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t heppower soUherésent invention generally relates to microelectronic devices. More particularly.

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

circuits.

BACKGROUND OF THE INVENTION
Memory devices are often used in electronic systems and computers to store information
15  in the form of binary data. These memory devices may be éharacterized 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‘atﬂe semiconductor memory; in other words, the stored data is lost if the power
source is dxsconnected 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 R
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, inform_atién 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 ére 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, information 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 information. _
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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One type of programmable semiconductor non-volatile memory device suitable (or 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 alterable 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 usé n 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. Furthermore, a circuit including EEPROM devices must
withstand the high voltages necessary to program the device. Consequently, EEPROM co.st per
bit of memory capacity is extremely high compared with other means of data storage. Another
disadvantage of EEPROM 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
described 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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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 éxemplary 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 material configured to reduce diffusion of ions- .
between the jon conductor and at least one electrode. The diffusion barrier may also serve to
prevent undesired electrodeposit 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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embod) NMefe inSulating material, a portion of the structure within the via is formed by depositing an jon .
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.
In accordance with a further exemplary embodiment of the invention, multiple bits of
15  information are stored in a single programmable structure. _
In accordance with yet another exemplfiry embodiment of the present invention, a

capacitance of a programmable structure is altered by causing ions within an ion conductor of -

the structure to migrate.

20 BRIEF DESCRIPTION OF THE DRAWINGS
A more complete understanding of the present invention may be derived by referrmo to
the detailed description and claims, considered in connection with the figures, wherem like
reference numbers refer to similar elements throughout the figures, and:
Figure 1 is 2 cross-sectional illustration of a programmable structure formed on a
25  surface of a substrate in accordance with the present invention;
Figure 2 is a cross-sectional illustration of a programmable 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;
30 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;

4 i



resi stance across the structure changes when a bias is applied across the
el ect r odewoO tomswescor dance with ot her aspects of this enbodj, 71
capacitance, or other electrical properties 15 of the structure change
upon application of a bias across the electrodes. One or nore of these :

el ectrical cliigges isayscheinhedilshRionedfeciddon dhafentrPedcé M A BRELOW L(ﬁ‘y
be retrieved f%om a circuit_including the structure. 1n accordance wt

anot her 3BfXEHPRFY chodigicntal the proseid 1nvepEeR:i20d, a prograrmabl e structure

i ncludes an i and a barrier .
i nt er posed berﬁ\%gg(r?qgté Cs%gématfjctmugl ?‘ﬁ&mortl oﬁFOC”f bE58 'é’eg "[ﬁ%"'%ﬁ Bresegrancewih ¢ he
|0n c0neh](altomatwmelabcdmrd:am;fahd\ptebemIil&te&ﬁ@leCt of this enbodi ment the barrier

esrl al includes a material configured to reduce diffusion of ions between
the i on conductor and at |east one el ectrode.. The diffusion barrier my

al so serve 10 prepgnisRgeoRSCRIEHON DRISANTHL ARORBAbIERTS POri on of

the structure. |In accor terial

i ncl udes an iTsyiretenhveat@r gaderallynelatsi wnmistoeddeirbnis WeRidesig Mére paitiiufiriy2

I ncreases the‘?g‘PB geqe reqwred to reduce t he resistance of the cf)w ce to
I

its | ondtt PY ey Je. PreeiAmiRable RUNGH§ig Suitabie, Jor HeriAys batesraad wiguibe

wel | suhf,}ggjcai,gﬁs non-vol atile nmenmory (e.g., EEPROM applications. In
accordance with anot her exenplary enbodi ment of the inventi on, a '
pr oddr ammabl e Fagwre deillestratemnd progtamroshle enicwefeorromd spinctaresLO0f fomedbna surface

substrat mng a first electrode on 30 substrate, depositing a
| ayer o1° %'bégﬁtﬁu@t of? ﬂ‘fﬁ) PaE Vgefn Fﬁ@nﬂafysfméwgmlbaé th%ﬁaesa@p@gwmong

conduct Syactird B0 ﬁlhta@l@txﬁclﬁdl@ e!é&ﬂ‘o@é%nl%%lﬁ rl36§ﬁ@{iﬂ %h col'xﬁ'lf] pdance with one
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excess Condu&qxqrgllpmstg;qnap 100 1s configured such that when a bnas greater than a threshold
voltage (V7), discussed in more detail below, is applied across electrodes 120 and 130. the

