eI ectrodes 23 24. \Wen a voltage is applied to

cat hode 23,belwseRdpieckode QﬁQ)\E@Y"l"oﬂ’i"?:éL"HHIfé electrcz%e J6Ingeneathsther tast ipp
fast ion CW'E!%P& (6t SRYGNIIT grBoided 2Betvhdbndel é gl ag&g&a&geh afid

supporting substrate 21 is provided adjacent e ectro e 24 0

support &ndofgicoursei betawveen elechde® B53 and 3b4. Thiet ptogbenahablee cbbwtqnces
As descri bed . abov a_PMC may. b enented in yvarious differ

t echnol ogi € etwaeg%gﬁg ﬁ"%‘bsp?'f%té?‘fe@ n?greq{amﬁgfr?y ﬁ?ﬁ/?’&‘sgt °§§'°W§‘ of depfrite g
now to FI GB5HA and 5B, an exenplary nenory cell or netal dendrite

nmenory ("MDM') cell 50 is shown in a lateral or horizontal configuration.
FIG 5A i s ¥ theygase eévaoz«ltmwe@herﬁdhslmtessl B40ds @ resistive dnatenial. theew

O eyt U ) SRR dieofing brbk G odetedd sk pldle i e,
support 10orexthet néldanoynteegtowm d8pecificallyf pidigrauiméblatresn&fhnces eaist ibeswieani ng
sl at or SHeHESATE Shpoae Sh0oheeas piavissass 35wl 362 (isoudel Between
Pg; ;{9 gnogf é@ﬂré@esf L:10) Msantfepé&me&mnd & ESiirse IHREBWEEN GIctIdes B8 and
354. The magnitude of all resistances will depend on the length of the dendrite
grown between electrodes 353 and 354.
15 The device shown in FIG. 5D, like that of FIG. 5C, can offer several advantages
over the device of FIGS. 5A and 5B which only has two electrodes. Specifically, a
dc bias voltage can be applied between any combination of the electrodes other than
electrodes 353 and 354 without altering the dendrite length and hence the
capacitance and/or resistance of the device. This has important implications for the
20 use of the device in memory arrays and other electronic circuit applications. These
same considerations and advantages apply to a three electrode, as well as a four
electrode, device. Dendrite growth is restricted to occur between electrodes 353 and
354 and never between any of the other electrodes. Electrodes 353 and 354 are
therefore the programming terminals of the device, with the other electrodes being
25 the output terminals of the device.
Referring now to FIG. 5E, a device is shown similar to the device of FIG. 5D,
but in which the additional electrode or electrodes is or are provided in a plane
beneath the plane of the dendrite. In FIG. 5E MDM cell 450 comprises an

insulator/substrate portion 451 supporting a fast ion conductor 452. As was the
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substrate 51 (or insulating layer 56 if an insulator is used). Fast ion
conductor 52 is WO 97/ 48032

PCT/ US97/ 09367 appropriately patterned to provide isolation from
menory cells or devices which may be adjacent to cell 50. The

di mensi ons (Qughnag@P9th, width and thickness) of fast ion pcresenebset or 52
will determine, in part, the electrical characteristics of MDM 50. For
exanple, if fast ion conductor 52 is thin and has a length greater than its
width, the 5 resistance value of MDM 50 will be greater than the

resi stance-value if fast ion conductor 52 was thick and its width was
greater than |t

I h ti f FILGS. d
I "t he cfathinghe FEARRY: smpodiments, St in GRUITNF 3520 ShB ety Paiset °"
appr opri ate providé isolatRmh fromf PUItipk asjatesiccdiis drlelices? Electrédd MRsHala B
el ectrode 54 &e. g., .an anode). \Wen a vol tw&? s applied to cathode 53 10
and anodethen %PQfé‘ﬁGr?'I‘bP%efg‘Pév@ formraleqts é5§3UEP¥5‘Ny"9lﬂ§ s gpthede ad f ast

] T f

i et r odcSeEPH SR ARAR & SFaGHE, Mo HEGReRRE LBy b FaifBle dsa

char act®r asd ianeded5de \a dendsile Mgmmalbag thé surface loé dastdde cofduston@b2ow or
t t, th f | ectrod b i gh

oo ove PR s s 4. bkt 7 b BeSobeE chanmnne catfodi s

1 5 has agqbgroafd candded W5ay, i R;Qpeét%lﬁ' eﬁHHitRmElh?' ditRér %h@céf W -‘éadmo'nbl be

relatively small and the growth rate of dendrite 55 from el ectrode 53
will be sPlegtredes can be providgd, iwithoane nlithese elestrodes 460 tringsshamn imBIGBE an

e =L SRS B e oL ASRFRL AR Sl I o SO
chem ced aethEpetiticilly ShowroheG35E ab@x ddrebe appiopFitteh) eade as known to those
skilled in this art through an insulated or isolated via hole through substrate 451 and
insulator 458, or through an appropriate insulated or isolated via hole extending into
the electrode 460 from the opposite direction, i.e., though portion 470, which can
be either a dielectric material or a resistive material. In the case of a dielectric
15 material, the device shown in FIG. 5E will exhibit programmable capacitances
between electrode 453 and electrode 460, between electrode 460 shown and
another electrode 462 above the fast ion conductor (not shown and if provided),
between electrode 460 and electrode 454, and of course between electrodes 453
and 454. The programmable capacitances between the various electrodes are
20 programmed by the extent of growth of dendrite 455.

In the case of a situation where the material 470 is a resistive material, the
device will exhibit corresponding programmable resistances in accordance with the
extent of dendrite growth. Specifically, programmable resistances exist between
electrodes 453 and 460, between electrodes 453 and 462 (if provided), between

25 electrodes 460 and 462 (if provided), and of course between electrodes 453 and
454. The magnitude of all resistances will depend on the length of the dendrite
grown between electrodes 453 and 454,

The device shown in FIGS. 5E, like that of FIG. 5C and 5D, can offer several

advantages over the device of FIGS. 5A and 5B which only has two electrodes.
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20 provided in insulating layer 59 so as to allow a contact 57 and a
contact 58 to be electrically coupled with el ectrode 53 and el ectrode
54, respectively. Wth continued reference to FIGS. 5A and 5B, a
person of skill in the art wll recogni ze that this is not the only
possi bl e confiworeauten or nmet hod for constructing a | at erell/USEMOMIVi ce.
For exanple,. an-alternate configuration for MDM 50 nmay 25 conprise form ng
el ectrodes 53 and 54 on substrate 51 and form ng fast ion conduct or 52
over these electrodes. In this configuration, dendrite 55 w || grow

along the interface between substrate 51 and fast ion conductor

simiar | Speifedfrs U8 bt Kbtbe catbe Hpped dtiKer ey c‘éﬁwﬂ‘b“ﬁ%%? b5
and 5B, butelectrodesather than electrodes 453 and 454 without altering the dendrite lerigth and

WO 97/ 4803 . | US97/ 09367
addi t i onal 2'%?'19& theiccaParitante, andiqy registanee of) the dayire of Ihisi ﬁrs ngparipnt

FI GS. 5C, NpWlicatiof€ fdr t%‘é%s‘é%ﬂh'es&‘in@m' rﬂéHJo?{f gr.»éw Al th& ae«sﬁma chredit
supporting a fast ion conductor was the case wth

const ruct oapmleamr@ncwsersmmnsmrmwd sdvantages apply tmndhwmieczma. s

oD 0P bl S PR ik SR A b Hoon

form el glectrodbs 453 ahdl 46U and e Detvédti S of tilottee @ldcodded.S£lectrodes

functioni ng4 aSS a%cri] 4a5r£]l gre therefore the programming terminals of the device, with the other
electrodes being the output terminals of the device.

10 Turning now to FIGS. 6A and 6B, an exemplary embodiment of a vertically-
configured MDM 80 is shown. FIG. 6A is a plan view of MDM 60 and FIG. 6B is a
cross-sectional view of FIG. 6A taken from line 6-6. '

_ With continued reference to FIGS. 6A and 6B, MDM 60 comprises a substrate
61 which provides physical support for the memory cell or device and, if appropriate,

15 an insulator 68 to insulate substrate 61 from the active portion of MDM 60.

With continued reference to FIGS. 6A and 6B, an elaectrode 63 is formed over
insulator 68. Next, an insulating layer 66 is deposited and patterned over a portion
of electrode 63 to form a via hole 69 using processing techniques known in the art.
Via hole 69 serves as the housing for the active area of MDM 60. Next, a fast ion

20 conductor 62 is deposited within via hole 69 using conventional techniques so as to
extend from the top of hole 69 down to electrode 63 where it is electrically coupled.
Thereafter, a via fill 67 such as a pliant insulating material that will not hinder
dendrite growth is used to fill the unfilled portions of via hole 69 to protect the hole
and prevent overlying layers or materials from filling hole 69.

25 With continued reference to FIGS. 6A and 6B, an electrode 64 is next formed
so that at least a portion of electrode 64 makes electrical contact with fast ion
conductor 62. Electrode 64 is preferably formed on a plane parallel to the plane
formed by electrode 63 and at a right angle. Electrode 64 is prevented by insulator

68 from making direct electrical contact with electréde 63. When a voltage is applied
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When a voltage is applied to cathode 253 and anode 254, a dendrite 255

gr ows al ong the surface of fast ion conductor 252 towards el ectrode 254
as shown in FIGS. 5C As was the case with the arrangenent of FIGS. 5A
and 5B, contacts 257 and 10 258 are provided contacting the cathode 253 and

anode 254, nrRePAsdervel Y. Additional ly, and as shown i np&tAmse709d67 t WO
addi tional el ectrodes 260 and 262 are provi ded, with respective

contacts 264 and 266. Actually, in accordance with this aspect of the
i nvention either one or the other or both of the el ectrodes 260 and 262
may be provided, although the presence of both is shown in FIG 5C 15

The addi tj onal. el,ectr.ode 60 and/.or .262 i n accor.dan with this,.enbodi nent
are pr ovi'Qe efﬁof‘ﬁsetega%dg 8?’3%&5@@%3 RS Y 'Eglg’, aﬁﬁﬁe 5?'33%%8@[’%%{38“ by a
materi al condudidt 62@wd dltng tKSinside ofVpiachible B9, endiitd186 éxtohdihg Frdrhhe
material or a resistive material. In the case of a dielectric materi al,
t he devi ckatBadaie-onelprtede §3) jpwards theapepdpile.gp elegtrededitle capaci t ances

bet ween el ect Wigﬁ a%ggitnﬁé'&' rSﬂef&%Je%eFl%%o’%R%RQe%’;%agéﬁﬁEf Qgﬁﬁ&.ﬁ'gtigl?%f

el ectrode 262 ween el ectrodes 26 wel T+ as course’
bet wee® dViBiM r6fll &s c@bSdenablly2tnbre Tompach ghamtizd herizentatly-cantigured MDD tofieen

th i | ect d by th t of .growth of drit
boe, 2 HasT8% ghd 1 ald nB VI Ronsiareins S hERass Sy e gotton. g
resi sti vemany ehb Mumeena%eﬁ@vir?gew tdbriR4tddopér Gt PSR OFer @Qamp%&riarmabl e

resistances 1 n accordance with th extent of dendrite grow h.
Speci f i cavarficalpresgipantiiinde aiieingting @rode and icaphadeclapers with|intervaning f&83 and

I I T A O e

and of cours ween ectro € g
WO 97M14808shsities in excess of 256 Mb/cm? are possible with a single vertical structure and

PCT/ U897/t %gg Z:Iensities will double with an anode-cathode-anode arrangement. In such an
arrangement, the maximum storage density may be limited by the size and complexity
of the column and row decoder circuitry. However, if the MDM storage stack is
fabricated on an integrated circuit, the whole semiconductor chip area can be

15 dedicated to row/column decode, sense amplifiers, and data management circuitry
since the MDM elements will not use any silicon real estate. This should allow
storage densities of many Gb/cm? to be attained. Used in this manner, the MDM is
essentially an additive technology that adds capability and functionality to existing
silicon integrated circuit technology.

20 The exemplary MDMs of FIGS. b and 6 represent a significant departure from
conventional silicon-based microelectronics. Silicon is not required for the operatidn
of the MDM unless control electronics are to be incorporated on to the same chip.
Also, the overall manufacturing process of an MDM is considerably simpler than even
the most basic semiconductor processing technigues. With simple processing

25 techniques coupled with reasonable material costs, the MDM provides a memory
device with a much lower production cost than other memory devices.

