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PROGRAMMABLE MICROELECTRONIC DEVICES 

AND 1\1ETHODS OF FORMING AND PROGRAMMII\'G SAME 

CROSS REFERENCE TO RELATED APPLJCATlOxS 

5 This application claims the benefit of United States Provisiona_l Application Serial 

10 

Number 60/119,757, filed February 11, 1999 and International' Application Serial Number 

PCT/US98/25830, filed December 4, 1998. 

FIELD OF THE INVENTION 

The present invention generally relates to microelectronic devices. More particularly. 

the invention relates to programmable microelectronic structures suitable for use in it11egrated 

circuits. 

BACKGROUND OF THE INVENTION 

Memory devices are often used in electronic systems and computers to store information 

15 in the fonn of binary data. These memory devices may be characterized into various types. 

each type having associated with it various advantages and disadvantages. 

For example, random access memory ("RAM") which may be found in personal 

computers is vol\tile semiconductor memory; in other words, the stored data is lost if the power 
I 

source is disconnected or removed. Dynamic RAM ("DRAM") is particularly volatile in that it. 

-20 must be ''refreshed" (i.e., recharged) every few microseconds in order to maintain the stored 

data. Static RAM ("SR.AM,,) 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. - In general, these RAM devices may be expensive to manufacture and 

25 consume relatively large amounts of energy during operation of the devices. Accordingly, 

improved memory devices suitable for use in personal computers and the like are desirable. 

CD-ROM and DVD-ROM are examples of non-volatile memory. DVD-ROM is large 

enough to contain lengthy audio and video information segments; however, infonnation can 

only be read from and not written to this memory. Thus, once a DVD-ROM is programmed 

30 during manufacture, it cannot be reprogrammed with new infom1ation. 

Other storage devices such as magnetic storage devices (e.g., floppy disks, hard disks 

and magnetic tape) as well as other systems, such as optical disks, are non-volatile, have 
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extremely high capacity. and can be rewritten many times. Unfortunatelv. these memorv 
J • 

devices are physically large, are shock/vibration-sensitive, require expensive mechanical drives. 

and may consume relatively large amounts of power. These negative aspects make these 

memory devices non-ideal for low power portable applications such as lap-top and palm-top 

5 computers, personal digital assistants ("PDAs"), and the like. 

Due, at least in part, to a rapidly growing numbers of compact, low-power portable 

computer systems in which stored information changes regularly, read/write sernicondu~tor 

memories have become increasingly desirable and widespread. Furthennore, because these 

portable systems often require data storage.when the power is turned off, non-volatile storage 

10 device are desired for use in such systems. 

One type of programmable semiconductor non-volatile memory device suitable for use 

in such systems is a programmable read-only memory ("PROM") device. One type of PROM, 

a write-once read-many ("WORM") device, uses an array of fusible links. Once programmed. 

the WORM device cannot be reprogrammed. 

15 Other forms of PROM devices include erasable PROM ("EPROM") and electrically 

erasable PROM (EEPROM) devices, which are aJterable after an initial programming. · EPROM 

devices generally require an erase step involving exposure to ultra violet light prior to 

programming the device. Thus, such devices are- generally not well suited for use in portable 

electronic devices. EEPROM devices are generally easier to program, but suffer from other 

20 deficiencies. In particular, EEPROM devices are relatively complex, are relatively difficult to 

manufacture, and are relatively large. Furthennore, a circuit including EEPROM devices must 

withstand the high voltages necessary to program the device. Consequently, EEPROM cost per 

bit of memory capacity is extremely high compared with other means of data storage. Another 

disadvantage of E~PROM devices is that although they can retain data without having the 

25 power source connected, they require relatively large amounts of power to program. This 

power drain can be considerable in a compact portable system powered by a battery. 

In view of the various problems associated with conventional data storage devices 

descnoed above, a relatively non-volatile, programmable device which is relatively simple and 

inexpensive to produce is desired. Furthermore, this memory technology should meet the 

30 requirements of the new generation of portable computer devices by operating at a relatively 

low voltage while providing high storage density, and a low manufacturing cost. 
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SUMMARY OF THE INVENTION 

The present invention provides improved microelectronic devices for use in integrated 

circuits. More particularly, the invention provides relatively non-volatile, programmable 

devices suitable for memory and other integrated circuits. 

The ways in which the present invention addresses various drawbacks of now-known 

programmable devices are discussed in greater detail below. However, in general, the present 

invention provides a programmable device that is relatively easy and inexpensive to 

manufacture, and which is relatively easy to program. 