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

of the invention, as a voltage V >V is applied across electrodes 120 and 130. conductive ions
within ion conductor 140 begin to migrate and form an ¢lectrodeposit (e.g.. electiodeposii’l 60)
at or near the more negative of electrodes 120 and 130. As the electrodeposit fonﬁs. 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 électrodepo’sit from one electrode toward the other and ‘
thereby significantly reduce the resistance of the device is essentially the redox potential 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 will returh {6 its high
25  resistance state. As discussed in more detail below, structure 100 may be used to store
information 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 in
memory devices to replace DRAM, SRAM, PROM, EPROM, or EEPROM devices.
Substrate 110 may include any suitable material. For example, substrate 110 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
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t hqoi nvaRble @Rctrbldpoki® 1 60 Ririnati®d within ion conductor 140 during use of structure 100. _
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
form part of an interconnect structure within a semiconductor integrated circuit. In accordance
with one aspect of this embodiment, electrode 130 is formed 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 illustrated in Figure 2, a structure 200, including electrodes 220 ..ahd
230, and jon conductor 240, may include a barrier layer (e.g., barrier 250), alfdwing on%: 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, barrier 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 structure 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 formed 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 formed of*

chalcogenide material.
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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 jon conductor 140 may be formed in a variety of
ways. For example, the solid solution may be formed 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 thermal and/or photo dissolution processing. In accordance with one
exemplary embodiment of the invention, a solid solution of As,;S;-Ag is formed by depositing
As,S; onto a substrate, depositing a thin film of Ag onto the As;S3, and exposing the films to
light having energy greater than the optical gap of the As;S; --e.g., light having a wavelen gﬁ_w of
less than about 500 nanometers. If desired, network modifiers may be added to conductor -\1 40

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 (eg., by -
exposing conductor 140 to an atmosphére 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 jon conducting material

30 such as chalcogenide may depend on several factors such as an amount of metal available 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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el ect rod%“’§°‘1§2(ﬁ“&ﬂ omalipwe réhaa‘&%lycwébéﬁmctmm K00, ta, on the order of 10
10  nanometers, to be formed. 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  orparylene, or any combination thereof. :
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 fori_xi’éd of
any conductive material and is preferably formed of a metal such as aluminum, aluminﬁm‘
alloys, tungsten, or copper. -
20 A programmable structure in accordance with the present invention, e.g., structure 100
may be formed in a variety of ways. In accordance with one embodiment of the invention,
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. lon 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 ~ Z.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.
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resi stance between el ectrodes 120 and 130 decreases, and ot her el ectrical

properti esyaoyssaseso 20 change. In the absence of any 'nSLHCaﬁﬁﬁglo {rl ers,
whi ch are discussed in nore detail below, the threshold voltage required to

grow the el ectrodeposit fromone electrode toward the other and thereby -
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conbi nation of such materials, I n accordance with one enbodi nent of the
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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 controlling 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). _ h
In operation, when a sufficient voltage is applied between two or more electrodes of a
programmable structure (e.g., electrodes 320 and 330 of structure 300), electrodeposit 360
begins to form, 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., 2 meta]lic dendrite—
will begin to grow f.rom 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 governed by breakdown characteristics (e.g.. thickness)
of barrier 350.



El ectrodes 120 and 130 may be forned of any suitable conductive material.
For exanpl o 6U/R8¢ds 0des 120 and 130 may be fornmed of polysilicon_nater] al
or metal In 5 accordance with one exenpl ary embodi ment BFT/PRW/3STI

i nvention, electrodes 120 and 130 are formed of netal,-and at |east one of

el ectrodes 120, 130 is fomed of met al such as silver, copper, or zinc
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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
employ PROM, EPROM, EEPROM, FLASH devices, and the like. _ L
In accordance with an alternate embodiment of the invention, the programmable
structure may be periodically refreshed to enhance data storage integrity. -In-;his case, the
structure may be employed in a RAM (e.g., DRAM) memory device. o
20
WRITE OPERATION
Information may be stored using programmable structures of the present invent_ion by
manipulating one or more electrical properties of the structures. For example, a resistance of a
structure may be changed from a “0” 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 “0” state during an erase
operation. In addition, as discussed in more detail below, the structure may have multiple
programmable states such that muitiple bits of information are stored in a single structure.
Figure 4 illustrates current-voltage characteristics of programmable structure 300 in
accordance with the present invention. For the structure illustrated in Figure 4, via diameter, D.
30  is about 4 microns, conductor 340 is about 35 nanometers thick and formed of Ge;Se;-Ag (near
AsgGesSey), electrode 330 is indifferent and formed of nickel, electrode 320 is formed 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;

i
H
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nitride, titaniumtungsten, a conbination thereof, or the like. In
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indifferent, i.e., it allows conduction of el ectrons 25 t hrough structure
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di ssol ved nE I n accordance with the present invention incl
of [err] béger 3801t furhe theClalrodpesit d@d to break down the barrier and conduct through

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

between, for example, 1on conductor 140 and either of the electrodes 120, 130.