1. PROM and Anti-fuse Applications
With continued reference to FIGS. 5 and 6, MDM 50 and 60 can be utilized as

PROM.type memory devices. Most current PROMs use fusible links which are broken
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resi stances will depend on the length of the dendrite grown between

el ectrodes 253 and 254. . The device shown in FIGS. 5C can

of fer several advantages over the device of FI GS. 5A and 5B which only
has two el ectrodes. Specifically, a dc bias voltage can 5 be applied

bet ween any cwudasas2on of the el ectrodes ot her than el ectr RE¥USIBE®IEJ
254 without .altering the dendrite | ength and hence the capacitance and/ or

resi stance of the device. This has inportant inplications for the use
of the device in nenory arrays and other electronic circuit
applications. These same consi derations and advant ages apply to a three

el ectrode, h quﬁ& I GS. gﬁé}pr-' &S Th
restrict edogyli‘gcuc?&ﬁ@t é\@gna@ ectro esa %?ﬁ‘ﬁﬁé’% 4'6{%58?1'qetge€é Egevé‘agen ¢
any of theMDMerofethe preseot inveéntiobrppdeide2the ability2t®4 meake, ratbeeftbare bréak, a
progranmm n termpals of the device, wth the other electrpdes.bei.n
Phe out put SPBPRFHE-c T Jpdnoe GgaiRhie a6 ¥F'ives Mord pffudg &, RRIVY 167
consi der at leszamgie, ven iPRPwrngainkqRe.] derfdt¥)isi add, 1Ak IFRCEdrPAIwWdysUdblodn t O
the device of FIGS. 5C, but I1n which the additional el ectrode or el ectrodes

is or ar® pkea genvemional fuse. p/Adsre 1He dendritesof ithe MPMshean vyithstand thanysane
pl ane. As ' ) 5 'er el ' .
i nsul at or/ é?}%kse?gr}g%\gc glre 1@#535‘1&" g’ﬁ%g{)rtl Wg’o%%szgéi%dr%s%%duct or 352. As
was the case wi Tie MPEMsafstheyseseam inventioef mag isadbe nséd ESproglambiablealodico C,
fast ion conductgr 352 i ropriately patterned 20 to praovide isolation
from mil ¢ | pr@vad; BLARd- cBn PERs blachs @rtiobl empat Siich 8¢ dares & cdders prfon
deposi ted 3gneRbueEREH0t Bohicied! athler Qffhedhcnd HRCMaBR tBLUASa PafiduladBwand
el ectrode 354 functi oni n? as an anode. When a voltage is applied to cathode
&

353OI 18n wolumeiapRitation (eignen application whishswauldmet juatify ardustam chipf designlon
t i . trod 4 t , i ded
cont act | ng #futiangl 486 SBaCLEECHBss Bafiuosm e b 16gR Wi iep BhaY b °

ei t her one the produatidai faciiogl Howewvetr ettier Mihds ofithd prgzeant irdedtioni wouldratioof
t hese el ect rog%si_ 360 bei n‘% shown in FIG as Si tuqt ed abov% t he pl ane

of dendrit 848BPLA ARViReS ith Hec dield progsamm Vo axifi'girelatyely easy o glectgca
el ectrodes gafifle NArd E6MMEIAINE bttivBen BbSSHESIIHEE Nip Aith $RP Aledhicdbridlfités.
material 370 shown in FIG 5D, which can be either a dielectric material or
a resistbve Anti-fuses are also found in integrated circuits where redundancy techniques
are used to combat process-induced defects and in-service failures. For example,
complex, high-density circuits such as 64 Mbyte DRAM, have more memory on board -
the chip then is actually used. |f one section of the chip is damaged during
processing or fails during operation, spare memory may be brought on line to
20 compensate. Typically, this process is controlled by logic gates on the memory chip
and requires constant self-testing and electrical reconfiguration. An MDM in
accordance with the present invention may be incorporated into such memory chips
to appropriately form new connections inside the chip when required.
In accordance with the present invention, data may be written to PROM
25 configured MDMs {“MDM-PROMs"”) by applying a constant or pulsed bias to the
electrodes of the MDM 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 of the memory system.

The MDM-PROM memory cell may then be easily “read” by passing a small current
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PCT/ US97/ 09367 material. In the case of a dielectric material, the
device shown in FIGS. 5D will exhi bit progranmabl e capacitances between
el ectrode 353 and el ectrode 360, bet ween el ectrode 360 shown and

anot her el eciyg¥Ree3®2 beneath the fast ion conduct or ( rretrushmossg? i f
provi ded, between el ectrode 360 and el ectrode 354, and 5 of course between

el ectrodes 353 and 354. The progranmabl e capacitances bet ween t he
vari ous el ectrodes are programmed by the extent of growth of dendrite
355. : In the case of a situation where the material 370 is a

resistive,mterjial _t Vi | 1Bl t i r bl e
resi ot ancl8: i cufsn sl cnpdd B BotanBle, e GRIET RICGpR I SRR
Speci f i catdnhectivbngr“Eragihg 't theeMDNIBRONM i€ xcedmphisheeieby passing adbrgedasrét3 and
360, between el ectrodes 353 and 362 (if provided), between el ectrodes

360 and 3¥wough the dendety so Asqtodestigy the dendiitenand dreakothescannectinp.
354. Th i . ! q 1 f
e SRfighiHes %ﬂéﬁ.&gﬁg@%@gﬁg@%@ dgggggf&qgaﬂarh ha MbRE

dendrite gr own 3 an he devi ce
shown ifn #nhéw déndrite leay begradvn fatér a5 @ppomiatd.f er several advant ages

AR YK R N S RO e ———
of the el gleétrodiRSs @bNPbat 1ML transisRr S Gid MStasqdited atheIMBMLEIROUTHig!i$ Bkieng
the dendrite | ength and hence the
regardless of whether a lateral or vertical configured MDM is employed. In the
vertical or high-density configuration, the memory element size becomes a function
10 of anode/fast ion conductor/cathode geometry alone. This geometry allows the
memory of the present invention to be the most compact electrical storage means
available, much more compact than floating gate or ferroelectric memories which
require transistors to be part of their storage alementéQ In addition, both lateral and
vertical MDM configurations may be formed on virtually any chemically and
15 mechanically stable substrate material; if silicon is required for additional circuitry, the
MDM may simply be formed on a silicon substrate.
2. EEPROM Applications
With continued reference to FIGS. 6 and 6, the ability to create and control a
non-volatile change in an electrical parameter such as resistance or capacitance
20 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 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
25 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 major advantage in these applications as this is

impossible with all other semiconductor memories.
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capaci tance and/ or resistance of the device. This has inportant
ioyplications for the 20 use of the device in nenory arrays and ot her

el ectronic circuit applications. These same consi derations and

advant ages apply to a three electrode, as well as a four el ectrode,
devi ce. Dendr waed7g@t h is restricted to occur between el ectRGEEI7O¥F and
354 and never between any of the other electrodes. Electrodes 353 and 354

are therefore the programm ng termnals of the device, with the other
el ectrodes being 25 the output term nals of the device. Ref erring
nowto FIG BE, a device is shown simlar to the device of FIG 5D, but

in which the adgjdfdeeng)! c%h?d%tn QQﬁtrPg\ee!gW BQQ@@ o'f %hé) re@éﬁ’t 190&‘(&6??%&%@
the den

pl ane beneath the p ane 0 rite. 5E MDM cel
conpri ses ealements mascniécttmbss than @mwlsquamammsworsuzmghaacam poUmn
\C/\%ng#zg (r) 3§? ghe dAgviX\@ !S)eitng?ess than one micron. This provides a significant Mrﬁg%e] ﬂ-ﬁég-?

case in t heraditRdiad senficddlicten technbRgies i viaioll uich! de\ide iahddipPraBb6tiated Y
patterned to provide isolation fromnultiple adjacent cells or devices.

El ect r od® Hﬁ?@PF‘ﬁF%‘ ganctake up spveraldpas pf QUABANISEINSer ned to form el ectrode
o o1 oo e BhOP A Shomer SRR, 1 LB Pl o

grows al ongranbistarsr dzc esed ihatdte EBRROMhdwafigaredsMDMs (“MDM- EEPROMs”) for

providing EEPROM devices with DRAM-type densities. Alternatively, the materials

of the MDM devices or separate diodes or thin film transistors {“TFTs"”) may be used

10 in place of the silicon pass transistors to prevent cell-to-cell short circuits in an array

having a plurality of devices.

In accordance with the present invention, data may be written to MDM-

EEPROMs by applying a constant or pulsed bias to the electrodes of the MDM to

promote dendrite growth, The growth of the dendrite changes both the resistance

15 and capacitance of the device, both of which are easily measured. In the MDM-

EEPROM, an insulating barrier, such as an oxide wall, may be disposed adjacent to

the anode to prevent the dendrite from reaching and electrically coupling with the

anode when a voltage is applied. The MDM-EEPROM cell may then be easily “read”

by applying a small AC signal to the MDM device (i.e. alternating the anode and

20 cathode). This AC signal, which “wiggles” the dendrite back and forth but does not

fully grow or retract the dendrite, results in a dynamic capacitance and resistance

change around the low or high states. “Rewriting” or “erasing” the MDM-EEPROM

merely involves the application of a bias voltage which is opposite to the direction of

the dendrite growth f{i.e. reversal of the anode and cathode). In a preferred

25 embodiment where one electrode comprises aluminum and the other electrode

comprises silver, the dendrite will only grow from and retract toward the aluminum

electrode; a new dendrite does not form from the silver electrode during the retraction

event.
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towards el ectrode 454. Contacts 457 and 458 are provi ded contacting the

cat hode 453 and anode 454, respectively. Additionally, either one or
two additional el ectrodes can be provided, with one of these el ectrodes
460 being shown in FIG 5E as situated bel ow the plane of dendrite 455.
Et ectrical owotoadoss 0 el ectrode 460 is 10 not specificallyPenuwsswesss7Fl G

5E, but can be appropriately made as known to those skilled in this art
t hrough an insulated or isolated via hole through substrate 451 and

i nsul at or 456, or through an appropriate insulated or isolated via hole
extending into the el ectrode 460 fromthe opposite direction, i.e.,

xtending i nto | pposi te _
rosi ot ve. mat S¥R thefADFA afefbrss axfiicHiEEnoP JHIuE Ehpickadfictp, B Shcd

shown i n theGderwdritei pdsittoridnd hemagresistande and papatitancey is a funetive et the
el ectrode 453 and el ectrode 460, between el ectrode 460 shown and
anot her &NagaityRg-angsduratigy of the applied yaltageomuliiriesstats gt nstaiglogis Ftprage

pr ovi ded);s also pB?éiﬁfégglneJh%:Ho?% é&%n@@%?%g%m feodis (ﬂg.dbﬁfarﬁ%? Be

bet ween el ectrodes 4 and 454. The p e capacl tances between

t he vard dueld éh @ach sderageraell2 thys, docreasind thy avieeallestoeage dénsityogrebtlpf For
dendrite 455, Ln the se of. a.situation where the materi,gl 470
aa t eci SRR, EeLte sforeph Wossibi By, o Pyt ke Py By forting
progr amedf efrfoby ShPigSperUNRCaTe4d ENHe seirlestbiage cell sié! SMHusPin stdrdarice
growt h. Specifically, programmabl e resistances exist between el ectrodes

453 and 4wih the present iveptienMBMsypay he abispto stprepa geftinuym of, analearapiser
| ectrod 6 ' ' : : 453
o | O bR OgRal dlneddes. DAY (6fdge 37 Cullod” QHBE ROCRRGBRAC NS, ° o

t he ddfdriecbnologiegris\extrispiche diffielit iftnatdepod&iBleand 454. _ The devi ce
shown in FIGS._ 5E, Like that,of FIG 5C and 5D, can offer several
advant ages ovér thé‘hﬁgﬂ"y@éﬁo@e"ﬁ@e éﬂﬁéﬁ?&"gﬁ whi ch only has two

el ectrodes.  The present invention has many attributes which lead to other potential fields
of use. All read/write electronic memories are based on the principle of a charge
storage. In DRAMSs the charge is stored for a few microseconds, in EEPROMs the
15 charge may be stored for years. Unfortunately, there are various processes which
can change this charge such as ionizing radiation. For example, in military and space
applications, alpha particles, when passing through a typical semiconductor device,
leave a charged trail which alters the charge in the semiconductor device. In the case
of memory technologies, this leads to soft errors and data corruption. The present
20 invention, on the other hand, does not depend on charge storage but on a physical
change in the materials this material being unaffected by relatively large doses of
radiation. In other words, the present invention is radiation hard. This provides
significant advantages for military and space systems as well as many high-integrity

commercial systems such as aircraft and navigation systems.