In accordance with one exemplary embodiment of the present invention, a 

l 0 programmable structure includes an ion conductor and at least two electrodes. The structure is 

configured such that when a bias is applied across two electrodes, one or more electrical 

properties of the structure change. In accordance with one aspect of this embodiment, a 

resistance across the structure changes when a bias is applied across the electrodes. In 

accordance with other aspects of this embodiment, a capacitance, or other electrical properties 

15 of the structure change upon application of a bias across the electrodes. One or more of these 

electrical changes may suitably be detected. Thus, stored information may be retrieved from a 

circuit including the structure. 

In accordance with another exemplary embodiment of the invention, a programmable 

structure includes an ion conductor, at least two electrodes, and a barrier interposed between at 

20 least a portion of one of the electrodes and the ion conductor. In accordance with one aspect of 

this embodiment the barrier material includes a materiaJ configured to reduce diffusion of ions · 

between the ion conductor and at least one electrode. The diffusion barrier may aJso serve to 

prevent undesired eJectrodeposit growth within a portion of the structure. In accordance with 

another aspect, the_ barrier material includes an insulating material. Inclusion of an insulating 

25 material increases the voltage required to reduce the resistance of the device to its lowest 

possible value. Devices including an insulating barrier may be well suited for non-volatile 

memory (e.g., EEPROM) applications. 

In accordance with another exemplary embodiment of the invention, a programmable 

microelectronic structure is formed on a surface of a substrate by forming a first electrode on 

30 the substrate, depositing a layer of ion conductor material over the first electrode, and 

depositing conductive material onto the ion conductor material. In accordance with one aspect 

of this embodiment, a solid solution including the ion conductor and excess conductive material 

is formed by dissolving (e.g., via thermal or photodissolution) a portion of the conductive 
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material in the ion conductor. ln accordance with a ft111her aspect. only a portion of the 

conductive material is dissolved. such that a portion of the conductive mi.lterial remains on a 

surface of the ion conductor to fonn an electrode on a surface of the ion conductor material. . 

In accordance with another embodiment of the present invention: at least.~. P<?!.~ion 9r.a 

5 programmable structure is foJ1Iled within a through-hole or via in an insulating. f1:1~1terial. ·ln ? 

accordance with one aspect of this embodiment, a first electrode feciture is fonn~d on,a ~urface ·: 
. • ' ~" '• ' ·• '.' • •. _. I 'oJ} , 1. 

of a substrate, insulating material is deposited onto a surface o~ the electrode .f7a~¥,~~-· ;<:\ Yi1l is 

fonned within the insulating material, and a portion of the programmable stru~ture i_s_ fonn~d 

within the via. In accordance with one aspec~ of this embodiment, after the via is fonned within 

10 the insulating material, a portion of the structure within the via is formed by depositing an ion 

conductive material onto the conductive material, depositing a second electrode material. onto 

the ion conductive material, and, if desired, removing any excess electrode, ion conductor, 

and/or insulating material. 

Jn accordance with a further exemplary embodiment of the invention, multiple bits of 

15 information are stored in a single programmable structure. 

20 

In accordance with yet another exemplary embodiment of the present inve~ltion. a 

capacitance of a programmable structure is altered by causing ions with~n an i_~n ..... ~onductor of 

the structure to migrate. ". 

BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the present invention may be derived by.referring to 

the detailed description and claims, considered in connection with the figures, wherein like 

reference numbers ref er to similar elements throughout the figures, and: 

Figure 1 is a cross-sectional illustration of a programmable structure formed on a 

25 surface of a substrate in accordance with the present invention; 

30 

Figure 2 is a cross-sectional illustration of a programm~ble structure in accordance with 

an alternative embodiment of the present invention; 

Figure 3 is a cross-sectiOnal illustration of a programmable structure in accordance with 

an alternative embodiment of the present invention; 

Figure 4 is a current-voltage diagram illustrating current and voltage characteristics of 

the device illustrated in Figure 3 in an '"on" and "off, state; 

Figure 5 is a cross-sectional illustration of a programmable structure in accordance with 

yet another embodiment of the present invention; 
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Figure 6 is a schematic iHustration of a portion of a memory device in accordance with 

an exemplary embodiment of the present invention: and 

Figure 7 is a schematic illustration of a po11ion of a memory device in acc;:ordancc with 

an a1temative embodiment of the present invention. 

DETAILED DESCRJPTJON OF EXEMPLARY EMBODIMENTS . 

The present invention generalJy relates to microelectronic devices. More particularly. 

the invention relates to programmable strnctures suitable for various integrated circuit 

applications. 

Figure 1 illustrates a programmable microelectronic structure I 00 formed on a surface 

of a substrate 110 in accordance with an exemplary embodiment of the present invention. 

Structure 100 suitably includes electrodes 120 and 130 and an ion conductor 140. 