15 READ OPERATION
A state of the device (e.g., 1 or 0) may be read, without significantly diéturbing 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 abou} 1 milliamp) read "
operation is shown in Figure 4. In this case, the voitage is swept from 0 to about 2 V and 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 performing 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.

ERASE OPERATION
30 A programmable structure (e.g., structure 300) may suitably be erased by reversing a
bias applied during a write operation, wherein a magnitude of the applied bias is equal to or

greater than the threshold voltage for electrodeposition in the reverse direction. In accordance
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materi al s including silver, copper, zinc, conbinations of these materials,
and the Il‘l§,<|=é‘ olad addi tion, conductor 140 may include network nodifiers t hat
affect noblC¥B8P ions through conductor 140. For, exanpl FCHESWMBNS such
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accordance with
570, such as a Schottky or p-n junction diode, formed 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 sforagc densities suitable for memory circuits, In -
general, the maximum storage density of mem&ry 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 area
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 capability 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 intersection 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 formed during a write process. An amount of electrodeposit that forms

during a write process depends on a number of coulombs or charge supplied to the structure
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alternative enbodi nents of the invention, solid solutions containing

di ssol vedWRet0a86may be directly deposited onto substrate »pEusbomspunt of
conductive material such as netal dissolved in an ion conducting nmaterial
30 such as chal cogeni de may depend on several factors such as an anpunt
of met alduapgithapriec Process, gsdbmayibsrroatrdllehbansingt cofrestniamiypoepkso@de. dii ihixg

he di ' . ffigie f I d
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substanti al | hal ti ng. when the nmetal cations have been reduce

7
their | &%E§Bty4ﬂ9i“tf§ttpc§lﬁ%@§ins.th¢Wl’itth@mt@tém- of [err],-Ag, this occurs at,
[errd, having a silver concentration of about 44 atomc percent. If, on the
ot her hand, the metal is dissolved in the chal cogeni de materi al -uising
thermal dissolution, a higher atom c percentage of netal in the solid
solution nmay be obtained, 5 Rprevided a sufficient amount of netal is
avai l abl e for dissolution. In accordﬂ_r]\?e wi.th one exenpl ary enbodi nent of
the invention, at |least a portion of Structure 100 is fornmed within a via
of an insulating material 150. Forming a portion of -structure 1ootwaf‘ﬂi’rl. a
via of an insulating material 150 may be desirabl e because, anong' ot her

reasons, sucr} formation allows relatively, small structures 100, e?. , on
the order of 13@ractice, the imitation to the amount of information stored in each cell 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 Q, 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, information could be stored as a continuum of states, i.e.. in
analog form.

15 In accordance with yet another embbdiment of the present invention, a programmable
structure (e.g., structure 300) stores illfdnnation by storing a charge as opposed to growing an
electrodeposit. In accordance with one aspect of this émbodimem, a capacitance of structure
300 is altered by applying a bias to electrodes 320, 330 (e.g. positive voltage to electrode 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 through
barrier 350), no short will form between electrodes 320 and 330. Capacitance bf the structure
300 changes as a result of the ion migration. When the applied bias is removed, the metal ions
tend to diffuse awz:y 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 of ions 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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10 nanoneters, to be forned. In addition, insulating material 150

facili tat%q agb%tl ng various structures 100 from ot her el ea;( I .
CeFe s B

conmponent s nsulating material 150 suitably includes ma

prevents undesired diffusion of electrons and/or ions fromstructure 100

I n accor H?QQIUF eRa h v al 150 i ncl
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structur 100 may .be forne a variety of ways. In accordance wi th one
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such as, for e positing ayer o0 rrat erial,
patterning th&uﬁiee,cirr aceordante rwizh thealpdogfammablg sthecturat eolf | the presehbnrmennon

el ectrode 130. 25 | nsyl atin er. 150. ray be f.orned b¥ osjtin

houl at (TR PRt GHD e oeled 10 [ e adrt SSUBE PGB LS AR RPHIgMATas
in ghe ime\dedich rselr%akﬁuﬁh oSthitgor P RHRArb#des @%tén%&hngdmﬂafg%t&m ngdmoml
processes. lon con tor 140 and el ectrode 120 may then be fornmed wth

i nsul at |s¢gn¢m:;&9ctmlwhb@0@epas MthuqhgeaCb rﬁewndludtntsrasaaunatndaumcucamneahchnenahcmp ode
120 materi al Vi a. Such i on conductor and el ectrode materi al