25 4, Synthetic Neural Systems

Another application 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 and control devices. SNS

devices rely on the ability to make connections between elements as part of a
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Specifically, a dc bias voltage can be applied between any conbi nation of

t he el ectrodes other than el ectrodes 453 and 454 without altering
the dendrite |l ength and hence t he capacitance and/ or resistance of
t he device. This has inportant i mplications for the use of the
devi ce i n nemwope7aso3ays and other electronic circuit 5 REATUSBHIBGNS.
These sane consi derations and advantages apply to a three el ectrode,

as well as a four electrode, device. Dendrite growh is restricted to occur
bet ween el ectrodes 453 and 454 and never between any of the other
el ectrodes. ‘El ectrodes 453 and 454 are therefore the progranm ng

termnals Qgeairﬂ»?g seshsss Wohnﬁét%sqrg‘?ff_rmed betwedn fHe! @pggc@g Qﬁ:éfitg%o&‘éh put

termnals o urning now to

exenpl ary enéaothosen'uom whigdr ha'wlslignals present donfa gtmmtiivl\m\/ltm tinge)s hdke.
FIG 6A i | t1 I
Ui ow of I CHraBIGH 8t eV etgms, i 1Be @peication of input, Fagpith in. g (BITR SL BFEHIREnce

to FIGS. 6fsgild ¢RwédY QﬂlsCW'cﬁ%yéteﬁU%té)&Pé?nely difficit t8hiaghieDs OWitHES
physi cal support for t he menory cell or device and, if appropriate, 15

an i nsul &t senemtional siligpathased siovicgse On theonthemd'-amtuveaqmr aneA withnbel 60.
Wth conti e n r over
i nsul at or ggees%&eﬁ{v%gﬁﬁl %é‘%l a)ts%?:as? y%ﬁgggﬁb@de%%%ﬁ%é ggrgnag? tLe(ranggﬁltover

a portion depends o thel ;ﬁ'e*sérﬁiéeaf&?vdlfag‘e@igha&, conhebidrs rfﬁumyﬁqrmbeﬂﬁéﬁﬂ@
techni ques known .in the art Via hole 69 serves as té}rghoum n for

the acti vemastactive Refigsses thedandrites; grow toyward dhe gleagtrodss vy aY)%ﬁB’é
wi thin viagpgli& &8 ﬂ'r%h{‘g moamﬁﬂ&h Omé shg-ﬁaﬂi ev%eseoreec&.en1 govemeaxwr?e

fromthe top of hole 69 down to el ectrode 63 where it Is el &ctrical
coupl ed10 capacnaﬁhe,r\ewfde@end antha strebgthcif thadipuds Thispdirentable naeibatrmmorv
mat eri al rite gromh is used to fill the

unfilled p(??’[te?gﬁﬁsa%qqg?ﬁ Qgﬁi‘FantG@squt ﬁfglf G REESPR mp{gntéon and prevent

overlying layers or materials fromfilling hole 69. 25 Wth
conti nued reference to FIGS. 6A and 6B, an el ectrode 64 is next forned
so that at Peas'froarmbwwstam!%eeatmew&%| ectrical cont act with

fast ion WEQ{}V ﬁ?FIG@ eﬁaﬁﬁ ﬁﬁect T 0;55& 6&6§Hrﬂmfaﬂfe%9i dane

par al | el tothe pl ane nd at a right ang
El ect rode @4épacitgneeviéRRAC )bﬁ}ema:esm altlmwn in accormcmmthmhel n@saiiﬂr wyention.

electri i1 gl F?Qgt 9Rtanvc\f 9@ a?ela % an gr(\j cPo%s-s\é%{e Ondt v\lleovlvg,a spec weﬁ)\P ofs éj lateral type
device. FIGS. BA and BB are plan and cross-sectional views, respectively, of a
vertical-type PR/C device in accordance with another embodiment of the present
invention.
With specific reference to FIGS. 7A and 7B, an exemplary PR/C device 70 is
20 shown in a lateral or horizontal configuration. FIG. 7A is a plan view of PR/C 70 and
FIG. 7B is a cross-sectional view of PR/C 70 taken from line 5-5 of FIG. 7A. In this
illustrated embodiment, PR/C 70 comprises a substrate 71 which provides the
physical support for the PR/C device. If substrate 71 is non-insulating or otherwise
incompatible with the materials used in PR/C 70, an insulator 76 may be disposed on
25 substrate 71 to isolate the active portion of PR/C 70 from substrate 771. Next, a fast
ion conductor 72 is formed on substrate 71 (or formed on insulating layer 76 if
insulator 76 is used). Fast ion conductor 72 is appropriately patterned to provide

isolation between adjacent PR/C or other devices. The dimensions (e.g. length, width

_—
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PCT/ US97/ 09367 to electrodes 63 and 64, a dendrite 65 grows
vertically at the surface of fast ion conductor 62 and al ong the inside
of via hole 69, dendrite 65 extending fromthe cat hode (e.g. el ectrode.
63) towards ywhensamede (e.g. el ectrode 64). W t h eormossmassd?
reference to FIGS. 6A and 6B, the vertical configuration of 5 MDMG60 is
consi derably nore conpact than the horizontally-configured MOM of Fl GS.

5A and 5B and thus nmay be considered the "high density"” configuration, as
many nore NDM el errents may be fabri cat ed per unit area. For exanple, in the

tical | t d
tervanig Tidkest of {gbeiofshBidier 73, MR et AR RER AL 88 case
st orage ®RIECIC.YForSéamile, it fasieos bbhdiﬁ:tbﬂ?@i’d?ﬁm afidl ha® aNbh@h grebler ahsn
possible with a single vertical structure t hese densities wll

doubl e vm"[shwﬁﬁh'a'ﬁ'i'ﬁd'és'éﬁ"l‘iﬁd’é'“&rﬂftﬂ"gr?%ﬂ@fé%ﬁfeat?’rﬁh@[]éhe gesistance valgdbrent ,
the maxi lﬁh(yo@lﬁﬁcﬂﬁ? Rﬁasr{m&k%dl itdTWidf) Ws ghé%tér' ﬁ\%ﬂwl exity
eco e st

of the colum and row er circuitry. Howev orage stack
is 5f abri cWithd contipued referpnaead BIGScFIA and HEB, véletteodee matenals crerthemi p

s R L SRR TR S AEEREERE ORI G L

. Lgagt tezlt ﬁg - Ima%h?ér;é)t’éhrfbsélﬁgﬁﬁgﬁ 74 ﬁt@r aaearﬁeeﬁ' Whén 8ivdiagy iSapplitfié] 1O
cathode 73 and anode 74, a dendnte 75 grows from cathode 73 along the surface
of fast ion conductor 72 towards electrode 74. The dimension and shape of

10 electrodes 73 and 74 contribute to the characteristics of device 70. For example, if
electrode 73 is narrow or comes to a point, the electric field will be high and growth
of dendrite 75 from electrode 73 will be rapid. On the other hand, if electrode 73 has
a broad configuration, the electric field at electrode 73 is relatively small and the
growth of dendrite 55 from electrode 73 will be slower.

15 With continued reference to FIGS. 7A and 7B, an insulating layer 79 is next
deposited on device 70. Insulating layer 79 protects the active area of PR/C 70 from
mechanical damage or chemical contamination. Holes 125 are then appropriately
provided in insulating layer 79 so as to allow a contact 77 and a contact 78 to be
electrically coupled with electrode 73 and electrode 74, respectively.

20 With continued reference to FIGS. 7A and 7B, a person of skill in the art will
recognize this is not the only possible configuration or method for constructing a
lateral PR/C device. For example, an alternate configuration for PR/C 70 comprises
forming electrodes 73 and 74 on substrate 71 and then forming fast ion conductor
72 on top of these electrodes. In this case, dendrite 75 will grow along the interface

25 between substrate 71 and fast ion conductor 72.

As discussed earlier in connection with FIGs. 5C, 5D, and 5E, and focusing on
metal dendrite memory (MDM) devices, 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
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essentially an additive technol ogy that adds capability and functionality
t.o existing silicon integrated circuit technol ogy. 20 The
exenplary MDMs of FIGS. 5 and 6 represent a significant departure from
conventional silicon-based mcroelectronics. Silicon is not required for
the operati onwo9oasbs2t he MDM unl ess control el ectronics are PCI/B¥709367

I ncorporated on to the sane chip. Al so, the overall manufacturing
process of an MDMis considerably sinpler than even t he nost basic
sem conduct or processing techniques. Wth sinple processing 25 techni ques
coupled with reasonable material costs, the MDM provi des a menory

device Wi tndqglichs.| Tk Qfeqmgqsatea'upﬁfﬁs 418" SRRSO thelithé Sfructures

1. PROM and t1-fuse Applications th contin erence to
FI GS. 5 andré appibbatie fanqbraﬂdmgnprberamniablgeda;mntance laﬁdl\nesgspmtnelameylts in

devi ces. Maghe QLT Sbe SRR MRS T ol G |0 st BiP8hon anywhere

PCT/ US97/ 0%3p4citance and fisisbariis elstehtiOare 2lizéd ng. Once a link is broken,
it cannot be renade. The MDMs of the present invention provide the

ability Po makeTuring ®pw taflGH.c3A and 8B, amsnmatamﬁmbnq!irgentsoharvemca"v-
oo ot Wi BRI bl A h 1 EHH o BRI 20 BRI
cross-sectional view of PR/C 80 taken from line 8-8 of FIG. 8A.
Wlth continued reference to FIGS. 8A and 8B, PR/C 80 comprises a substrate
81 which provides the mechanical support for the programmable cell or device and,

10 if appropriate, an insulator 88 to insulate substrate 81 from the active portion of PR/C
80. An electrode 83 is then formed over insulator 88. Next, an insulating layer 86
is deposited and patterned over a portion of electrode 83 to form a via hole 89 using
processing techniques known in the_art. Via hole 89 is used for housing the active
area of PR/C 80. Next, a fast ion conductor 82 is deposited within via hole 89 using

15 conventional techniques so as to extend from the top of hole 89 down to electrode
83 where it is electrically coupled. Thereafter, a via fill 87 such as a pliant insulating
material that will not hinder dendrite growth is used to fill the unfilled portions of via
hole 89 to protect hole 89 and prevent the electrode to be formed above from filling
hole 89.

20 With continued reference to FIGS. 8A and 8B, an overlying electrode 84 is next
formed so that at least a portion of electrode 84 makes electrical contact with fast
ion conductor 82. Electrode 84 is preferably formed on a plane paralle!l to the plane
formed by electrode 83 and at a right angle. Electrode 84 is prevented by insulator
86 from making electrical contact with electrode 63. When a voltage is applied to

25 electrodes 83 and 84, a dendrite 85 grows vertically at the éurface of fast ion
conductor 82 and along the inside of vié hole 89, dendrite 85 extending from the
cathode (e.g. electrode 83) towards the anode (e.g. electrode 84).

With continued reference to FIGS. 8A and 8B, the vertical configuration of PR/C

80 is considerably more compact than the horizontal configuration of FIGS. 8A and
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5 like a conventional fuse. Also, the dendrites of the MDMs can w t hstand

many make/ break cycles; thus, multiple reprogranm ng cycles are
possi bl e. The MDMs of the present invention nmay al so be used in
programmabl e | ogi c arrays ("PLAs"). In PLAs, blocks of |ogic elenents
such as gat qgo gwndseadder s are formed but are not connectBCE/USHNEI367

connections are nmade to suit a particular Iow 10 volume application (e.qg.
an application which would not justify a custom chip design).

Traditionally, the final connections between the various |logic elenents are
made at - the production facility. However, the MDMs of the present

I nventio é’@\tﬁ I RLA« i o) . r %;aq“gﬂ%) wmas it
is relat i%ve y g'ggy*?%vb&cgg???@gﬁf‘é H'%K u%g\? 'it%ec%gﬁgr%:@nrﬁg%trﬁ%{ s be Rg/e%
secti ons etemerts miay fbevfabricaked pet amitdaredr | Fes exdrople, in the Ardrtiedlusersioal e

al so found jin integrated circuits where redupdancy techni ques are used
o S ombamn Bl AL SRoHS FBH COUMIE (ARG IhdBEuTics dest 185 copdyRtare

conpl ex, rhiyBe destkebodramiatitlySinebads 1hé nhiber oPBMherlta ey BRftrggTOry on
boar d the chip then is actuall_i used. If one section of the chip is
a

damage8 duri nWith referenessewrtg RGBS diahd 8dthe PRy Cogryvicas ofithe ppeaept inveotign nay

D P ouS e R kB PR e oS Pt i o RADRE Sl 0T o
and el ecty hndb st higyedtat parametAdvaAAilit) may b&@eftaindBleC ETiVé PR/G Bevigeesent

invention may be incorporated into such mf;rmrﬁa chi E)s to apfropri ately
f or m new % 3h? REaseBhEVERigHRre: TRECFAMMNE S15inGd NG ¥eltage; consequently, 388l dance

with t heRai% ; %{%v&@é@wo% n%ﬁﬁeé@%e%nmifé E&Nititn %tﬁgmteﬁge (iﬂé'i'ée%i%ﬁge MDVE

[ " NDM P applylng a constant or pulse I as ectrodes
of t haONBRivicapagitancetweould mot vary. gTleseiprogiammealblaldesraes mae be used las\taded to
reach the.anﬁde SO a si st ance ant ;ﬁé‘t‘use connecti o Thi s

to forma lowr .

connect i GHCUIRS @Rt f 8 rZequedey Sleeton M oqmmBsLien SYResofona RO y
System and ditfo MMei¥ )N dTRigR  donkmliied Titer loUItHS vaBbe Yeontrofied oeyillaassi Ng a
smal | Cur(E‘thOs"), signal level (e.g., volume controls), automatic gain controllsg(“AGC"), and

the like.

15 With continued reference to FIGS. 7 and 8, the exemplary PR/Cs represent a

significant 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 is considerably simpler than even the most basic semiconductor processing

techniques. The simple processing techniques coupled with reasonable material costs

20 provide a device with a low production cost.