GeneraJiy, structure 100 is configured such that when a bias greater than a threshold 

voltage (VT), discussed in more detail below, is applied across electrodes 120 and 130. the 

15 electrical properties of stmcture 100 change. For example, in accordance with one embodiment . 

of the invention, as a voltage V ~VT is applied across electrodes 120 and 130. conductive ions 

within ion conductor 140 begin to migrate and fom1 an dectrodeposit (e.g .• electi-OdeposifiJ 60) 

at or near the more negative of electrodes 120 and 130. As the electrodeposit fonns. the 

resistance between electrodes 120 and 130 decreases, and other electrical properties may also 

20 change. In the absence of any insulating barriers, which are discussed in more detail below~ the 

threshold voltage required to grow the electrodeposit from one electrode toward the oth~r and 

thereby significantly reduce the resistance of the device is essentially the red ox potentia I of the 

system, typically a few hundred millivolts. If the same voltage is applied in reverse, the 

electrodeposit will dissolve back into the ion conductor and the device wilJ returh fo its high 

25 resistance state. As discussed in more detail below, structure l 00 may be used to store 

infonnation and thus may be used in memory circuits. For example, structure 100 or other 

programmable structures in accordance with the present invention may suitably be used 111 

memory devices to replace DRAM, SRAM, PROM, EPROM, or EEPROM devices. 

Substrate I IO may include any suitable material. For example, substrate I 10 may 

30 include semiconductive, conductive, semiinsulative, insulative material, or any combination of 

such materials. In accordance with one embodiment of the invention, substrate 110 includes an 

insulating material 112 and a portion 114 including microelectronic devices formed on a 

5 



WO 00/48196 PCT/USOO/i>3571 ' ' 

semiconductor substrate. Layers 112 and 1l4 may be separated by additional layers (not 

shown) such as, for example, layers typically used to fonn integrated circuits. 

EJectrodes 120 and 130 may be fonned of any suitable conductive material. For 

example. electrodes 120 and 130 may be formed of polysilicon material or metal. Jn 

5 accordance with one exemplary embodiment of the invention, electrodes 120 and 130 are 

fonned of metal; and at least one of electrodes 120, 130 is fom1ed of a metal such as silver. 

copper, or zinc that dissolves in ion conductor material 140. Having at_ least one electrode 

fonned of a metal which dissolves in ion conductor 140 facilitates maintaining a· desired 

dissolved metal concentration within ion conductor 140, which in tum facilitates rapid and 

10 stable electrodeposit 160 fonnation within ion conductor 140 during use of structure J 00. 

In accordance with one embodiment of the invention, at least one electrode 120 and 130 

is formed of material suitable for use as an interconnect metal. For example, electrode 130 may 

fonn part of an interconnect structure within a semiconductor integrated circuit. In accordance 

with one aspect of this embodiment, electrode 130 is fanned of a material that is substantially 

15 insoluble in material comprising ion conductor 140. Exemplary materials suitable for both 

interconnect and electrode 130 material include metals and compounds such as tungsten. nickel. 

molybdenum, platinum, metal silicides, and the like. 

Alternatively, as iJJustrated in Figure 2, a structure 200, including electrodes 220 ai1d 
• • ! 

230, and ion conductor 240, may include a barrier layer (e.g .• barrier 250), aHowing one of. 

20 electrodes 220, 230 to be formed of a material that dissolves in conductor 240. Barrier 250 may 

comprise any material that restricts migration of ions between conductor 240 and electrode 230. 

In accordance with exemplary embodiments of the invention, barrier 250 includes titanium 

nitride, titanium tungsten, a combination thereof, or the like. In accordance with one aspect of 

this embodiment, ~arrier 250 is electrically indifferent, i.e .. it allows conduction of electrons 

25 through structure 200, but it does not itself contribute ions to conduction through stn1cture 200. 

An electrically ·indifferent barrier may reduce undesired dendrite growth during operation of 

structure 200, and thus may facilitate an "erase" or dissolution of electrodeposit 160 when a 

bias is applied which is opposite to that used to grow the electrodeposit in the first instance. 

Ion conductor 140 is fonned of material that conducts ions upon application of a 

30 sufficient voltage. Suitable materials for ion conductor 140 include glasses and semiconductor 

materials. In one exemplary embodiment of the invention, ion conductor 140 is fonned of 

chalcogenide material. 

6 
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Ion conductor 140 may also. suitably include dissolved conductive material. For 

example, ion conductor 140 may comprise a solid solution that includes dissolved metals and/or 
•. 

metal ions. In accordance with one exemplary embodiment of the invention. conductor J 40 

includes metal and/or metal ions dissolved in chalcogenide glass. An exemplary chalcog~1)ide 
. . I,; 

5 glass with dissolved metal in accordance with the present invention in~ludes a.solid of As~~;~x.: .. 
~ . . .. i i" ; }\Ji . ' .. 