dep03|t|88ﬁerﬁb'§“ Ssqélflre@cfmc{/oé]s i.e., the material is

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 form shown.
15  For example, while 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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30 substantially deposited only within the via, or the deposition
processesWR/4BWer el ativel y non- selective. |f one or noreppoRsiRsRsti ve
deposition methods are used, any excess material remaining on a surface of
insulating | ayer 150 may be renoved, using, for exanple, chem cal :

mechani cal polishing andlor—etching techmgues. Figure 3 illustrates a
programmabl e structure 3'Oill'ﬂm@ccordance wi t h anot her enbodi nent of the

present invention. Sinila llul ﬂﬂﬂﬂi 0, structure 300 is formed on a
subst rate 340 and include I W3 and 330, and an ion conductor

340. In“addition. .structure 300 includes an insulating barrier 350

i nter posed between at | east one el ectrode 320, 5 330 and_ .i-on coenduct or
340. Insulating barrier 350 may be forned of any material.resistant to :
conduct i on ofl-el echmicraefectrpnic pregspmable sHuCHIre GampREngixenphas i 1ebodi,ment s

of the invention, L i o] oxi de .such as a tiLve
t ungst en oxi de or %gtléé/:croﬁég%gl %éngggsﬂ A %oéir%nzga@ ?‘l@lé? ygsgfaﬁlgﬁai%ﬁftaf?'ﬁg"?“ye

mat er i alsabstaycehe deposited onto the el ectrode. Anong other.things, barrier
350 may affect an effective threshold vol ta'ge of device 300 and prevent an

10 el ectrical srﬁ)!ﬁFs‘ HOER COMPESINg fe serond £enduptive \substaicee Mhetaln gaid dst
(e.g., %sgafd%@@@ﬁﬁseohdﬁéwe suﬁétﬁfc%s Eont ileddfe ka%néﬂa{egsga%' chis

sufficiently high to cause the Ins Ing barrier reak down. For
exabpl e, for a gi vesecombeleettadeg naterial, the effective threshold voltage
of device 300 generally increases as a thickness of barrier 350 increase,
t hus device 300 threshold voltage :

2. The microelectronic programmable structure of claim 1, wherein said ion
conductor is formed of a solid solution of a chalcogenide material and a metal.
15 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 AsS).x, Ge,S).s, and GexSe,.x.
20 .
5. The microelectronic programmable structure of claim 1, 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 1, further comprising a

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

30 8. The microelectronic programmable structure of claim 7, wherein said barner

comprises an insulating material.
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may be controlled, at le ‘ m‘Wont rolling barrier 350 thi ckness.
In this GRsfusRRrrier 35§E“mm m‘m thin enough (i. 0 t.o_about
nanonet ers) top)g | ow el e ons to % ufnel through barrier §%HU§?°’°357deS| red
operating voltage (e.g., about 0.2V to about 4V). In operation, when a

oo L0 AR SIS AaR Bl GSEkARL RGeS, o gugyer

el ectr@dmpmseia&ﬁﬂubt@wmstehﬂ forn, through or along an edge of ion
conductor 340, fromthe nore negati ve 20 el ectrode (cathode) (e.g.,
el ectrode 330) tovvard the nore positive el ectrode (anode) (e.g.. electrode

320). For ex af i r of a
vol t age supply dhé Fnectro%&g‘g@%é%a@%’g ed to a i(‘?)lgllgtﬁllgvlté e?rrr?’l%ngq rﬂe%?t

vol& ag@oﬂimpdaﬁ/thasaxluclumui formed mtithi asmslslamg)rhmledalbeav\een el-ectrodes. 320 and
330, electrodeposit 360-e.g, a netallic dendrite- wi-ll begin to grow from
el ectrode 330 toward el ectrode 320. 25 T When' el ectrode 330 is
initially coypl e ctr s to
arow on sur fage. S HHerpRk BRIRidgtamabIE P BDcRlCh RRRR Srhortfl. 2
redox pledential. As a voltage sufficient to breakdown barrier 350 is
applied across el ectrodes 320 and 330 a short'forns bet ween el ectrodes 320
and 330. Wen a sufficient reverse bi.as is applied to el ectrodes 320 and
33y el ectrogeposiiie BRFodbarMlc BogrdnBabIe Uerhire3dP cRMA DAUFth&' cotmPisipgar s
30 to heal itself such that approximtely the same effective threshold
vol tagéraiﬂslstﬁé\qw red to breakdown barrier 350. Thus, when structure 300

i ncludes an insulating barri.er 350. anl effective threshol d or "write"

vol tage is governed by breakdown characteristics (e.g., thickniess) of

barrier 350.13.  The microelectronic programmable structure of claim 1, further comprising an