IV. Electro Optical Devices
In accordance with the present invention, PMC devices may also be
incorporated in electro-optic applications by utilizing broad dendrite growth between
wide electrodes at high applied voltage.
25 With reference now to FIGS. 9A and 9B, an exemplary optic device 90 is
shown where FIG. 9A is a plan view of optic device 90 and FIG. 9B is a cross-
sectional view of optic device 90 taken from line 9-9 of FIG. 9A. In this exemplary

embodiment, device 90 comprises a substrate 91 which provides the mechanical
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(i.e. a current small enough not to danmage the dendrite) through the
dendr| te connection. "Erasing” the MDMPROM is acconplished by passing
a large current through the dendrite so as to destroy the dendrite and
break the conwam¢wasosz | f enough netal ion material stil|PCRHUSHNAEI6T

bet ween the.opposing el ectrodes of the MDM 5 a new dendrite may be grown
| at er as appropriate. In the MDM PROM the electrical change

bet ween the two dendrite connected el ectrodes is so great that
transistors are not required at the MDMcells. This is true regardl ess

of uhet het saphdiGF i bpHe L8] 166A! haukan UdMulro? B3 @BAned Bridibstrate

vertical or en3|t conf 1 gurati on, e nenory el enent size becones a
function 1(91offasnomlebmdmtor ea hamgjapnroptﬁaxawmrr@ﬂbmepnoyncbl isgigtioThetwveen
geonetry al l.ows I of the present invention to be the nost

conpact el SEWFE%F&&%W%‘&S%%H avai | abl e, much nore conpact than

f-loating gate owitheesmerel Feféreiemb i RESMIACENd 9B, rddbtidde iiabélFdlS afd thdrP be
part of their storage elenents. In addition, both |ateral and verti cal

NDM conf Bgelenesitadsondast ion eondustored2 and mpprapyiataly, patierned 4o fgrm plectrode 93
mechani cal '(é’ té@%tﬁoé&b%&{ &E&rww@g I Fﬁbég}é‘gcoﬂaé éﬂ{%ﬁ’éﬁ&dﬁ &ectmdes

addi ti onal ry,
substrate. 93 and 94 are Zauch IEEBBH\ZhAMnIth (thim tmaselectrodes of tﬂét’ Mnmmnmnmiof

oncvol ot FIBSHER 500 S5 Wharn.e Frgeuptods b artogs orbaer 1o Svalfelds gpatied

capaci t ancqo Zledttddaysosd RAdNA HFshdr” beffiﬁ@r!&t dERYRBLID s bfbd@%e&'ss%drﬁewy
appl i cati ons which woul d otherwise utilize traditional EEPROM or FLASH

t echnol #8i @sowm/mgmhode 93r slpngetheppunface of cfashion ppoducion B2 dowardssent
R0 oS Dl Wi o B G A 56 BB i,
adapt abl e tighathreugietiy opficaljuell ioe akiaomirror NDvefleotdight incident on the back or front
surface of optic device 90.
_ With continued reference to FIGS. 9A and 9B, a transparent window 99 is
15 formed over dendrite 95. A contact 97 and a contact 98 are then electrically coupled
with electrode 93 and electrode 94, respectively.
With continued reference to FIGS. 9A and 9B, a person of skill in the art will
recognize there are other possible configurations or methods for constructing an

electro-optic device in accordance with the present invention.

20 V. Light and Short Wavelength Radiation Sensors
With reference now to FIGS. 10A and 10B, an exemplary light and short
wavelength radiation sensor 100 is described where FIG. 10A represents a plan view
of sensor 100 and FIG. 10B illustrates a cross-section of sensor 100 taken from line
10-10 of FIG. 10A.
25 With continued reference to FIGS. 10A and 10B, sensor 100 comprises a
substrate 101 which provides the support for the sensor device. If substrate 101 is
non-insulating or otherwise incompatible with the materials used in sensor 100, an

insulator 106 may be deposited on substrate 101 to isolate the active portion of
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25 especially advantageous in applications where cost is the primary

concern, such as smart cards and el ectronic inventory tags. Al so, the
ability to formthe nmenory directly on a plastic card is a nmmjor
advantage in these applications as this is i npossible with all other
sem conduct ayo m4Ees2i €S. PCT/US97/09367 - 20-
WD 97/ 48032 PCT/ US97/ 09367

Further, in accordance with the MDM devi ce of the present invention, nenory
el enents may be scaled to less than a few square mcrons in size, the
active portion of the device being | ess than one mcron. This provides

f t i ' t |
tht o eachngdy, 00 eRP Subkithe 101, Qe £ ks RETLERUCS! 72, BRRANFS ' "
tens of sgbatraterilOrotw. formed on insulatirar tayed @8 ifvah hinsuletdreis wsedbdi et of

the presepnt invention, pass transi stors ar sed in the EEP ]
confi gur ngnmnf RSk {ePBER\Vigth; gpd thickness) 8‘ SEM%\?F%E% il

DRAM t Y D&ieféifiihé '|ﬁ~°partA|th€relh%&hé’é?'c)‘-aréc'?&xdiﬁ&@if's%h§or 1000fFoP Gﬁa#{?l\é Wetdsges or
separate diodes or thin I mtransistors ("TFTs") be used 10 in place

of t hebsiion condysiers1 @2 mmem bas @ lengtly greaterdhpn its vwdth tbhoesnstemq:valu% in
an array of sensor 102 wilt be greater than the resistance value if fast ion conductor 72 was

thick and its width was greater than its length.
With continued reference to FIGS. 10A and 10B, electrode materials are then
deposited on fast ion conductor 102 and appropriately patterned to form electrode
10 103 (e.g., a cathode) and electrode 104 (e.g., an anode). When a voltage is applied
to cathode 103 and anode 104, a dendrite 105 grows from cathode 103 along the
surface of fast ion conductor 102 towards electrode 104. The dimension and shape
of electrodes 103 and 104 contribute to the characteristics of sensor 100. For
example, if electrode 103 is narrow or comes to a point, the electric field will be high
15 and growth of dendrite 105 from electrode 103 will be rapid. On the othet hand, if
electrode 103 has a broad configuration, the electric field at electrode 103 is
relatively small and the growth of dendrite 105 from electrode 103 will be siower.
With continued reference to FIGS. 10A and 10B, a transparent window 109
is next formed over electrodes 103 and 104 and over the region reserved for dendrite
20 105. Holes 145 are then appropriately provided in window 109 so as to allow a
contact 107 and a contact 108 to be electrically coupled with electrode 103 and
electrode 104, respectively.
With continued reference to FIGS. 10A and 10B, a short wavelength radiation
110 enters sensor 100 through window 109. The growth and dissolution rate of
25 dendrite 105 is sensitive to visible light in the orange to violet range as well as to
shorter wavelengths, particularly ultraviolet; the growth rate of dendrite 105 is much
less sensitive to wavelengths below ultraviolet. Light of short wavelength 110 which
is incident on transparent window 109 enhances the ionization of the metal during

growth or dissolution of dendrite 105 and hence the time to grow or dissolve dendrite
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having a plurality of devices. I n accordance with the present

I pvention, data may be witten to MDM EEPROMs by appl ying a const ant
or pulsed bias to the el ectrodes of the MDMto pronote dendrite grow h,
The growt h of the dendrite changes both the resistance 15 and capacitance
of the devi cewmow4sonaf which are easily neasured. In the NDNRCT/USSTHS3HROM

an insulating barrier, such as an oxide wall, nay be di sposed adjacent to
the anode to prevent the dendrite fromreaching and electrically coupling
with the anode when a voltage is applied. The MDM EEPROM cel|l nmay then
be easily "read" by applying a small AC signal to the MDM device (i.e
al ter nati ngokhe redRea. ais ﬁn@ne‘%ﬂfﬁf&‘éﬂeé mawédéiecfddmlecwme hneémsg&&de%nt he
dendrite back and forth but does not ly grow or retract the
dendrite, relatedito the lateayuﬁaﬂfﬁh%mmnﬂ&aweﬂmd resi stance change around

It 250: \c/)\évso: hgl gg\ﬁlﬁmag ?\%lgﬂeﬁ \Q%reBFeigg Fﬁﬁ @f aﬁ)ﬁl SRBt g%gpsSSSqu s&ﬁ?wtpﬁ art wuueI y

di rection pdcognizet this ARG tHeL ollyOYdsiitile cOnfigeration ar MbtHddefor Metrabting a
cathode). In a preferred 25 enbodi ment where one el ectrode conprises
al uni nur® aRENSN AN GRar FOT BXRMBIFe an altesBats, fapdipueatianfor %%%éﬁ@rﬁ"qfﬁpqul

only grow ?6%&”9 ét%&ékcﬁobo c?i‘eorfa' H%t'?é&'é” 101 &hE GhER Wormihg $dét ion

dendrite does noOt orm romt ver ectroedurlngthe retraction
event. conductor 102 on top of these electrodes In this case, dendfite 105 will grow along

%?ngg?gég%ipterface between substrate 101 and fast ion conductor 102.

V.  Conclusion

10 Thus, in accordance with the present invention, a low cost, highly
manufacturable device is obtained that may be employed in a variety of applications
~such as memory devices, programmable resistor and capacitor devices, optical

devices, sensors, and the like.
Although the present invention is set forth herein in the context of the
15 appended drawing figures, it should be appreciated that the invention is not limited
. to the specific forms shown. Various other modifications, variations, and
enhancements in the design, arrangement, and implementation of, for example, the
PMC, as set forth herein may be made without departing from the spirit and scope
of the present invention as set forth in the appended claims. Furthermore, one of skill
20 in the art will appreciate that various other applications and uses exist for the PMC

device besides the specific examples given.

- 29 .-



Since the MDM el enents exhibit highly non-volatile characteristics, and
since the dendrite position (and hence resistance and capacitance) is a
function of the magni t ude and duration of the applied voltage,

mul tiple-state or n-state | ogic storage is also possible. In this
storage scheggy oyiihe than two levels (i.e. binary) may be perhsbrissey each
storage cell; thus, increasing the overall storage density greatly. For
exanpl e, 4-state storage (possible by using four dendrite positions) allows
a doubling of menory capacity per unit area for the sane storage cell
size. Thus; in accordance with the present invention, MDMs nmay be able
to store ?’léﬁ%' nuum of anal og, rather than digital, quantities. The
storage o og val ues in conventional nmenory 10 technol ogies is

extrenel ywhahtfid elabrhed fis:not i npossi bl e. 3. Mlitary and

Aer ospace Agpl i cations o The present invention has many attributes
whi ch | ead Progsametabls, Matalfization Gellys of use. All read/wite electronic
nenories are sed L0ci . - t he
charge is st oPgd fo@rbé%}gvﬁ sggggéé‘g%@%té& ?%?E%%mg%géﬁg%r aéragmﬂbe

st or ed 5 ojpnysondactodmhatetialrtedvitigymetdliizy iens tiispused thesein) ® phestitg ofbornducting can

Space.  SlRpEPIeSsRARSSd BryARH baty P Materia AR plecUpies TRRHLIP NG BIER
sem condugoiRiad BYIRY betwedrPRE ot dadbittrolbe th d’l‘@?}‘éﬁ\ d 85 b \roting &° 1 1

t he sem conductor device. In e case menory technol ogi es, I's
| eads to wwtallicdendrite fram dhe aegativeupt thetwd elecprodeztowad thevmasitivenof the t he

ot her han does nopt depend pn._charge. stora on a physi cal change
in the ma ‘g?iegefcirc}%sswrﬁr& N g’ISt B’gﬁﬁ%’ ffn%ﬁq"ggt%e‘gr%%?/ relatively |arge doses

of radi ation. In other words, the present invention is radiation hard.
Thi s provides significant advantages for mlitary and space systens as
vel | a0 many M-gh- i A{PERgrAmmable ﬂh@%@%ﬂe"é‘?fﬁ‘é‘?@aﬁ%}ﬁ"@sc'élm o arhergiy

navi gat i 0853 %¢fodlBetrddes are adapted to ha¥Bla lcbAd VBAGY, ophsti®® polarity to said

Anot her application of the present Invention is 1'h synthetic neural systens
("SNS"). 8BNS witdgse applied sherete oo reversemrawtly of ghe trhetaliigndendpitaiwhitenthear e
destined to td),gjgongthe neﬁtdggnef ation of conputing and control devices.
SNS dBYTUESVY 9P '5PPPHEY ABYPI%y to nmke connections between el enents as
part of a

3. A programmable metallization cell in accordance with Claim 1, including
15 an electrical insulating material interposed between said two electrodes to inhibit
metallic dendrite growth so that the metallic dendrite grown from one electrode can

not grow to a point where it contacts the other electrode.

4. A programmable metallization cell in accordance with Claim 1, wherein

said fast ion conductor is formed from a metal ion-containing glass.

20 5. A programmable metallization cell in accordance with Claim 1, wherein
said fast ion conductor is formed of a chalcogenide-metal ion material selected from

the group consisting of sulfur, selenium and tellurium.

o



- 22 - "l earni ng" process. Connections are forned

bet ween the nost active circuit nodes (i.e. those nodes which have
signals present for a majority of the tinme). The "training" of the
systens, by the application of input, results in a formof hard-w red

| ogi c. Howevewootdsox type of system is extrenely difficul t PEHUSAIGPIEY e
Wth 5 conventional silicon-based devices. On the other hand, in
accordance with the present invention, SNS systens conprise NDVs.
Because formation of a dendrite depends on the presence of a voltage
signal, connections naturally form between the nost active nodes as

the dendrites gpow t avg gratn’i}ﬁalﬂé‘?ﬁét&@%t"iﬁenvﬂlﬁn AdB¥RIakes WAl Blaim 5, wivhé@m I ed

b
to them In addition, the strength o connection, governed by its 10

capaci t ancsaidrichblcdgpride-roetat hen svaterigh hontfairshe mepalt selgdted fiome theaigreup

anal og menory effect 1s angther.signjificant aspect of the present
i nventi on. co¥\s|s{mg "tfl‘:#'f’.“p gl’“B r%'ﬁﬂgmBemﬁgag?'st ance/ Capaci t ance Devi ces

Referring nowto FIGS. 7 and 8, an exenplary progranmbl e resi stance and
capacitance ("PR/ C') device is shown in accordance with the present ]
i nventi on. 175 FI &progmminable mretplizgioncelin aseexiange with Rlaim5.cyberein

respect | Sels\éid %Baﬂ:ob@ﬁﬁre%ettayri)&': material contains a metal selected from the group

consisting of silver, copper and zinc.