Ag, GexSe1-x-Ag, GexSt-:cAg, AsxS1-x-Cu, GexS~1-x-Cu, GexS1.:cCu. ~ther ~halcogeni~~ 

materials including silver, copper, zinc, combinations of these materials, and the like. Jn 
. '1~ 

addition, conductor 140 may include network modifiers that affect mobility of ions thr9ugh 
. : . . 

conductor 140. For. example, materials such as metals (e.g., silver), halogens, halides~ or 

10 hydrogen may be added to conductor 140 to enhance ion mobility and thus increase erase/write 

speeds of the structure. 

A solid solution suitable for use as ion conductor 140 may be fonned in a variety of 

ways. For example, the solid solution may be fonned by depositing a layer of conductive 

material such as metal over an ion conductive material such as chalcogenide glass and exposing 

15 the metal and glass to thennal and/or photo dissolution processing. In accordance with one 

exemplary embodiment of the invention, a solid solution of As2SrAg is fonned by depositing 

As2$3 onto a substrate, depositing a thin film of Ag onto the As2S3 •• and exposing the films to 

light having energy greater than the optical gap of the As2S3.--e.g., light having a wavelengt~1 of 

less than about 500 nanometers. If desired, network n1odifiers may be added to conducto~ .140 

20 during deposition of conductor 140 (e.g., the modifier is in the deposited material or present · 

during conductor 140 material deposition) or after conductor 140 material is deposited (e.g., by ., 

exposing conductor 140 to an atmosphere including the network modifier). 

In accordance with one aspect of this embodiment, a solid solution ion conductor 140 is 

formed by depositing sufficient metal onto an ion conductor material such that a portion of the 

25 metal can be dissolved within the ion conductor material and a portion of the metal remains on 

a surface of the ion conductor to form an electrode (e.g., electrode 120). In accordance with 

alternative embodiments of the invention, solid solutions containing dissolved metals may be 

directly deposited onto substrate 110. 

An amount of conductive material such as metal dissolved in an ion conducting material 

30 such as chalcogenide may depend on several factors such as an amoum of metal availabk for 

dissolution and an amount of energy applied during the dissolution process. However. when a 

sufficient amount of metal and energy are available for dissolution in chalcogenide material 

using photodissolution, the dissolution process is thought to be self limiting, substantially 
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halting when the metal cations have been reduced to their lowest oxidation state. In the case of 

A52S3,-Ag, this occurs at Ag4As2S3 = 2Ag2S + As2S, having a silver concentration of about 44 

atomic percent. If, on the other hand, the metal is dissolved in the chalcogenide material u'sing 

thermal dissolution, a higher atomic percentage of metal in the solid solution'may be obtained, 

5 provided a sufficient amount of metal is available for dissolution. .i.,·-,~ 

In accordance with one exemplary embodiment of the invention, at Jeast. a·' portioii of 

structure JOO is formed within a via of an insulating material 150. Forming a portfoil of 

structure 100 within a via of an insulating material 150 may be desirable because, among"other 

reasons, such formation allows relatively. small structures 100, e.g., on the order of 1 O 

10 nanometers, to be fornied. In addition, insulating material 150 facilitates isolating various 

structures 100 from other electrical components. 

Insulating material 150 suitably includes material that prevents undesired diffusion of 

electrons and/or ions from structure 100. In accordance with one embodiment of the invention, 

material 150 includes silicon nitride, silicon oxynitride, polymeric materials such as polyimide 

15 or parylene, or any combination thereof. 

20 

A contact 160 may suitably be electrically coupled to one or more electrodes 120,130 to , 

facilitate forming electrical contact to the respective electrode. Contact 160 may-·be formed of 

any conductive material and is preferably formed of a metal such as aluminum, aluminum 

alloys, tungsten, or copper. 

A programmable structure in accordance with the present invention, e.g., structure l 00, 

may be formed in a variety of ways. In accordance with one embodiment of the inve~tlon, 

structure 100 is formed by forming electrode 130 on substrate 110. Electrode 130 may be 

formed using any suitable method such as, for example, depositing a layer of electrode 130 

material, patterning. the electrode material, and etching the material to form electrode 130. 

25 Insulating layer 150 may be formed by depositing insulating material onto electrode 130 and 

substrate 110, and forming vias in the insulating material using appropriate patterning and 

etching processes. Ion conductor 140 and electrode 120 may then be formed within insulating 

layer 150 by depositing ion conductor 140 material and electrode 120 material within the via. 

Such ion conductor and electrode material deposition may be selective - i.e., the material is 

30 substantially deposited only within the via, or the deposition processes may be relatively non­

selective. If one or more non-selective deposition methods are used, any excess material 

remaining on a surface of insulating layer 150 may be removed, using, for example, chemical 

mechanical polishing and/or etching techniques. 