electrodeposit.
15
14.  The microelectronic programmable structure -of claim 1, wherein said. ion
conductor includes a network modifier. o
e
15. A method of forming a programmable structure, the method comprising the steps
20 of:
forming a first electrode:
depositing an insulating material;
forming a via within said insulating material;
depositing ion conductor material into said via; and
25 forming a second electrode.
16.  The method of forming a programmable structure according to claim 15, further
comprising the step of dissolving a metal in said ion conductor.
30 17. ‘The method of forming a programmable structure according to claim 16,

wherein said dissolving step includes dissolving a portion of said second electrode.
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9 G owth and configuration of an electrodeposit (e.g., electrodeposit
360) and reversal of el ectrodep Iy affect electrical
properties of a progranmabl e de m!'ﬁmmmsumnﬂlﬁtures 100-300. In turn,
growt h andvVe 08d#96 gur at i on of t he* eltectr oleposi*t depend on.PEHEMY/BiHer

t hi ngs, an app{J ed olta a .3 appl

el ectrodes (elofgg 'il ({) gdfbg?ﬂ@ goé'%ra%ﬁéﬂl (‘*]'IUQ@FéJC g?ljgﬁ‘é"egor?edt'awl t]{?
par ti cul ayheréin daid dislso&eing steprineideniggsosing eid iadequincior gndwaid sesondkehtirod y
sl ow and tends to concentrate about the cathode of a structure, whereas at
hi gher vonetggalto agphetadisselutioyprasesst grows at a faster rate and t'ends t'o be
nmore narrow and span a greater distance between the cat hode and the anode,
for a givcn amount of charge. 10 Once el.ectrodeposi't 360 begins to
f orm sel ect r odgROSi ThahRthotlof f@aiing alprygramimabl structuse daonding tceclairindSvﬁxhhenge
source is renpved fromstructure 100. Thus, changes of électri‘cal '
propertlé@m’éﬁé&?m{w&bﬁfﬁebf el ectrodep03|t 360 (€.9- ~§t{,uctuﬁre
300 capacitance, resistance, threshold voltage, and t he li ke) do not vary
substantially over time. In other words, the changes in electrical
properties of 30.r ucThe andthéd afeforming iavpiogramnahlelstt\ictme akcomling gl olaim139,

structure 100 may, be wel | sulted for devices, af el ectronic systens
that typi Whereip Se"%ﬁ)foéi}“ QW@P&#E&SF{"&EWB%?*‘% the I|ike.

10
21. The method of forming a programmable structure according to claim 20,

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

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

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

23. A method of programming a microelectronic structure of claim I, 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.

20
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 said
structure.
25 25.  The method of programrhing 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 microelectronic structure according to claim 23.
further comprising the step of storing multiple bits of information within a single structure.
30

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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In accordance with an alternate errbo ‘m Lwentr on, the
pr ogr anma cture may be perlod m to en A -
st orage ﬁ‘%‘g&‘%“{{;‘ In this case, the stridcthre may be enpl (?92 |ﬂ&t651

(e.qg., DrRAM rrermry devr ce 20 WRI TE OPERATI ON I nformati on nmay be stored

using progranyabl e : @@@Fm Min a%&merécmﬁi&tdtﬁetube/aé&mlﬂyh@&rhmwne
proper e

e

or nore electTical e Structures. For exanpl e, resi stance.
of a st rwhértinesaidigtoringchemietides applying G savramwiuit of ahasge goaesmndlbg ppacteft e
during a suit ble wrrte 25 operaton. Sinilarly, the device may be

changed F4bmultipleditst ate to a "0" state during.an erase: opeérati omikn
addition, as discussed in nore detail below, the structure may have

mul tiple progsgmrall enshed &F &fféding hat threshdldpheltdget of of prmsgrmmnbieommm,
stored in a single structure. . Figuye,4-+J-1.ustyaias: curfept sivol t

char &ct ecomprising te Hep@f Adinsting a§hm&m9§r0é° BbaTiEh sakcbAHan gﬁews,_eﬁ%eﬁ@een an”
present inv For t re. il lustrated in Fr‘g“@ﬁ‘ét 4% g g Amet er
D. 30 F@c%% 4‘“&?’6%‘?@00&8 t“%‘r"“%ﬁo i s about 35 nanoreters thick and
forned of Ge3Se7-Ag (near AsgGe3Se7), electrode 330 is indifferent and -
formed of nickel;. el ectrode 320 is fonrned-of -silwver, ,apd..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 :

.

