- 6 OCT 2005 FLOATI NG GATE MEMORY DEVI CE USI NG COWOSI TE MOLECULAR
MATERI AL RELATED APPLI CATI ONS Thi s application contains subject matter
related to the subject matter disclosed in copending U S. Provisional

Pat ent Application Serial No. 60/289,091, filed on May 7, 2001, entitled
"Fl oating Gate Menory Device Using Conposite Ml ecular Material". FIELD OF
THE | NVENTI ON The invention relates to a floating gate neno % ﬁg@ for data
storage. applications, and nore particularly, to a roatiﬁé 5 menory
device having a variable resistance dielectric as a gate insulator.
BACKGROUND OF THE | NVENTI ON Conputer data storage, in.particular random
access nenory (RAM has becone an increasingly inportant conponent of
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conventional MOSFET is nodified so that sem - pernmanent charge storage

i nsi de tHEIGAOF THEAYYENIION t he new structure becones a nonvol atile

[02] The invention relates to a floating gate memory cell for data storage applications, and
more particularly, to a floating gate memory device having a variable resistance dielectric as

a gate insulator.

" BACKGROUND OF THE INVENTION

[03] Computer data storage, in particular random access memory (RAM) has become an
1increasingly important component of electronic hardware. There are various distinct types of
memory devices, distinguished. by their speed and data retention characteristic. Dynamic
_raadom access memory (DRAM) is a volatile memory characterized by a destructive read.
This means that it is necessary to supply voltage to the memory bits at all times, or the
information will disappear. Furthermore, each memory element has associated with it a
transistor. Static random access memory (SRAM) stores data in a bistable flip-flop,
commonly consisting of cross-coupled inverters. It is called "static" because it will retain a
value as long as power is supplied. It is still volatile, i.e. it will lose its contents when the
power is switched off, in contrast to ROM. SRAM is usually faster than DRAM, but each bit
requires several transistors (about six), so that a lesser number of bits of SRAM fit in the

same area as compared to DRAM.




menory device (floating gate transistor). Nonvolatile nmenory devices have
been extensively wused in integrated circuits, such as the electrically
alterable read-only nmenory (EAOM), the erasabl e-programuabl e read-only
menory (EPROM), and the nonvol atile random access nenory (NVRAM. In a
floating gate transistor, charges are injected fromthe silicon across a
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process is relatively slow.

[06] There is aneed for a ﬂeaﬁng gate memory device with decreased erase time and that
does not require the application of UV light.

SUMMARY OF THE INVENTION

[07] These and other needs are met by embodiments of the present invention which
provide a floating gate memory device comprising a substrate and a first insulating layer on
the substiate. A floating gate is provided on the first insulating layer, and a second insulating
layer is on the floating gate. A control gate is formed on the second insulating layer. At least
one of the first or the second insulating layers has a controllably variable resistivity.

[08] In certain embodiments, at least one of the first and second insulating layers consists
of a molecular matrix with ionic complexes distributed through the molecular matrix .

[09] With the present invention, the resistivity (or conductivity) can be changed in
response to the application of an electric field. By switching the resistivity from a highly



charge stored on the floating gate can be drained off to the gate

el ectrode. O her enbodi nents of the invention also satisfy the above-stated
needs by providing a nenory device conprising a first insulating |ayer, a
floating gate on the first insulating layer, a second insulating |ayer on
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erase operation of the nenory device of the present invention; and 3
conductivity state that is sufficient to retain a floating gate charge for at least a predetermined

—+

period of time. An electric field is applied to the insulating layer to place the insulating layer
in a second conductivit}; state having at least an order of magnitude greater conductivity than
the first conductivity state sufficient to discharge the floating gate charge.

[13] The foregoiné and other features, aspects and advantages of the present invention will
become more apparent from the following detailed description of the present invention when

taken in conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS |

[14] Fig. 1 shows a nonvolatile memory device that is a floating gate transistor constructed
in accordance with an embodiment of the present invention;

[15] Fig. 2a-d show a molecular composite material between. two electrodes in various |
operational states according to a current theoretical understanding of the invention;