8 
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Figure 3 illustrates a programmable structure 300 in accordance with another 

embodiment of the present _invention. Similar to structure 100, structure 300 is formed on a 

substrate 310 and includes electrodes 320 and 330, and an ion conductor 340. ln addition. 

structure 300 includes an insulating barrier 350 interposed between at least one elecJrode 320, 

5 330 and ion conductor 340. Insulating barrier 350 may be fom1ed of any material resistant to : 

conduction of electricity. In accordance with various exemplary embodiments of_the inven~ion, 

barrier 350 is fanned of a metal oxide such as a native tungsten oxide or native nickel oxide. 

Alternatively other insulating materials may be deposited onto the electrode. Among other 

things, barrier 350 may affect an effectiv~ threshold voltage of device 300 and prevent an 

10 electrical short between electrode 320 and 330 via an electrodeposit (e.g .• electrodeposit 360) 

unless a voltage is applied which is sufficiently high to cause the insulating barrier to break 

down. For example, for a given insulating material, the effective threshold voltage of device 

300 generally increases as a thickness of barrier 350 increase, thus device 300 threshold voltage 

may be controlled, at least in part, by controJling barrier 350 thickness. In this case, barrier 350 

15 should be thin enough (i.e., 0 to about 3 nanometers) to allow electrons to tunnel through barrier_ 

350 at a desired operating voltage (e.g .• about 0.2V to about 4V). 

In operation, when a sufficient voltage is applie~_ between two or more e~ectrodes of a 

programmable structure (e.g., electrodes 320 and 330 of structure 300), electrodeposit 360 

begins to fonn, through or along an edge of ion conductor 340, from the more negative 

20 electrode (cathode) (e.g., electrode 330) toward the more positive electrode (anode) (e.g .• · 

electrode 320). For example, if electrode 330 is coupled to a negative terminal of a voltage 

supply and electrode 320 is coupled to a positive terminal of a voltage supply and a sufficient 

bias is applied between electrodes 320 and 330, electrodeposit 360-e.g., a metaJlic dendrite­

will begin to grow from electrode 330 toward electrode 320. 

25 When electrode 330 is initially coupled to a more negative potential, an electrodeposit 

begins to grow on surface 355 of barrier 350 upon application of a voltage ~ the redox 

potential. As a voltage sufficient to breakdown barrier 350 is applied across electrodes 320 and 

330 a short forms between electrodes 320 and 330. When a sufficient reverse bias is applied to 

electrodes 320 and 330, electrodeposit 360 dissolves in conductor 340 and barrier 350 appears 

30 to heal itself such that approximately the same effective threshold voltage is required to 

breakdown barrier 350. Thus, when structure 300 includes an insulating barrier 350. an 

effective threshold or .. write" voltage is govemed by breakdown characteristics (e.g .. thich\ess) 

of barrier 350. 

9 
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Growth and configuration of an electrodeposit (e.g., electrodeposit 360) and reversal of 

electrodeposit growth generally affect electrical properties of a programmable device such as 

structures 100-300. In tum, growth and ·a configuration of the electrodeposit depend on. among 

other things, an applied voltage bias, an amount of time the bias is applied to electrodes (e..g .• . 

5 electrodes) 320 and 330, and structure geometry. In particular, at relativeirJo\\' volta-ges. 

electrodeposit growth is relatively slow and tends to concentrate about .the cathode.~.df a 
. """:; . 

10 

structure, whereas at higher voltages~ the electrodeposit grows at a faster .. rate ai1d tends tc/ be 
" 

more narrow and span a greater distance between the cathode and the anode. for a gh·cn amount 

of charge. 

Once electrodeposit 360 begins to form, electrodeposit 360 will generally maintain its 

form after the voltage source is removed from structure I 00. Thus, changes of electrical 

properties associated with growth of electrodeposit 360 (e.g., structure 300 capacitance, 

resistance, thresho1d voltage, and the like) do not vary substantially over time. In other words, 

the changes in electrical properties of structure 100 are relatively non-volatile. Accordingly, 

15 structure 100 may be well suited for memory devices of electronic systems that typically 

20 

employ PROM, EPROM, EEPROM, FLASH devices, and the 1ike. . . ., 

In accordance with an alternate embodiment of the invention, the . _programmable 
. :1·:. . . 

structure may be periodically refreshed to enhance data storage integrity. . In: this case, the 

structure may be employed in a RAM (e.g., DRAM) memory device. 

WRITE OPERATION 

Infonnation may be stored using programmable structures of the present invent~on by 

manipulating one or more electrical properties of the structures. For example, a resistance of a 

structure may be changed from a "O" or off state to a "1" or on state during a suitable write 

25 operation. Similarly, the device may be changed from a "1" state to a "O" state during an erase 

operation. In addition, as discussed in more detail below, the structure may have multiple 

programmable states such that multiple bits of information are stored in a single structure. 