8. A programmable metallization cell in accordance with Claim 1, wherein
said fast ion conductor is formed of a chalcogenide-metat ion material consisting of

arsenic trisulphide-silver.

10 9. A programmable metallization cell in accordance with Claim 1, wherein

said fast ion conductor comprises AgAsS,.

10. A method of forming a programmable metallization cell comprising the
steps of providing a body formed of a fast ion conductor material having metallic ions
disposed therein, and providing a plurality of metallic electrodes deposited on said

15 body of material.

11. A method of programming the programmable metallization cell of Ciaim
10, including the additional step of applying for a predetermined time a first voltage
between two of said plurality of electrodes to establish a negative electrode and a
positive electrode to grow a metal dendrite from the negative electrode to the positive

20 electrode during the predetermined time of application of the voltage.

12. A method of altering the programming of the programmable metallization
cell of Claim 11, by application of a second voltage for a predetermined time to said

two electrodes.
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device. FIGS. 8A and 8B are plan and cross-sectional views, respectively,
of a vertical -type PR/ C device in accordance wth another enbodi nent
of the present i nventi on. Wth specific reference to
FIGS. 7A and 7B, an exenplary PR/ C device 70 is 20 shown in a lateral or
hori zont al cq@fohgdasation. FIG 7A is a plan view of PR/ C 7@camgsr/09367 FI G
7B is a cross-sectional view of PRRC 70 taken fromline 7-7 of FIG 7A. In

this il lustrated enbodi nent, PR/ C 70 conprises a substrate 71 which
provi des the physi cal support for the PR/C device. If substrate 71
IS non-insulating or otherw se i nconpatible wwth the materials used

in PRRC 70, an.nsul ator 76 . be, di sposed. on 25 substrate to

0l ate the adB-ve ABIRToS ol TteHRs Ene ORI e PO gl efalizdion

i on condugdiast Giaim $2f By Gpplyg $Héesh YoRadelof the Said Bslamy dsthelfrét Viltdgayer
76 if i nsulator 76 is used). Fast ion conductor 72 is appropriately

pat t er nedtor furbheyy pepw the metalsdendlrite froyet Yise Regatjvec electrpre doothe pasitive

devi ces. yJrensions (e.g. length, width
1e55°CS" dbEbddr® WD 97/ 48032

PCT/ US97/ 09367 and thickness) of fast ion conductor 72 will effect

the electrical, characteristjcgs of PR/ C 70. r exanple, if fast jon
Conducor | 7o 114t nA e SLaeriPg s BrogriTinG QiR Prosapastyg meraliaon

resi st ancga)y gt il 1BRby 4pblyin!a BEcoHFdbIBagd BRAR HAISrityeShIdNRCR WA Wt |

voltage to reverse the metallic dendrite growth.

15. A cell having programmable electrical characteristics comprising:
a fast ion conductor material having a surface;
10 an anode disposed at said surface;
a cathode disposed at said surface a set distance apart from said anode;
a dendrite formed at said surface and electrically coupled to said
cathode, said dendrite having a length defining electrical characteristics of said cell
and said length being alterable by a voltage applied across said anode and said
15 cathode.

16. The cell of claim 15 wherein said fast ion conductor material comprises

a chalcogenide material selected from the group consisting of sulfur, selenium, and

tellurium.

17. The cell of claim 15 wherein said fast ion conductor material comprises
20 a material selected from the group consisting of sulfur, selenium and tellurium and a

metal selected from Group IB or Group 1B of the periodic chart.

18. The cell of claim 17 wherein said fast ion conductor comprises arsenic

trisulphide-silver.

I
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fast ion conductor 72 was thick and its width was greater than its | ength.
5. Wth continued reference to FIGS. 7A and 7B, electrode materials
are then deposited on fast ion conductor 72 and appropriately patterned
to formelectrode 73 (e.g., a cathode) and electrode 74 (e.g., an
anode). \Wen avowiasesge is applied to cat hode 73 and anodRCTMUS97/89367
dendrite 75.grows from cathode 73 along the surface of fast ion
conductor 72 towards el ectrode 74. The di nensi on and shape of 10 el ectrodes
73 and 74 contribute to the characteristics of device 70. For exanple, if
el ectrode 73 is narrow or conmes to a point, the electric field wll be high
and growt h P9, depre Ickf of TIdibP 17 ShRErelrP85id aholk!donBRtd BPlalmefdl skletddf her
hand, if electrode 73 has a broad configuration, the electric field at
el ectrode T®m ghe graup wongistingldf simer, tdepper ang rabwt. [enek said mathade sgmpriess

el ectrode 73 will be slower. 15 Wth continued reference to FIGS. 7A
and 7B, an 2HTeRHaY:; ng | ayer 79 i s next deposi ted on device 70.
Insulating layer 79 protects the active area of PRRC 70 from mechani cal
damage or chem cal contam nation. Holes 125 are then appr opri.atel}/ .

provi ded in i ns&Pat i Hoe rcall of claimst? whareingajdanede sensists of 2 silver-aluraintect
78 to be : ical W‘%ﬁ 1 : rode 73 and el ectrode 74,
respectigelbilléﬂigé}yé&&cg t L@Sﬁ%ﬁ%t%‘%ﬁ@?‘énce to FIGS. 7A and 7B, a
person of skill in the art wll recogni ze this is not the only possible

configuration of, nmetphod for_constructing a, l.ateral, PR/ C deyj ce., For

exampl e, an al té?nat h%ﬁﬂf PHEIRIR ; QnW%?freﬁ'F‘FQ“ts?bd'éWi '%eég’eef‘ sa!‘}o?rfﬂq‘?ga"d
el ectrodes g4y gdtHoddHisOm thelahgébehiddrBs of WiBrdna!tdl Hibhdrédths o MnieinaUCt or
72 on top of these electrodes. In this case, dendrite 75 will grow al ong

the interface 25 between substrate 71 and fast ion conductor 72.

As di scussed eaﬁgi er-gﬁ%g%g{r;lga§w mzﬁégjgiggsaﬁs@é%n HRdudly n%;cgriﬁ'?g di\cﬁﬁ%@sgﬁe

on metal dendrit evices I'n accordance

enbodi nent bedivetrheaidranedeiatd said batthedensaill anbdedad caidetathbde tkaening ghatallehal
to the two el ectrodes utilized to programdendrite growth, which can be
used folO" AANSSts" of - 24 -

23.  The cell of claim 15 further comprising a supporting substrate for

providing strength and rigidity to said cell.

24. The cell of claim 15 wherein said length of said dendrite increases when
said voltage is applied across said cathode and said anode, and said length of said

15 dendrite decreases when said voltage is reversed.

25. The cell of claim 24 wherein said length of said dendrite increases or
decreases at a rate greater than 10 m/s when said voltage is approximately 0.5 to

1.0 volts.

26. The cell of claim 15 wherein said dendrite remains intact when said

20 voltage is removed.
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the devices. These are illustrated in FIGS. 5C, 5D and 5E, and the sane

structures are applicable for providing programuabl e capacitance
and resistant elenents in contexts other than nmenory el enments and
for appropriate application anywhere capaci tance and resistance

el enent s ar eyidlorhgod£d. 5 Turning now to FIGS. @&ramsehdessr an
exenpl ary enbodi ment of a vertically- configured PRFC 80 is shown.
FIG 8Ais a plan viewof PRRC 80 and FIG 8B is a cross-secti onal
view of PR/IC 80 taken fromline 8-8 of FIG 8A Wth

continued reference to FIGS. 8A and 8B, PR/ C 80 conprises a substrate

81 whi ch provides e chani.c upgport for.the programmable cell ar
device and, zdlelot'{.'hF %ﬁ&p&bﬁ"ﬁ‘a%% rieRmansng, ¢ 'tf‘ghrr{gﬁ?sé'f'ggsﬁlﬁﬁf'f:%{te 81
from the @sdraoterisies ichdtedito BRiddleRgth NsAd YehddecatSapproplidte Rich® irftael hy er

I nsul ator 88. Next, an insulating |ayer 86 I's deposited and
patterned over a portion of electrode 83 to forma via hole 89 using

Betive 0 O SRR R Rt colilh 1 bier i Tehss ¥ oIEN A7, o5°

Wi thin visaidcfaet &h cendgetor matérialp Beizhanodw | sdie dathaiee and Gaids deadetet ford

fromthe top of hole 89 do to electrode . 83 where it is .

el ect r i°c dPeYeetingaidiceltisem age WQ'??/F%{' qllovying forchangss in,saig fength of saidat i ng
materi al gkt | | not hinder dendrite growh is used to fill the unfilled
portions of via hole 89 to protect hole 89 and prevent the el ectrode to be
formed above fromfilling hol e 89. 20 Wth continued
reference to E . BA.and 8 an overlying el ectrode 84.is next

formed so  ha2ee ARG B roing iratiafmgni el Yomariond i teps o ont act
with fast igpbviamigtsl Es?liorB dondilct6it inatistiadhalinghy Sirgscdhl v formed on a
pl ane parallel to the plane fornmed by electrode 83 and at a right
angl e. El ectrode gfofrgingran anadeptspid suidnss:or 86 from maki ng

el ectrigal contact ghihifg® Efthb@sI8t Satd sWfELe & s¥PLisRRe! apartPRbinchid Gnode;
forming a non-volatile dendrite at said surface, said dendrite being"
electrically coupled to said cathode and wherein said dendrite has a length defining

electrical characteristics of said programmabile cell.

30. The method of claim 29 wherein said step of providing a fast ion
15 conductor material comprises providing a chalcogenide selected from the group
consisting of sulfur, selenium, and tellurium, and a metal selected from Group 1B or

Group 1IB of the periodic chart.

31. The method of claim 30 wherein said step of providing a fast ion

canductor material comprises providing an arsenic trisulphide-silver material.

20 32. The method of claim 31 wherein said step of providing an arsenic
trisulphide-silver material comprises the step of illuminating a silver film and an

arsenic sulphide layer with a light of wavelength less than 500 nanometers.
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25 electrodes 83 and 84, a dendrite 85 grows vertically at the surface of
fast ion conductor 82 and along the inside of via hole 89, dendrite
85 extending fromthe cathode (e.g. electrode 83) towards the anode
(e.g. electrode 84). Wth continued reference to FIGS. 8A and
8B, the verti owmbowasasi gurati on of PR/ C 80 i s consi depabiupo7roe3ce
conpact than.the horizontal configuration of FIGS. 8A and

- 25 - WD 97/ 48032

PCT/ US97/ 09367 8B and thus nmay be considered the "high density"
configuration, as many nore PR/ C el ements may be fabricated per unit

area. For exanplyg, | h I ga I $4 O . ' rnatjn de
and cat hode Iayé?é vﬁf‘ h ﬁ’r?}thggr‘i/eoﬁi ll’:l‘a' a%% ‘pgﬁreénoﬁg,#c%ge?ys%fa*&ﬁ%@abég gP g@‘ﬁed
t-0 dr amat i asinhprises doresing ahlamode b e matkris| seleetddsfrararthe gréupacasisting of silver,
Wth reference nowto FIGS 7.and 8, the PR/ C de(yi ces of the present

i nvention COPPSF @ngZinG And said sten at fergiag acathy %&°w§%§?m§n9 & ghodtan

the MDM devdgrgsrisihg B'ceRducting matéihi6 SO that a greater paranetric
variability may be attai nable. The PR/ C devices of the present

I nvention are "programmed” using a DC voltage; consequently, a small

signal AC vol tage wouyl d not, affect, th endrite cqnditiop . and hence th

resi stanfe 10 ogic:apibft Qﬁi’@‘{mﬁ’&?}am?%e{’r’ Tei, &l B‘FBgPQrFHHB'I"E ae?ﬁtbgge may
be used as domysribes forriingCalththods ianRamd pdrali@ to daicansdcy sel ection in
communi cati on systens, tone controls

35. The method of claim 29 further comprising the step of providing a

supporting substrate for strength and rigidity to said programmable cell.

36. The method of claim 29 further comprising the step of providing circuitry
10 for measuring electrical characteristics related to said length of said dendrite at

appropriate time intervals.

37. The method of claim 29 further comprising the step of providing a layer
over at least a portion of said fast ion conductor material, said anode, said cathode
and said dendrite for protecting said cell from damage while still allowing for changes

15 in said length of said dendrite.

38. A method for programming the cell of claim 29 comprising the step of
applying a voltage across said cathode and said anode so as to increase or decrease

said length of said dendrite.