18



however, once a wite step has been perforned (ie., an el ectrodeposit has
formed), whrsolesisst ance t hrough conduct or 340 drops signifPcarusogolsite., to
about 200 ohns), illustrated by curve 420 in Figure 4. As noted above, when
el ectrode 330 is coupled to a nore negative end of a voltage supply,
conpared to el ectrode 320, el ectrodeposit 360 begins to formnear 5

el ectrode 330 and grow toward electrodﬁ/gzo. An effective threshold voltage
(i.e., voltage required to cause growth of el ectrodeposit 360 and to break
t hrough barrier 350, thereby coupling el ectrodes 320, 330 together) is

rel atively high bec@use ofgbarrier 350. InE@articuIar. a voltage [err] nust
be applied to structre 300\ sufficient to eause el ectrons to tunnel through
barrier 350 to formthe el ctyrodeposit and, to break down the barrier and
conduct through 10 | conductgs 3 poxtion of barrier 350.
In accordance with alternate/entodi ments of the inveation illustrated in
Figures 1 o&d 23 " ' ol t ageifsetdtivel y | ow
because no imsu a, for exjnple)-fon conduct or
140 and either . |READ GPERATI ON A
state of the de wi t hout| significantly

di sturbi ng the\§ ¥ Ing a forward or reverse bias
of magni tude | e : : tabout 1.4 M for a structure
illustrated in t'on or by usjng a current limt
which is Mess t pr-ogramm ng gurrent (the current
whi ch wi ™20 _ [ on resistancp values). A current

limted (to |bo

(O
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operation is shown in Figure 4. In this case, the voltage is swept fromO
to about V the current rises up to the set Iimt (fr ﬂ’. “V),

i ndi cating %O(?%\?\?Gr esi stance (ohm c/linear current-voltage) ‘}@(’)r 55@9%?15

Anot her way of performng a non-disturb read operation is to apply a putse,
with a relatively short duration, which may have a vol tage hi gher than the
25 el ectrochem cal deposition threshold voltage such that no appreciable
Faradaic current flows, i.e., nearly 246 the current goes to
polarizing/charging(Dhe device and not into the el ectrodeposition process.
ERASE OPERATI ON 30 ) A progranmmabl e structure (e.g., structure 300)
may suitably be er ad¥d reversing a bias applied during a wite
operation, wherein a\mphitude of the applied bias is equal to or greater
than the threshold vadltage for el ectrodeposition in the reverse direction.

I n accordance enbodi ment of the -invention, a
sufficient €yase ; e - oetuTEe;;30Qufer alperi od
of time whigh d " fitial connectign btiu is™-
typically | ass return strucfure:380 to its
"of f' state havi céss of a nmil]ion:ehis. Because
structure 300 0 TR .. ‘bet ween copductor 340 and -

el ect rode (820, & % isi1ig structufe 300 is much | ower
than a thge : .ur e 300 because, unlike the
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erase operation does not require electron tunneling through barrier 350 or
barrier :Q&pomspakdown. A portion of an integrated circuit FEAAjSeonsd7udi ng a
programuabl e structure 500, 10 configured to provide additional isolation
fromelectronic conmponents is illustrated in Figure 5. In accordance with
an exenpl ary enbodi nent of the present invention, structure 500 incl udes

el ectrodes 520 and 530, an ion condugtgor 540, a contact 560, and an

anor phous silicon diode 570, such as a Schottky or p-n junction diode,
forned between contact 560 any el ectrode 520. Rows and col ums of
programabl e structures 500 (ay be fabricated into a high density 15
configuration to provide exthMenely |arge svarage densities: SU|taEIe for
menory circuits, In general,{the WBX|nun1smorage density of nenory devi ces
is limted b the si ze and c-aneX|ty of thg colum and row decoder
circuitry. mever a | abl e structur- st orage stackécan bé sui tably
fabricated ver,- i (e : h the ent regsenlc@nductor
chip area déﬁlc ise anplifi rs* and data
managemnment ci r cf st ructure 500 need not use any
substrate rea ge densities of many!gigabits
per square centg j programmabl e structures of the
present inventig the.progranpable strécture is
essentialdy an 5 capability]l and functionality
to existfing se t echnol ogyl 25 Fi gure
6 schemati cally enory devi ce i ncl udi ng
structure 509 on 570 at ah intersection of a
bit line 610 ax
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menory circuit. Figure 7 illustrates an alternative isolation schene

enpl oyi NGy8 ob/agydgi Stor 710 interposed between an el ect rodepéﬂﬁs(ﬁmgg;ﬁt act of
a programmabl e structure |ocated at an intersection of a bit [ine 710 and a
word line 720 of a menory device. 30 As noted above, in accordance
wi th yet another enbodi ment of the invention, nultiple bits of data may be
stored within a single programmable structure by controlling an anount of