Figure 4 illustrates current-voltage characteristics of programmable ~tructure 300 in 

accordance with the present invention. For the structure illustrated in Figure 4, via diameter. 0. 

30 is about 4 microns, conductor 340 is about 35 nanometers thick and fonned of Ge3Se1-Ag (near 

AssGCJSet), electrode 330 is indifferent and fonned of nickel, electrode 320 is fanned of silver: 

and barrier 350 is a native nickel oxide. As illustrated in Figure 4, current through structure 300 

in an off state (curve 410) begins to rise upon application of a bias of over about one volt; 

10 
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however, once a write step has been performed (i.e., an electrodeposit has formed), the 

resistance through conductor 340 drops significantly (i.e., to about 200 ohms)~ illustrated by 

curve 420 in Figure 4. As noted above, when electrode 330 is coupled to a more negative_ end 

of a voltage supply, compared to electrode 320, electrodeposit 360 begi!'s to fom1 near 

5 electrode 330 and grow toward electrode 320. An effective threshold voltage (i.e .. voltage . 
. . .. • : . . . . ~ . . ,: ~ ,,,,. 

required to cause growth of electrodeposit 360 and to break through. barrier 350, thereby 
. . . . . : . . : ~ ... ~ . f 

coupling electrodes 320, 330 together) is relatively high because of barrier 350 .. In particular. a 

voltage V~ VT must be applied to structure 300 sufficient to cause electrons to tunn~I through 

barrier 350 to fonn the elctrodeposit and· to break down the barrier and conduct through 

10 conductor 340 and at least a portion of barrier 350. 

15 

In accordance with alternate embodiments of the invention illustrated in Figures 1 and 2. 

an initial "write" threshold voltage is relatively low because no insulative barrier is fom1ed 

between, for example, ion conductor 140 and either of the electrodes 120, 130. 

READ OPERATION 

A state of the device (e.g .• 1 or 0) may be read, without significantly disturbing the state, 

by, for example, applying a forward or reverse bias of magnitude less than a voltage threshold 

(about 1.4 V for a structure illustrated in Figure 4) for.electrodeposition or by using a current 

limit which is less than or equal to the minimum programming current {the current which will . 
20 produce the highest of the on resistance values). A current limited (to about 1 milliamp) read· 

operation is shown in Figure 4. In this case, the voltage is swept from 0 to about 2 V a!ld the 

current rises up to the set limit (from 0 to 0.2 V), indicating a low resistance (ohmic/linear 

current-voltage) "on" state. Another way of perfonning a non-disturb read operation is to apply 

a pulse, with a relatively short duration, which may have a voltage higher than the 

25 electrochemical deposition threshold voltage such that no appreciable Faradaic current flows, 

i.e., nearly all the current goes to polarizing/charging the device and not into the 

electrodeposition process. 

30 

ERASE OPERATION 

A programmable structure (e.g., structure 300) may suitably be erased by reversing a 

bias applied during a write operation, wherein a magnit\\de of the applied bias is equal to or 

greater than the threshold voltage for electrodeposition in the reverse direction. In accordance 

11 
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with an exemplary embodiment of the invention, a sufficient erase voltage (V~ V-r) is applied to 

structure 300 for a period of time which depends on the strength of the initial connection btit is 

typically less than about 1 millisecond to return structure 300 to its .. off' state having a 

resistance well in excess of a million ohins~ Because structure 300 does not include a b~rrier 

5 between conductor 340 and electrode 320, a thr~hoJd voltage for erasilig structure 300 is "iil''u"ch ~ 

lower than a threshold voltage for writing strucnire 300 because, unlike the write operatioii1,1 the 

erase operation does not require electron tunneling through barrier 350 or barrier'~350 

breakdown. 

A portion of an integrated circuit 502, including a programmable structure 500, 

10 configured to provide additional isolation from electronic components is illustrated in Figure 5. 

In accordance with an exemplary embodiment of the present invention, structure 500 includes 

electrodes 520 and 530, an ion conductor 540, a contact 560. and an amorphous silicon diode 

570, such as a Schottky or p-n junction diode, fanned between contact 560 and electrode 520. 

Rows and columns of programmable structures 500 may be fabricated into a high density 

15 configuration to provide extremely large storage densities suitable for memory circuits. -Jn -

general, the maximum storage density of memory devices is limited by the size and complexity 

of the column and row decoder circuitry. However, a programmable structure storage stack can 

be suitably fabricated overlying an integrated circuit with the entire semiconductor chip ~rea 

dedicated to row/column decode, sense amplifiers, and data management circuitry (not shown) . 