39. A programmable metallization cell comprising a body formed of a fast

20 ion conductor material having metallic ions disposed therein, a cathode and an anode
deposited on said body of material, said cathode and anode adapted to have a first
voltage applied between them to program the cell by growing a metallic dendrite from

the cathode toward the anode while the first voltage is applied thereto, and further

-35 -
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and audi o systens, voltage controlled filter circuits), voltage controlled

oscillators ("VCGs"), signal level (e.g., volune controls), automatic
gain controls ("AGC'), and the like. 15 Wth continued reference
to FIGS. 7 and 8, the exenplary PR/ Cs represent a significant departure
frrom conventygRahgesi | | con-based m croel ectronics. In fact, peirlisemnssr 1S
not even required for the operation of the PRIC. Al so, the overall

manuf act uri ng process is considerably sinpler than even the npost basic
sem conduct or processing techni ques. The sinpl e processing techni ques

coupled with reasonable material costs 20 provide a device with a | ow
producti on cost. or dance

oA he eI o eet e adBkoA BeTRtodbproR e i§ ahe body wish 5 isPEER,

el ectro- qahtee.aamalat.ﬁgtshm nbysttsdel écﬁ!«t‘i&\abél%ﬂoéé i ﬂfé ﬂ.efam&déﬁ;rmsand
wi de el ectrodes at high applied vot;ga ref erence now to

FI GS. 9A fastiopm:ongdhctoteyvheraby algatrieal raa@ermlqssneasurgd]bexwmarw FWwe.ofgoA is

a plan vi r l..View
o Popt i o i Rind bliodh ehfrsTchs? Bl GhiighB o uiRudk! U8 ip pogordBficg M mé
enbodi engrowth\ufahe Metabiadendeite.a substrate 91 which provides the

mechani cal - 26 -
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PCT/ US97/ 093640, A programmable metallization cell in accordance with Claim 39, wherein

said fast ion conductor material is a chalcogenide selected from the group consisting
of sulfur, selenium and tellurium, and said metallic ions are formed from a metal

selected from the group consisting of silver, copper and zinc.

10 41. A programmable metallization cell in accordance with Claim 40 wherein
said isolating material comprises a dielectric such that the electrical characteristic
which varies in accordance with growth of the metallic dendrite

is capacitance.

42. A programmable metallization cell in accordance with Claim 40 wherein
15 said isolating material comprises a resistance material such that the electrical
characteristic which varies in accordance with growth of the metallic dendrite is

resistance.

43. A programmable metallization cell comprising a body formed of a fast

ion conductor material formed of a chalcogenide material selected from the group

20 consisting of sulfur, selenium and tellurium, and having metallic ions selected from
the group consisting of silver, copper and zinc disposed therein, a cathode and an
anode deposited on said body of material, said cathode and anode adapted to have

a first voltage applied between them to program the cell by growing a metallic
dendrite from the cathode toward the anode while the first voltage is applied thereto,

25 and further comprising at least two additional electrodes in the body with a material

" A



support for the optic device. Next, a fast ion conductor 92 is formed on
substrate 91, fast ion conductor 92 being appropriately patterned to
provi de isol ati on between adj acent cells or other devices. '

Wth continued reference to FIGS. 9A and 9B, electrode materials are then
5- deposi t ed omwe sm4go3zon conductor 92 and appropriately patt ePCRUSHTHIPDr m

el ectrode 93 (e.g., a cathode) and electrode 94 (e.g., an anode). The
configuration of el ectrodes 93 and 94 are nuch broader in w dth than
the el ectrodes of the horizontal NMDM of FI GS. 5A and 5B. Wen a | arge
voltage (i.e:, voltage greater than 5 volts) is applied to el ectrodes

93 and 94, . g, y . ' S¢,| . bt ;

gr ow ng fr(')%‘%tg-ﬁg lg %ogﬁ)cﬁ%oﬁy{%sdl}ﬁdae%efrgﬁw ?réé;?\'{ ?%ﬂmcgn uE:ttl:e o%‘cgga%tg\'/\%‘rds
el ectrode gdnditstodr whereliye elec8icahehatacterstids aseasusénli thietween dnyoticotdfethe
passage of | ight through an,.apti.cal cell or as a myrror to reflect
PRoht Oi noi Gatedsn dnase. dndiinh SfqifRe Sectliles  farvai pprdange it g afoweh
Wth conti geese riftaniedeRdiie. FI GS. 9A and 9B, a transparent wi ndow 99 is 15
fornmed over dendrite 95. A contact 97 and a contact 98 are then
electrically coupled with el ectrode 93 and el ectrode 94, respectively.

Wth [ d jef . 9B, : f.oskill i
w1 o Coogrt S e Sarah et A i BB iR i 43 oY

const r uct i sgidaisolatingahsetetiabcopprisesia\diglectrie sacbosthdanike eldctficdl lvhapaotekstic

i nvention. 20 V.. Light and Short vel engt h di.ation Sensors

Wt h ref er ¥igh ¥gues & %qces‘%'a"feﬁ("%@f@gg? 0&1 eI ASNINENt and short

wavel engt hig agiitaple.sensor 100 is described where FIG 1 OA represents a
pl an vi ew of sensor 1 00 and FIG 1 OB illustrates a cross-section of

sensor 100 taken fromline 10-10 of FIG 10A. 25 Wth continued

reference to FIGS. 1QA and 10 senspr... 100 conprises a . ubst.rate 101
whi oh provi des The ShARGTETTORS TEXRBiRLER Soll Betcriandk it QS P wharth
non- i Nsuh akhidd isdlatig diateasl tomprPel ablesisthide ket euéinlthat/2Bd élBcHiapor
100, an i nsul ator 106 may be deposited on substrate 101 to isolate the
active por ghafactgristic which varies in accordance with growth of the metallic dendrite is

resistance.

Il. Metal Dendrite Memory
46. A non-volatile memory element comprising a programmable metallization

15 cell in accordance with any of claims 1-9, 15-28, and 39-45.

47. A method for forming a non-volatile memory element comprising the
steps of forming a programmable metallization cell in accordance with any of claims

10-14, and 29-38.

Ill. Programmable Resistance/Capacitance Devices
20 48. A programmable resistance element comprising a programmable

metallization cell in accordance with any of claims 1-9, 15-28, and 39-45.

I

A 0
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- 27 - sensor 100 from substrate 101. Next, a fast ion
conductor 102 is forned on substrate 101 (or fornmed on insul ating
layer 106 if an insulator is used). The di mensions (e.g. length,
wi dt h and thlckness) of fast ion conductor 102 wl|l * determne, in
part, the elg f@%l characteristics of sensor 100. For ex p&PuSyobder f ast

5 ion conductor is thin and has a length greater than its width, the
resi stance val ue of sensor 102 will be greater than the resi st ance
value if fast ion conductor 102 was thick and its width was greater
than its | ength, Wth continued reference to FIGS. 10A and
10B, electrod rials deposited on fast ion conductor

t h
102 and appr ogPt at I'?eﬁﬁ’pt‘g%ﬁ%‘%g@ '?"BBW\“@P@&‘F Fetigtance elepent gamppisipg the,
cat hode) espk S RFMIRFS prdlitambrdble meBalfdtidR)cel W BBcérd¥Rtd @gﬂé@eaﬁgﬂg rﬁfj

to cat hode 103 and anode 104, a dendrite 105 grows fromc ong
t he 10-14andaR@-38. fast ion conductor 102 towards el ectrode 104. The
di mensi on and shape of electrodes 103 and 104 contribute to the
characteristics of sensor 100. For exanple, if electrode 103 is

narrow or congg, t oAa p@&?rﬂhméﬂl@ Sdritahée fd:@hancbhdaiaadal @h prograrhenabiél
growth_of dendrite 105 fromelectrode 103 will be ra On t he ot her hand,

i f 5 metgllization gell imacepidanceswithanoek slgmsad 1Sl 5- Eﬁeaé‘ﬂ 389t4%c field at
el ectrode 103 is relatively small and the growth of dendrite 105

fromelectrode 103 will be sl ower. Wth continued reference
to FIGS. 1 OAsand AOMethod stafspdnigeatpragrationable Sapacitance element comprising

the steps of forming a programmable metallization cell in accordance with any of
claims 10-14 and 29-38.

IV. Electro-optical Devices

10 52. An optical device for switching between a light transmitting mode and
a light blockage or reflecting mode, comprising a programmable metallization cell in
accordance with any of claims 1-9,15-28, and 39-45, wherein the two electrodes to
which a voltage is applied to form said metallic dendrite are of relatively large lateral
extent and function to grow a metallic dendrite of relatively large lateral extent, and

15 in which said fast ion conductor has a least one portion transparent to light of some
wavelength, such that programming of formation of said dendrite will selectively

block and unblock light transmission through said fast ion conductor.

53. A method of forming an optical switch comprising forming a
programmable metallization cell in accordance with any of claims 10-14, and 29-38,

20 wherein the two electrodes between which a voltage is applied to program metallic
dendrite growth have a relatively large lateral extent, and in which said fast ion
conductor has at least a portion thereof transparent to light of some wave fength,
whereby dendrite growth is selectively controlled to block or unblock portions of the
transparent portion of the fast ion conductor to function as an optical switch with

25 respect to light oriented to pass through said transparent portion.

-38- —
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I's next forned over el ectrodes 103 and 104 and over the region reserved for
dendrite 20 105. Holes 145 are then appropriately provided in wi ndow 109 so

as to allow a contact 107 and a contact 108 to be electrically
coupled with el ectrode 103 and el ectrode 104, respectively.

Wth continuegygdeisience to FIGS. 10A and 1 OB, a short wavercangssnesds?

radi ation . 1 10 enters sensor 100 through wi ndow 109. The growt h and
di ssolution rate of 25 dendrite 105 is sensitive to visible light in
the orange to violet range as well as to shorter wavel engt hs,

particularly-ultraviolet; the growh rate of dendrite 105 is much

| ess SenSi{’i'Vﬁgﬁpa“&é%ﬁ%g%{’R@#O%\AAHJ’%%%&E" Li ght of short wavel ength

1 10 which nsp W ndow 109 enhances the

i.oni zation of t8w oA eddistion Sehsor comprisigg @Vrbg@mraalsie ehethligaticif celefutrede
105 and hence the tine to grow or_ dissolve dendrite . . )
. 28 - in accordance witihapy, ofgglams 1-9, 15-28 and 39-45, wherein said fast ion

PCT/ US97/ 08564 uctor has a éﬂa?ﬁoﬂ &J:@é*yfe} i pa-lréﬂ’tstotlkfgﬁ.aﬂhfsfh‘ahe\ngg?igﬁ%hb&dﬁqﬁgm ed

by el ectronic neans an en ted to t intensity o e incident
r adi at i dn. formed in said fdét ioncondictoest a bicatiemaligried Witke@n akis@¥ demdrifeOBroveth

person of skill in the art wl recogni ze this is.nof the onl ssi bl e
Cont i qur at PERMER" e Baer e eeste: fa iy savatedss o apIfe fo.groara BeBATRe.
an al t er nagRwenfWBsredly i he fatd of FBAR4tICH Br @M¥BIUtRRSof said metallic dendrite in
response to a predetermined applied voltage between said two electrodes is
dependent on the light or radiation incident on said transparent portion of said fast
10 ion conductor, such that said programmable metallization cell functions as a light or

radiation sensor.

55. A method of forming a radiation sensor comprising forming a
programmable metallization cell in accordance with any of claims 10-14, and 29-38,
wherein said fast ion conductor has at least a portion thereof transparent to

15 light or short wavelength radiation, and wherein a predetermined voltage is constantly
applied to said two electrodes, whereby rate of growth or dissolution of said dendrite
functions as an indication of the amount or intensity of incident light or short

wavelength radiation.
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form ng el ectrodes 103 and 104 on substrate 101 and then formng fast ion
conductor 102 on top of these &M

#l s case, dendrite 105 will
grow al ong the interface bet 101 and fast ion conductor
102. V. Concl usi on 10 accordance with the present
i nvention, a kmawr4sest, highly nanufacturable devi ce i s REIVUHOTRAI6R hat
may be enployed in a variety of applications such as nenory devi ces,
pr ogr ammabl e resrstohyand capaci tor deviggs, optical devi ces, sens
and the |iKke. \\WN t hough t he present inventign is/set forth herer
in the context of the 1fy . ; pe appreci at ed
that the invention is n ILylhn L - Y spown. Various
other modifications, vafigtibmes H1ﬂ]| Hnhiancened®s i3 Qe flesi gn,
arrangenent, and i npl nt} ag - f or Bk He“JLHe —PJC, |ak set forth
herei.n may be nmade W ut| {deg pit—andils ¢opE of the
present invention as sef florth: i ? appended ] d hH ﬁBre, one of
skill 20 in the art wil] dpprdei Wbins uaeious - jight i ons and
uses exist for the PMC | device besrdes-thef iLE S given.
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WD 97/ 48032
PCT/ US97/ 09367 CLAI V5 What is clained is: 1. Progranmabl e
Metal li zation Cell 1. A progranmabl e netal lization cel
conprising a body formed of a fast 5 ion conductor material having
metallic ions oveymsed therein, a plurality of conducting PEHEDIARGES
deposited on-said body of naterial, said el ectrodes adapted to have a first
vol tage applied between two of said eIectggé s to programthe cell by

a

growi ng a metallic drite fromthe tive of the two el ectrodes
toward the positive of the tmo electrodeg while the first voltage is
applied thereto. 10 i : I 4ation cell in
accordance with Claim1l %F 3 adapted to
have a second vol t age, po ¢ Lg% vol t age,
applied thereto to revefsg gﬂ 14 ile the
second vol tage is appl i%d| ther et o'l 0 1u4§nnable
nmetal lization cell in accprdance mnth'o aifn : 2/ an el ectrica
insul ating material interposed bet Wegn_sal d ectrodes to inhibit
metallic dendrite growth so that the dﬁgg@géﬁrlte grown from one
el ectrode can
20
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not grow to a point where it contacts the other el ectrode. 4.