el ectrodeposit which is forned durkag a wite process. An anount of

el ectrodeposit that forns during a ite process depends on a nunber of

coul onbs or charge supplied to the structure 12  _during the wite
process, and controlled by using a current limt power source. in

this case, a nce of a progranmabl e structjure is governed by Equati on
1, where Rl er fhe "on" state resistance, VIjis the threshold voltage
for electrodegositign, and [err] is the maximumpurrent allowed td flow-
during the wifte opg¢ration. 5 VT [err] In practife, thg Jinitagionto the
amount of infqgrmati en stored in each cell wll dEpend-Qﬁ;homfsEabPé each of
the resistancqd statgs is with time. For exanple,|if a Sfructur€ is with a
5 @ e -
o
{
— §
G 8
o D
=) 7.
B = 5
o 8 _
2 £l 3 0
c Q
O =
T
whed
2]
, CE] -
- O] °
o
g g & 3 3% § 8
2 4 o4 o8 L g &
< e S S S S b=
- - €0 0 < ™ o
[vliuaiung

cet Has Been Replaced

This She ; |\
{1111} —
, REPLACED




10 programmed resistance range of about 3.5 k[err] and a resistance
drift over a specified tinme for each state is about 250 [err]. about 7
equal Iy si gs of resistance (7 states) could be forne /ﬂ$4

bits of dé%g%ﬁgﬁg stored within a single structure. In the ?W é&%ii near
zero drift in resistance in a specified time limt, information could be
stored as a continuumof states, i.e., in analog forn1 15 I n
accordance with yet another gpbodlnenﬁ Bf the present invention, a
programuabl e structure (e.g.,astructure 300) stores information by storing
a charge as opposed to grow an el ectrodeposit. In accordance with one
aspect of this enbodi nent, a gapacitance of structure:300"is altered by
applying a bias to el ect r odes 320, 330 (e.g. positive voltage to el ectrode
320 with respect to el ectrode g;D% such that positively clarged ions

m grate toward electrode 339/ \If the appl'ed blasm“':1ess;that awite
t hreshol d vol {hg : Q - etghq barrier.. 350), no
short will fo}n1 ¢ CapaC|t ince of the

structure 3007k su| .gration. [Wien the applied
bias is renoveg NS, ] ¢ away from barrier 350.
However, an igt ; barrier |350 is generally
i mperfect andwi IS -C pi ng ions| Thus, at |east a

nterface between barrier
ersed, the ions may

A nore conpl ete description
‘thiss enbgdi ment ‘i s provided

25 portign o

350 and cgéyucte
sui tably di sp
of a programqabl

in Applicati ol\§ 3 i sruary 11} 1999, the entire:
contents of -whi ? at pf er ence. '
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30 A progranmabl e structure in accordance with the present
i nvention used in many applications which would ot | i"ze
tradltlohggﬁ%@gﬁﬁologies such as EEPROV 13 FLASH or #gﬁ?ages
provi ded by the present invention over present nenory technlques i ncl ude,
anong ot her things, Iomer production cost and the ability to use flexible
fabrication techniques Wid ch are easily adaptable to a variety of
applications. - The pro%ga bl e struceyees of the present invention are
especi al | y advant ageous @ggplications 5 where cost is the primary
concern, such as sgart cardS and el ectronic inventory tags. Also, an
ability to formthe neno delrectIy on a plastic card is a mgjor advantage -
in these applicatiQﬁs as|this is generally not possible with other forns of
sem conductor nenpney. Fyrther, in accordance wth the programmabl e .
structures of tRhE i el enents may be ed to I'ess
than a few squar the acti.ve portion.of_ 10. ne devi ce
prOV|des a S|gn|f|cant advantage ‘over
ol ogi‘es in which each device sap
aké tp several’tens of square G
"!t

mcrong in sjze,
bei ng | ess than on mcron. .-Thi

traditional seniconductor/tf
Jp\8

associ ated i nterconnegt ¢ ns. :
ext.. of the

Al t hough the present anen\ is set forth"herein in thec
ntion is

appended drawi ng figures,-it._spould be appreciated that the
not limted to the speciflic fofm S
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15 For exanple, while the programmabl e structure is conveniently
descri bed above in connection with programmabl e nenory devices, the
invention is not so limted. For exanple, the structure of the present
invention may suitably be enployed as a programmbl e active or passive
devices within a mcroelectronic circuit. Various other nodifications,
Vari ations, and enhancenents in the design and arrangenent of the nethod

and apparatus set forth herein, may be nP i t hout 20 departing fromthe
spirit and scope of the present invention/a¥ set forth in the appended
clainms. 14 5 1. A m croel ectroni c programmabl e structure