20 since structure 500 need not use any substrate real estate. In this manner, storage densities of 

many gigabits per square centimeter can be attained using programmable structures of the 

present invention. Utilized in this manner, the programmable structure is essentially an additive 

technology that adds ~apability and functionality to existing semiconductor integrated circuit 

technology. 

25 Figure 6 schematically illustrates a portion of a memory device including structure 500 

having an isolating p-n junction 570 at an inters~ction of a bit line 610 and a word line 620 of a 

memory circuit. Figure 7 illustrates an alternative isolation scheme employing a transistor 710 

interposed between an electrode and a contact of a programmable structure located at an 

intersection of a bit line 710 and a word line 720 of a memory device. 

30 As noted above, in accordance with yet another embodiment of the invention, multiple 

bits of data may be stored within a single programmable structure by controlling an amount of 

electrodeposit which is fonned during a write process. An amount of electrodeposit that fonns 

during a write process depends on a number of coulombs or charge supplied to the structure 

12 
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during the write process, and may be controlled by using a current limit power source. Jn this 

case, a resistance of a programmable structure is governed by Equation l, where Ron is the "on·· 

state resistance, VT is the threshold voltage for electrodeposition, and luM is the maximum 

current allowed to flow during the write operation. 

Ron = 

Equation 1 

In practice, the limitation to the amount of infonnation stored in each cel1 will depend 

on how stable each of the resistance states is with time. For example, if a structure is with a 

10 programmed resistance range of about 3.5 kQ and a resistance drift over a specified time for 

each state is about ±250 n, about 7 equally sized bands of resistance (7 states) could be formed, 

allowing 3 bits of data to be stored within a single structure. In the limit, for near zero drift in 

resistance in a specified time limit, infonnation could be stored as a continuum of states. i.e .. in 

analog fonn. 

15 In accordance with yet another embodiment ofthe present invention, a programmable 

structure (e.g., structure 300) stores information by storing a charge as opposed to growing an 

electrodeposit. In accordance with one aspect of this embodiment. a capacitance of strucwre 

300 is altered by applying a bias to electrodes 320, 330 (e.g. positive voltage to electro~e 320 · 

with respect to electrode 330) such that positively charged ions migrate toward electrode 330. 

20 If the applied bias is less that a write threshold voltage (or voltage required to break thi-ough 

barrier 350), no short will form between electrodes 320 and 330. Capacitance of the structure 

300 changes as a result of the ion migration. When the applied bias is removed, the metal _ions 
~ 

tend to diffuse away from barrier 350. However, an interface between conductor 340 and 

barrier 350 is generally imperfect and includes defects capable of trapping ions. Thus, at least a 

25 portion ofions remain at or proximate an interface between barrier 350 and conductor 340. If a 

write voltage is reversed, the ions may suitably be dispersed away from the interface. A more 

complete description of a programmable structure in accordance with this embodiment is 

provided in Application Serial No. 60/119,757, filed February 11, 1999, the entire contents of 

which are incorporated herein by reference. 

30 A programmable structure in accordance with the present invention may be used in 

many applications which would otherwise utilize traditional technologies such as EEPROM. 
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FLASH or DRAM. Advantages pr:ovided by the present invention over presenl memory 

techniques include, among other things, lower production cost and the ability to use flexible 

fabrication techniques which are easily adaptable to · a variety of applications. ' The 

programmable structures of the present invention are especially advantageolls·fo 'ap.plicaffons 

5 where cost is the primary concern, such as smart cards and electronic inventory tags. Also, an 

ability to fotm the memory directly on a plastic card is a major advantage in these applications 

as this is generally not possible with other forms of semiconductor memories. 

Further, in accordance with the programmable structures of the present inventiOn, 

memory elements may be scaled to less th~ a few square microns in size, the active portion of 

10 the device being less than on micron. This provides a significant advantage over traditional 

semiconductor technologies in which each device and its associated interconnect can take up 

several tens of square microns. 

Although the present invention is set forth herein in the context of the appended drawing 

figures, it should be appreciated that the invention is not limited to the specific fonn shown. 

15 For example, whi1e the programmable structure is conveniently described above in connection 

with programmable memory devices, the invention is not so limited. For example, the structure 

of the present invention may suitably be employed as a programmable active or passive devices 

within a microelectronic circuit. Various other modifications, variations, and enhancements in 

the design and arrangement of the method and apparatus set forth herein, may be· made without 

20 departing from the spirit and scope of the present invention as set forth in the appended claims. 
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I claim: 
11111111 1111:11 Hiii 1111111 1111 

* C L M S * 

: : ... ~ t: i •. ~ 

1. A microelectronic programmable structure compris_ing:_. ·m,.;.v;1;; -:;di ·i.-1 m:. :·:. ·q 

an ion conductor formed of a solid solution c·ontaining a first conductive 

substance; _p 

a first electrode comprising a second conductive substance, wherein. said first 

and said second conductive substances comprised the same material; and 
a second electrode. 