A-progranmabl e met

said fast ion conductor is
5. A progranmabl e net al
sai d fast i onwosT4se320r is rre

sel ected from

nmetal ion-containing glass. 20
I n accordance with Claim1, wherein
a chal cogeni de-netal i orcnussem:m
t he group conS| stl ng of sulfur, seleniumand tellurium

al li zatTh&rShébeHisBe mﬁaﬁdance with Caim1l, wherein

- 30 - WO 97/ 48032 3/5
PCT/ US97/ 09367 50\ 6. A prograrr;@qi e metallization cell in
accordance with d —sheral-n = - at eri al
contains a netal I aifromthe ar l i
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consisting of Goup IB and Goup |IIB netal s. 7. A

programuabl e netal |l izati on‘hselueletHasan lgdedhce with Claimb5, wherein 5 said
chal cogeni de- et al |on nat a netal selected fromthe group
consi sting of silver, : A progranmabl e
metal | i zat i onWa4748933 accor ance WI im1, V\,herel n SRETUSIHE36T on
conductor is formed of a chalcogenlde netal lon material consisting of

arsenic trisul phide-silver. 10 %/s5 A programmable netallization
cell in accor dam\%t h Caim 1 wher ei n i d fast ion conductor
conprises AgAsS2. - A ' abl e
nmetal lization cell jrr |S|ngthe iﬂ . ji'g:lingabodyfarmed of a
fast ion conductoff wat :hl al having " Eu .di sposed thefein, and
provi ding a plural ili s faﬂ—&mectrod L Hee—en—sat+e—4h p body of
mat eri al . - L A-n qf progr i b} e
metal lization cell of T 4Pi [ 10, i yudlgy he *Hddi hl onal step] of
applying for a predeterr i ||\5,L4pb Jage— L sai d
plurality of el ectrodes t 'tablishz | el ed and a
positive electrgde to gr ow 'rretalgl erte m t he. ive el egtkode to
the positive Il ect r ode ng t% detger I ned ti-# tapplic n of
the voltage. 8B 12H]IlA met hq o‘ﬁ'al/tf ring the' ramm np &f t he
programuabl e nmetalllization : gell ¢ L Charm 1, by appr aili.on of a second
vol tage for a predeterni ned—£l W S I‘H . @od?r i
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PCT/ US97/ 09367 13. A mgg@ggﬂgﬁnahmeﬁmﬁg t he programm ng of

t he progranmabl e netal lization cel by applying a second
vQItage of the same polarity as the fi

to further grow the
net al dendrit wo ynsoxzhe negative el ect p05|t|ve PCT/U$9310936Dde.

5 14.- A nethod of altering the progrann1ng of the progranmabl e
metal lization cell of Caim12, by apgl I¥|ng a second voltage of a
pol arity opp03|gﬁ7to the first voltage 1o reverse the netallic dendrite
gr owt h. 5. A cell having programmabl e el ectrical
characteristics conpti@mg: a fast ion conductor nayerlal
having a surface; an anode di spgsed at sai ,
a cathode di sposeg< ' £ L faa@e—apa#%—##« gg%ge;
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a dendrite forned at said surface and eI ectrlcally coupl etd tg said . I
cat hode, said dendrite having a |ength defining elec ;\ca o t
of said cell and said |l ength being alterable by Uov%egﬁlﬁag 3067

across said anode and said 15 cat hode. _ The cell of cla

15 wherein said fast ion conductor materi al maﬁpmzrgg::ﬁgcgﬁ '}%7
mat eri al ‘selected fromthe group consisting o

tellurium 17. The cell of claim15 wherein said fast ion

conductor material conprises 20 a material selected fromthe group

nsisting of HE.fUA isel phiniWiewdot &l ¥kbHPIaYdembodi @ﬁ&aéf aCpfddrathmé
gsrooulp | B gr G oup IIB' of '?he peri Ogl C charlbmgamvde odim l}ﬁdﬁrcg]rﬁ g‘?

cl ai m 17 feisistanee/capdcitance dewceon(anctoodammnﬂ'sﬂm presenit cnventlon,

IDEJI'I'}SIJSS}?]} 8832#&6 7B is cross-sectignal yigw é’él"ﬁéofﬁcF%% fremyliee &-A: sai d anode

consists of a gygL 3é 5|§|§3§|§‘g view &f Q%rtroggaergﬁ%b?e (}Qg@caqﬁcje?gapacutsa'nlc\éedewce in

copper and zinc, sal d cat hode co
5 a_ccordance wnth another embodiment of the present invention;
FIG. 8B is a cross-sectional view of FIG. 8A taken from line 8-8;
FIG. 9A is a plan view of an exemplary electro- optlcal device in accordance
with the present invention;
FIG. 9B is a cross-sectional view of the electro-obtical device of FIG. 9A taken
10 from line 9-9;

()

.FIG. 10A is a plan view of an exemplary radiation sensor in accordance with
the present invention; and |
 FIG. 10B is a cross-sectional view of the sensor of FIG. 10A taken from line
10-10.

15 Detailed Description o'f Preferred E)}emplary Embodiments
L Programmable Metallization Cell
Referring now to FIGS. 1A and 1B, an exemplary programmable metallization
cell (“PMC”) 10 in a lateral or horizontal configuration is shown in accordance with
< one embodiment of the present invention. FIG. 1A is a plan view of PMC 10 and FIG.
20 1B is a cross-sectional view of PMC 10 taken from line 1-1 of FIG 1A. PMC 10
comprises a fast ion. conductor 12 and a plurality of electrodes 13 and 14 (e.g.,
cathode 13 and anode 14) disposed at the surface of fast ion conductor 12.
Optionally, a supporting substrate 11 may be provided at the base of fast ion
conductor 12, abo\)e ;_iectrodes 13 and 14 (not shown), or both, to give added
25 strength and rigidity to device 10. Substrate 11 may apbropriately comprise, for
example, plastic, glass, or semiconductor material.
With continued reference to FIGS. 1A and 1B, fast ion conductor 12 comprises

a solid electrolyte, a metal ion-containing glass, a metal ion-containing amorphous

-7-
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al um num 20. The cell "of claim 19 wherein said anode consists
of~a silver-aluminum 5 bilayer and.said .cathode consists of alunmi num

21. The cell of claim20 wherein said set distance between sai d anode and
said cathode is in the range of hundreds of microns to hundredths of _ . o

m crons. 22. The eell of claim 17 wherehnysaj-d f | y - .
conductor material is disposed bet ween sai d %ﬁdqq%ﬁﬂ%ﬁ m%; 6 7
sai d anode and said cathode formng parallel 1 0?6 @{;l_

The cell of claim 15 further conprising a supporting substrate for

provi di nessddirealy) ande rbigs ddivade? caal Be Cildiied. between an%éémbﬂgﬁ%ﬁce# tRE

claim 15 wherein said | ength of "said.dendrite increases . .
vol t age ielectppddseothe tbars ebmitbdeat4tiBiand b dswithoan alteringtite dahdritedaggth aihd
said 15 endritﬁ decreases when sai d voltage is reversed. 25

‘The cel | cg dhth SaPIFIERNG, and/er |rerigtancst afaithe ddeviert e Thisr é‘asehﬂpprtaht

et e HigRYBE 0P 58\ S8 dood™h b A b0k S v

wherei & spplicdtions.i TheseBatscomsiderations andcddlatilayéd bR 1o5a tRFEY 8ldctrode,
as well as a four electrode, device. Dendrite growth is restricted to occur between
electrodes 453 and 454 and never between any of the other electro.des. Electrodes
453 and 454 are therefore the programming terminals of the device, with thﬂe other
electrodes being the output terminals of the device.

10 Turning now to FIGS. 6A and 6B, an exemplary émbodiment of a vertically-
configured MDM 60 is shown. FIG. 6A is a plan view of MDM 60 and FIG. 6B is a

cross-sectional view of FIG. 6A taken from line 6-6.
With continued reference to FIGS. 6A and 6B, MDM 60 comprises a substrat_e
61 which provides physical support for the memory cell or device and, if appropriate,
15 an insulator 68 to insulate substrate 61 from the active portion of MDM 60. |
With continued reference to FIGS. 8A and 6B, an electrode 63 is formed over
insulator 68. Next, an insulating layer 66 is deposited and patterned over a portion
of electrode 63 to form a via hole 69 using processing techniques known in the art.

Via hole 69 serves as the housing for the active area of MDM 60. Next, a fast ion

P

.~ 20 conductor 62 is deposited within via hole 69 using conventional techniques so as to

extend from the top of hole 69 down to_electrode 63 where it is electrically coupled.
Thereafter, a via fill 67 such as a pliant insulating material that will not hinder
dendrite growth is used to fill the unfilled portions of via hole 69 to protect the hole
and prevent overlying [a__yers or materials from filling hole 69.

25 - With continuéd reference to FIGS. 6A and 6B, an electrode 64 is next formed
so that at least a portion of electrdde 64 makes electriCél contact with fast ion
conductor 62. Electrode 64 is preferably formed on a plane parallel to the plane
formed by electrode 63 and at a right ahgle. Electrode 64 is prevented by insulator

66 from making direct electrical contact with electrode 63. When a voltage is applied

-17 -
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33 - WO 97/48032 ¢ -
PET/ US97/ 09367 27. - The-cel l of- claim 15 further conprisirg

circuitry for neasuring el ectrical ‘char acteri sti CPGF/H$d97 789(9 }é?

length of said dendrite at appropriate tinme intervals.

cell of claim 15 further conprising a |ayer over @m

said fast ion conductor material, said anode, sali Egﬂmvwfg ﬁEc '[997

dendrite for 5 protecting said cell fromdamage while still allow ng for

changes in said |l ength of said dendrite. 29. A net hod of

form ng Heprring apnadéss. c Eohnectipns ai'mgortmed betwsenfthe most active circuit node_s

providing a fast ion con uct materlia havi ng_a surface; :

form ng a@.aﬂ]ﬂﬁg pedes; W ?‘@yg signals present for a majonty of the time). The
“training” of the systems, by the application of input, results in a form of hard-wired
logic. However, this type of system is extremely difficult to achieve with

5 conventional silicon-based devices. On the other hand, in accordance with the

present invention, SNS systems comprise MDMs. Because formation of a dendrite
depends on the presence of a voltage 'signal, connections naturally form between the
most active nodes as the dendrites grow toward the electrodes which have voltages
applied to them. In addition, the strength of the coiinection, governed by its

10 capacitance, will depend on the strength of the input. This directable analog memory

) effect is another significant aspect of the present invention.

Il. Programmable Resistance/Capacitance Devices |
'Referrin'g now to FIGS. 7 and 8, an exemplary programmable resistance and
capacitance (“PR/C”) device is shown in accordance with the present invention.
15 FIGS. 7A and 7B are plan and cross-sectional views, respectively, of a lateral type
device. FIGS. 8A and 8B are plan and cross-sectional views, respectively, of a
Vertical-type PR/C device in accordance with another embodiment of the .prese.nt

invention.

et

'. W, With specific reference to FIGS. 7A and 7B, an exemplary PR/C device 70 is
20 shown in a lateral or horizontal configuration. FIG. 7Ais a plah view of PR/C 70 and

FIG. 7B is a cross-sectional view of PR/C 70 taken from line 7-7 of FIG. 7A. In this
illustrated embodiment, PR/C 70 comprises a substrate 71 which proVides the

physical support for the PR/C device. If substrate 71 is non-insulating or otherwise
incompatible with t.hé }r'néterials usec_l in PR/C 70, an insulator 76 may be disposed on

25 substrate 71 to isolate the active portion of PR/C 70 from substrate 71. Next, a fast

ion conductor 72 is formed on substrate 71 (or formed on insulatihg layer 76 if

insulator 76 is used). Fast ion conductor 72 is appropriately patterned to provide

isolation between adjacent PR/C or other devices. The dimensions (e.g. length, width

-23-
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10 : form ng a cathode at ‘said surface a<set distance apart
from sai d anode; “form ng a: non-vol atile dendrite at said |,

surface, said dendrite being eI ectrically coupl i d_cat hode and
wherein said dendrite has a length defi n| ng el e$M§ §s |657

of said programabl e cell. The W% am R;erel n
said step of providing a fast ion 15 conductor ma C b Dﬁi@n‘m97

a chal cogeni de selected fromthe group consi sting of %sulfur, selenium
and tellurium and a netal selected fromGoup IB or G oup 1B of the

peri odi c tR@delices. These are illddtratdd'th FRESOHCOBD hal BBk e sameastiustiuees
of providing a fast ion conductor materi al conprises providing an

arseni c tare sapplicable $o1 peoviding:iprogrammable capacit@ie amderasistaot eblgments in-
31 wherein said ste a.'%_{)row di ngqlan arsenic
M

mat er | al COBIRFPESELh sRemgory EmeRts g for, pPhIPTIAtE rARRligatiah: anywhere

ar seni ¢ 3abRlidifcd AkA'reliskindb bieWntaarkfiz891 N | ess than 500 nanorreters.

5 Turning now to FIGS. 8A and 8B, an exemplary embodiment of a vertically-
configured PR/C 80 is shown. FIG. 8A is a plan view of PR/C 80 and FIG. 8B is a
cross-sectional view of PR/C 80 taken from line 8-8 of FIG. 8A.