conprising:. an ion conductor fornmed of a solid solution containing a first
conductive substance; a first el ectrode conprising a second conductive
substance, wherein said first and said second conductive substances
conprised the sanme material; and 10 a second el ectrode. 2.
The m croel ectronic progranmable structure of claim 1, wherein said ion
conductor is forned of a so d sol utgon of a chalcogenide naterial and a
netal. 15 3. The i cr oel €ct roni ¢ pr ogr ammabl e structure of
clai.m 2, wherein said netal(ls sel ected fromthegroup con5|st|ng of

silver, copper, and zinc 11X
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4. The m croel ectronic programmable structure of claim 2, wherein
sai d chal cogenide material is selected fromthe group consisting of [err]
20 5. The m croel ectronic programmabl e structure of claim 1,- wherein
said first conductive substance is silver. 6. The m croel ectronic
programabl e structure of claim 1, wherein said first 25 conducti ve
subst ance i s copper. 7. The m croel ectroni c progranmabl e structure of
claim 1. further conprising a barrier i 3é6posed bet ween at | east one of
sai d el ectrodes and said ion conductor. The

m croel ectroni c programmabl e structure of claim 7, wherein said barrier

conprises an insulating material. 15 9. The m croel ectronic
programuabl e structure of claim7, wherein said barrier conprises a
conductive material. 10. The m croel ectroni c programmabl e structure of
claim i, wherein at least a 5 pori on of the structure is fornmed within
an insulating material via. 11. Tﬁ% m cr oel ectroni ¢ programmabl e
structure of claim 1, fggther conprising a
/
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di ode. 10 12. The m croel ectroni c programmabl e structure of
claim ‘1, further conprising a transistor. 13. The m croel ectronic
programuabl e structure of claim1, further conprising an el ectrodeposit. 15
14. The m croel ectronic programmble structure of claim 1, wherein said
i on conductor includes a network nodifier. 15. A method of formng a
programmabl e structure, the nethod conprising the steps 20 of. formng a
first electrode: depositing an insulatizy terial; formng a via within
said insulating material; depositing io omductor material into said via,;
and 25 form ng a second el ectrode. 16. The net hod of
formng a programmabl e structure according to claim15, further conprising
the step of dissolving a nmetal in said ion conductor. 30 17. The
met hod of forming a progranmabl e structure according to claim 16, wherein
sai d dissolving step includes dlssohylng a portion of said second

el ectrode. 16

310

340

320

S

FIG.

e e e e e e e e . —— — ——— — — — — e —— — — ]

360

355 “ \

330




18. The nethod of form ng a progranmable structure according to claim
16. wherein said dissolving step includes exposing said ion conductor and
said second el ectrode material to a photodissolution process. 5

19. The nethod of form ng a progranmabl e structure according to claim 15,
further conprising the step of formng barrier. 20. The net hod of form ng
a progranmmabl e structure according to claim 19, wherein said formng a
bar-ri er step includes depositing an insulgFZﬂg material. 10 21. The

met hod of forming a progranmabl e structure according to claim 20, wherein
satd formng a barrier step includes depositing a conductive material. 22.
The nmethod of form ng a programmabl e structure according to claim15,
further 15 conprising the step of formng a native oxide on at |east one
of said first and second el ectrodes. 23. A nmet hod of programm ng a

m croel ectronic structure of claimi, the nethod conprising the step of

appl ying a sufficient voltage-bias—aecross—sard—+H+rst—anrad—seoond el ectrodes
to cause a change in an ¢lectrfical property of said structpre. 20 24. The
met hod of programring a ficroel ectronic structure according to claim 23,
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wherein said applying a sufficient voltage step causes a change of
resi stance+-through said structure. 25 25. The net hod of
programmi ng a m croel ectronic structure according to claim 23, wherein said
applying a sufficient voltage step causes a change of capacitance of said
structure. 26. The nethod of programm ng a mcroel ectronic structure
according to claim?23. further conprising the step of storing nultiple bits
of -information within a single structur%ééﬁgi27. The net hod of
progranmm ng a m croelectronic structure cording to claim 26, wherein said
stering step includes applying a current limted source across said first
and second el ectrodes. 17 28. The met hod of progranm ng a
m croel ectronic structure according to claim 26. wherein said storing step
i ncludes applying a set anount of charge corresponding to each of said
multiple bits. 29. A method of afdecting a threshold voltage of a
programmabl e structure, 5 conprisin@%the step of adjusting a thickness of a
barner, saild baimer interposed between an el ectrode and an ion conduct or
of said structure. I
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