2. The microelectronic programmable structure of claim 1, wherein said 1on 

conductor is formed of a solid solution of a chalcogenide material and a metal. 

''· 
3. The microelectronic programmable structure of claim 2, wherein said metal is 

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

4. The microelectronic programmable structure of claim 2, wherein said 

chalcogenide material is selected from the group consisting of AsxS1.x, GexS1.x, and GexSe,.x. 

5. The microelectronic programmable structure of claim 1 t wherein said first · 

conductive substance is silver. 

6. The microelectronic programmable structure of claim 1, wherein said first 

25 conductive substance is copper. 

7. The microelectronic programmable structure of claim I. further comprising a 

barrier interposed between at least one of said electrodes and said ion conductor. 

30 8. The microe]ectronic programmable structure of claim 7, wherein said barrier 

comprises an insulating material. 

15 
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9. The microelectronic programmable structure of claim 7, wherein said barrier 

comprises a conductive material. 

10. The microelectronic programmable structure of claim 1, wherein at least a 

5 portion ofthe structure is fanned within an inslilating material via. '·: · · .. · , ' 

10 

15 

. '~~ . . , . ., 

11. The microelectronic programmable structure of claim 1, further comprising a 

diode. 

12. The microelectronic programmable structure of claim 1. further comprising a 

transistor. 

13. The microelectronic programmable structure of claim 1, further comprising an 

electrodeposit. 

14. The microelectronic programmable structure ·of claim '1, wherein said aon 

conductor includes a network modifier. ··.·-· 
"#·•· 

15. A method of forming a programmable structure, the method comprising the steps 

20 of; 

25 

30 

16. 

fotming a first electrode: 

depositing an insulating material; 

fonning a via within said insulating material; 

depositing ion conductor material into said via; and 

fonning a second electrode. 

The method of fonning a programmable structure according to claim 15, further 

comprising the step of dissolving a metal in said ion conductor. 

17. The method of fanning a programmable structure according to claim 16, 

wherein said dissolving step includes dissolving a portion of said second electrode. 

16 



WO 00/48196 
1111111111111111111111111111

1

11 
* C L M S * PCT/US00/03571 

18. The method of fonning a programmable structure according to claim 16. 

wherein said dissolving step includes exposing said ion conductor and said second electrode 

material to a photodissolution process. . .. 

. . !• ... 

5 19. The method of forming a programmable structure according to .. claim 15, further_ 
. . . . . . . . ·: ': :,:···:: .. • "j. :' . 

comprising the step of forming barrier. 

20. The method of forming a programmable structure according. to claim 19, 

wherein said fonning a barrier step includes depositing an insulating material. 

10 

21. The method of forming a programmable structure according to claim 20, 

wherein said fonning a barrier step includes depositing a conductive material. 

22. The method of forming a programmable structure according to claim 15, further 

15 comprising the step of forming a native oxide on at least one of said first and second electrodes. 

20 

25 

30 

23. A method of programming a microelectronic structure of claim 1, the method 

comprising the step of applying a sufficient voltage bias across said first and second electrodes 

to cause a change in an electrical property of said structure. 

24. The method of programming a microelectronic structure according to claim 23," 

wherein said applying a sufficient voltage step causes a change of resistance through ~aid 

structure. 

25. The method of programming a microelectronic structure according to claim 23, 

wherein said applying a sufficient voltage step causes a change of capacitance of said structure. 

26. The method of programming a 1nicroelectronic structure according to claim 23. 

further comprising the step of storing multiple bits of infonnation within a single structure. 

27. The method of programming a microelectronic structure according to claim 26, 

wherein said storing step includes applying a current limited source across said first and second 

electrodes. 
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28. The method of programming a microelectronic structure according to claim 26. 

wherein said storing step includes applying a set amount of charge ~orrespon.ding .to :~ach of 

said multiple bits. 

29. A method of affecting a threshold voltage of a programmable structure, 
- - ··; ... _ - ·; ,; ·, ... · . .-t.-:;~ .. i* -~ .. --~.··.: .. _:. · .•. -~· .~:1r:) ... ~'.- .. -1,;;:~1;1, ... ~ ... ;r ~~f . ~ 

comprising "the "S"tep of adjusting a thickness '(ff a barrier,Jsaid baiTier foterposed between an"' 
·:. ·i·!·ti~·!': :~;.r.-1 · .. ,;1 ·r.~. J'{t;J:. ·;.~~1 ~-~.n;3j·s<&~\rtf·i:1 

electrode and an ion conductor of said structure. 

. . : ~ '; • '~ •... ,\ .:: :. i 

r : 
• ' ~ I t • l 

-~~-~ 
-~ 1r,, ,. 

"< • • ~:ifl;:. 

I. 
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