With continued reference to FIGS. 8A and 8B, PR/C 80 comprises a substrate

)

-z 81 which provides the mechanical support for the programmable cell or device and,
10 if appropriate, an insulator 88 to insulate substrate 81 from the active portion of PR/C

D 80. An electrode 83 is then formed over insulator 88. Neéxt, an insulating layer 86

is deposited and patterned over a portion of electrode 83 to form a via hole 89 usihg _
processing techniques known in the art. Via hole 89 is used for housing the active
area of PR/C 80. Next, a fast ion conductor 82 is deposited within via hole 89 using
15 conventional techniques so as to extend from the top of hole 89 down to electrode
83 where it is electrically coupled. Thereafter, a via fill 87 such as a pliant insulating

mater_ial that will not hinder dendrite growth is used to fill the unfilled portiohs of via

hole 89 to protect hole 89 and prevent the electrode to be formed above from filling
hole 89. |
- 20 With continued reference to FIGS. 8A and 8B, an overlying electrode 84 is next
formed so that at least a portion of electrode 84 makes electrical contact with fast
ion conductor 82. Electrode 84 is preferably formed on a plane parallel to the plane
formed by electrode 83 and at a right angle. Electrode 84 is prevented by insulator
86 from making-e_lep@riqal contact with electrode 63. When é voltage is applied to
25 electrodes 83 and- 84',. a dendrite 85 grows vertiq_ally at the surface of fast ion
conductor 82 and along the inside of via hole 89, dendrité 85 extending from the
cathode (e.g. electrode 83) towards the anode (e.g. electrode 84).
With continued reference to FIGS. 8A and 8B, the vertical configuration of PR/C

80 is considerably more compact than the horizontal configuration of FIGS. 8A and

-25-
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WO 97/ 48032 L o - _ | _ _
PCT/ US97/ 09367 33. The nethod-of claim?29 wherein said step"

of f ' an anode conprises formng an anode o r _ e_?é
?r;omo[ hmengr oup consi sting of silver, copper and Bmgidg:z.fd@? ,Qf?‘

el s e Mt hod of el ai miDS RECGPGTEETY LBDEC 1997

form ng a cat hode conprises forming a cathode in a plane parallel to
sai d anodsensor 100 from Sibstratbe1 0%t htéxef actaitMoA9chbhdluder TORTis! forfted lof
step of providing a upporting substrate for strength and rigidity to

sai d pr ogPuRRHEBte 15 ((or Sformzfi on msuiej.tingﬂmfgwfﬂﬁ)df ah 'tqsalatolzgsztﬁad)far The

I Si ng: . frculitry,” or asuring elec ]
char act er opatBShE el gt G ahH' BEkdPes)Gaf ofaet oy Gondigtasy D3
time intedotadrine, in part, the el@étrical RPaPRitBASHISS t°$ lseh8b290bur F&ieéx@ﬂﬁ%'tif :f%’én{

the step of providing a |ayer over at [east a portion of sali
conduc®oriopgandugtor $@2ds Hhiodnd lsas a lerggthqieater tham its smidth dthedieisistanes value

D1 OLSCt ik S i bl B RBETS thE Sl e P om0
e hoge SHAEATURY EETREE LA S48 FRutt ena P, Y00 @ voltave across salo
With continued reference to FIGS. 10A and 10B, electrode materials are then
~deposited on fast ion conductor 1_02 and appropriately patterned to form electrode
10 103 (e.g., a cathode) and electrode 104 (e.g., an anode). When a voltage is applied
3 to cathode 103 and anode 104, a dendrite 105 grows from cathode 103 along the
surface of fast ion conductor 102 towards electrode 104." '.The dimension and shape |
of electrodes 103 and 104 contribute to the characteristics of sensor 100. For
example, if electrode 103 is narrow or comes to a point, the electric field will be high
15 and growth of dendrite 105 from electrode 103 will be rapid. On the other hand, if
electrode 103 has a broad configuration, the electric field at electrode 103 is
relatively small and the growth of dendrite 105 from electrode 103 will be slower.
With continued reference to FIGS. 10A and 10B, a transparent window 109

is next formed over electrodes 103 and 104 and over the region reserved for dendrite

20 105. Holes 145 are then appropriately provided in window 109 so as to allow a
contact 107 and a contact 108 to be electrically coupled with electfode 103 and
electrode 104, respectively. _

With continued reference to FIGS. 10A and 10B, a short wavelength radiation
110 enters sensof 100 through window 109. The growth and dissolution rate of

25 dendrite 105 is sensitive to visible light in the orange to violet rénge as well as to
shorter wavelengths, -particularly'uItravibIet; the growth rate of dendrite 105 is much
less sensitive to wavelengths below ultraviolet. Light of short wavelength 110 v;lhich
is incident on transparent window 109 enhances the ionization of the metal during

growth or dissolution of dendrite 105 and hence the time to grow or dissolve dendrite
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said. l ength of

sai d dendrlte

cel | conprising a body formed of a‘fast 20
mmetallic ions disposed therein,

said body of material,
vol tage applied bet ween them to programthe cel
cat hode toward the e@pde

dendrite from

ggp[ied thereto, and%?u her A2 ,lq”
PCT/ US97/ 09367 ( I = i ecjrode
provi ded in the body w fh! j@ erial #sola8i hg pai d at | east
one additional el ectrbde¢ f tal’lii¢ F htqianc — |faptgion
conduct or, wher eby {ri tleristy ’ @n
t he cat hode, anode, d]at addltlonaf » } iV +n
accordance with the 5 ¢gro it 12 40.
programuabl e nmetal lizatijon cel| in accorda i | herein
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"_sai d -fast ion conductor material is a chal cogenide selected fromthe group
censi sting of sulfur, seleniumand tellurium and said netaldi-c-ioRs - -

are fornmed froma netal sel ected fromthe group Mn (

copper and zinc. 10 41.- A programmabl e netalYi 09 ?e/ISQ%367
"accordance with Caim40 wherein -~ said isolati i ri

di el ectric such that the electrical cha(rﬁ#deri sti geemqﬁﬁq"meéﬁmﬁc 1997
accordance with growpp.of the netallic rite i s capacitance.

42. A programmabl e. mst\N i zation cell i'n-&cordance with C aim40 wherein

15 said isolating mater rTses greéfistance materijal such that the

el ectrical char act [ﬁH: iieh v $ ncg with growth of the
metallic dendrite is : S A |pogr anmabl e
metal | i zation cell conprising i@t ipodyi;f i I on conduct or
material forned of a& aIFé r o €ne group 20

consi sting of sulfur, sjelenium and telfl Y : :“:: tallic ions
selected from = the g : ' opper and zi nc di sposed
therein, a cathode and an anod A said body of material,

sai d cat hode and anode adapted to "have ITst voltage applied between
themto programthec? by grovmngametalllc dendrite fromthe

cat hode toward the ano \wglleth % ftage LS applied thereto, 25 and
further conprising at |eas® two adﬁ D Iectrgaesin the body with a '
materi al V77777777 77777771
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‘WO 97/ 48032 | | PCT/ US97/ 09367
I solating said two additional electrodes frgmthe netallic dendrite and

fast ion conductor, whereby el ectrical character
any two of the cat hode anode, and two add.t.onﬁﬁmwﬁi /ebg/gmgef

accordance with the growth of the netallic dendrite.

programmabl e metallization cell in accordance wif oqﬂngﬁ’qug 9
said isolating materi al conprlsesadle:# tric suc he e 31“[151“997
o)

characteristic250 ich varies in acc .growth o he metallic
dendrite i s CNQ’“ nce. -ﬂ%K gr anmajt jmtalllzation
cell in accordancg W m 4L\Ahp¥nTﬁ@'j d i sol at /ng matjeri al
conprises a resisfance!l | al sucﬂ I{ ettt he e} ect ppeal characteristic
whi ch varies in apcordanc qrowt Alpifune net I | ic dendriteé 2?8
resi stance. T [” Hbldii;t e I\/Ermr270) ' HI(L VT 4 Vol atile
menory el ement ¢ riglithg ¢ ? iz fLJ'- 1N
accordance w thsgny o ' 1 _ = 47. A
met hod for formnp a non-va%%i | e*mem {.enenj '12|§4ng t he
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‘steps of formng a prograrmabl e netallization cell in accordance W|th any

of clains 10- 14, and 29- 38. Il I Pr ogrammable
Resi st ance/ CapaC| tance Devices 20 A prog é}?
el enment conprising a progranmabl e met aI | | zati ?%ﬁ d accord t
any of claims 1-9, 15-28, and 39-45. g /
37 - WO 97/ 48032 CUFLIFy lg ueC 1997
PCT/ US97/ 09367 60 49. A net @ of Jormng a programubl e
resi stance el ement _xonprisi __steps( s8¢ i or _ rogr amabl e
netal | ization ceﬂmli”u Tc_cordance Wi ] ' r “of {Td{;ns 10- 14 angl 29- 38.
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‘50. -A programrabl e capacitance el enent conprising a progranmable 5
mstalllzatlon cell in accordance with any of clainms 1-9, 15-28, and 39-45.
51, A nmethod of forming a progranmmabl e capacitance el ement cow_srtm ng-— - -

the steps of forning a programmabl e netallization c IM§ cge CQQNIétﬁ?
|

ahy of clainms 10-14 and 29- 38. V. Electro vice

52. An optical device for sw tching between a I1 R&@W&?ﬁ@%?ﬂgf%ﬂ]

a light bl ockawe{\reflectl ng node, confb'f ,{én a programma

nmetallization celllXn accordance with a clains 1-9,15-28, and
39-45, wherein th B [ el ectrodes tq V\/mc /ol tage is applifed to form.
said netallic depdjfjtgijare of relatijMe| I 4 at g .al exten§ and
function to grow a- df.li c dendritd of. 1 + Ml arge | ateral {extent,
and 15 in which said'fiH8i ion condydt or has | |gabitilone portionf {ransparent
to light of sonme -\wﬁm il engt h, suca#hat gra-nlrrﬂ' of formatfon of said
dendrite will se|lective *J bl ock qhtiltransm ssi g3 hr ough
said fast ion copductor:! éﬁf_:’ﬁe et holg ormng opti cal
switch conprisjng form n@ : pr ogy frabh & et al I! on cell {n
accordance w any of cl'3 10- &ﬁ’lgnd 2?- , 20 Eiliy the t _t_

el ectrodes be en whi ch aljye] t age i to prog etalli¢ g
dendrite gro have a rel dfjiMel y | af extent’ ﬂ&[in ich said
fast ion con = orti onftirereof NP to |ight
of some wave | ength, phetHbY [ldendiitie I‘MI Eti ¢ty ¢ontrolled
to bl ock or unbljpck portions ef ! angpar € por t i dmn{ {of{it.he fast ion
conductor to &grction as an op1t¢ THEN igt h 25 respect}|t|d ht
oriented to pass|through said t# i on.
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Vs Light and Short Wavel ength Radi ation Sensors A radi ation

.sensor conprising a programmbl e metall i zati‘on cel |l 7
accordance with any of clains 1-9, 15-28 and 39-45, V\hmmga 9]7a t0 }

conductor has a portion thereof transparent to ligaht and ort vvavel ength e ee
radiation 5 formed in said fast ion conductor at H ﬁ Fr aﬂfEtC‘u
an axis of dendrite growth bet ween 646d two el ectro es to 1997
voltage i s appla to programdendrite growt h, wher eby the rate of
formati on or dissolytion of said netallic dendrite in response to a
predeterm ned applie Sfol tage between said two electrodes is . d ndent
on the light or n i ncident on said tragsparent por- aid fast
10 ion conduc Jﬁ\g\a% ar I e hetalliza o%/: Njug6t i ons
as a light or : R sor My 55. eh jormng a
radi ati on sensor [C ' uru’!\:w 77 U(“bl .‘IJ/ L Zetjon cel |
i n accordance wi t%\ A~ 2102938 or e aild fast
i on conductor hag 3 R WO A UR UEEe an|pal eR Yght or
short wavel engt h i d|t|n and whehei i aNpr edeter i ned ™\ 1§ 9/
.constantly aﬂl ed\y oNsalNg 0N\l Bet RodBS, \Wher eB h or
di ssol ution of said dgndy ts n&g iwnsS\as\an\i Ndi cat NQNN\Q anount
or intensity of i nci den I g or shor wavel eng radiation.
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(57) Abstract
A programmable metallization

cell ("PMC") comprises a fast ion
conductor such as a chalcogenide-
metal ion and a plurality of electrodes 4
(e.g., an anode and a cathode) dis- ‘s
posed at the surface of the fast ion ¢
conductor and spaced a sct distance 1
apart from each other. Preferably, :

the fast ion conductor comprises a ‘
chalcogenide with Group IB or Group
IIB metals, the anode comprises sil-

ver, and the cathode comprises alu-
minum or other conductor. When a
voltage is applied to the anode and
the cathode, a non-volatile metal den-

drite grows from the cathode along the surface of the fast ion conductor towards the anode. The growth rate of the dendrite is a function
of the applied voltage and time. The growth of the dendrite may be stopped by removing the voltage and the dendrite may be retracted
by reversing the voltage polarity at the anode and cathode. Changes in the length of the dendrite affect the resistance and capacitance of
the PMC. The PMC may be incorporated into a variety of technologies such as memory devices, programmable resistor/capacitor devices,
optical devices, sensors, and the like. Blectrodes additional to the cathode and anode can be provided to serve as outputs or additional
outputs of the devices in sensing electrical characteristics which are dependent upon the extent of the dendrite.