[16] TFig. 3 shows a voltage-current characteristic for write and erase operation of the

memory device of the present invention; and




= 6 OCT 2005 Fig. 4 shows the dependence on witing pulse critical
anplitude on witing pulse tine. DETAILED DESCRI PTI ON OF THE | NVENTI ON
Referring first to Fig. 1, a floating gate transistor may be considered to
be a nodified MOSFET transistor with a floating conductive pad enbedded in
the dielectric that insulates the gate fromthe source/drain. Because of
the very high resistivity of commonly used dielectrics, suchfgg73yE2 and
Si 304, any electric charge deposited on the floating gate will remain
there during the retention tinme of the device, which can be years. However,
it is di f[ﬂ'?}:ulﬁig-t’b shivwse itlzer depentience | apawritigg gatse itiopl gmpljtudep ph ywritipgapulse
reverse‘e&%g‘nal electric field because of the |arge electrical resistance
of the tunnel” barrier in the reverse direction. For this reason, the
conductivity of the dielectric is typically enhanced by illum nating the
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source and.draip regions 14, 16, respectively. A first insylator 18 is
For med on Of AcCals Brta Fmory Meiot T amer el <ibe Pisseat Vel g provices for a Noating
gate memory device that has an insulating layer that acts to either electrically insulate the

floating gate from a control gate, or has an increased conductivity to allow for a rapid
discharge of the floating gate charge. This is achieved, in part, by employing a floating gate
transistor having an insulating layer between the control gate and the floating gate that

comprises a composite material that exhibits structural electronic iﬁstability in one dimension

and enables static and dynamic control over the conductivity of the composite material. As

an exemplary composite material, a molecular matrix is employed with ionic compléxes in
-the matrix. Under the application of an electric field, the ionic complexes dissociate

controllably to change the electrical conductivity of the insulating layer.

[20] Figure 1 depicts an exemplary‘ embodiment of the floating gate memory device

constructed in accordance with present invention. The floating gate memory device includes

substrate 12 in which' are formed source and drain regions 14, 16, respectively.

[21] A first insulator 18 is formed on the substrate 10 and spans the source and drain

regions 14, 16. A floating gate 20 formed of conductive material, is formed on the first



regions 14, 16. A floating gate 20 fornmed of conductive material, is formed
on the first 4 - 6 OCT 2005 insulating |layer 18. A second insul ating |ayer
22 is forned on the floating gate 20, followed by the formation of gate

el ectrode 24 on the second insulating |ayer 22. The gate el ectrode 24 and
the drain region 16 are depicted as being connected to voltages Vg and Vd,
respectively. The gate electrode 24, like the floating gate éﬁ conpri ses
a conductive material. According to certain enbodinments, at 1 Gh 1l@he of
the two dielectric layers 18, 22 depicted in Fig. 1 conprise a
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Chemistry, Vol. 40, No. 4, 1999 (Yu H. Krieger), expressly incorporated by reference herein.

[24] There are two predominant types of structural organization of such systems. First,
there are strands of linear conjugated polymers, which are weakly bonded to each other and
whose mutual arrangement is generally poorly organized. Second, there are crystal structures,
where the individual molecules form one-dimensional columns and interact with each other
much more actively than molecules from different columns do.

[25] Polyconjugated systems primarily involve polyvinylenes, i.e., polymers with an
acyclic conjugation system, in which the one-dimensional character of structure is dictated
by the mechanism of conjugation in linear macromolecules. Polyacetylene is a classical
representative of this class of polymers. Its electronic structure is a prototype for many other
conjugated polymers. '

[26] Another wide class of molecular compounds are formed from aromatic and
heterocyclic molecules which possess high electric conductivity due to n-bonds between

molecules. Such molecular systems are called n-complexes or charge transfer complexes,




conj ugat ed pol yners. Another w de class of nolecul ar conmpounds are forned
fromaromati c and heterocyclic nol ecul es which possess high electric
conductivity due to it-bonds between nolecules. Such nol ecul ar systens are
called it-conpl exes or charge transfer conplexes, 5 - 6 OCT 2005 with those
systens whose structure involves isol ated one-di nensi onal col ums or
strands possessing pronounced el ectro-physical properties ojﬁighg@gst for
switching and nenory applications. Ml ecul ar charge transfer g Xes are
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above, for exanple, pol yphenyl acetyl ene, can be used as the anisotropic
mol ecul arquaf?ﬁ?ﬁ@%mef‘g’@n%o‘;ﬂ?lﬁ nmpl ex can be a salt, such as sodium chloride

(Nadl), o8Ny waile&ot being bound by theory, the following is currently believed by the inventors

to describe the mechanism for the conductivity change in the material in the present

invention. An exemplary molecular composite that can be applied as at least one of the
insulating layers 18, 22 in the floating gate transistor 10 is shown in Figs. 2a — 2d. The
molecular composite includes a quasi-one-dimensional, or at least structurally and
electrically anisotropic, molecular matrix, wherein ionic complexes are distributed in the
matrix. Polyconjugated compounds, such as the exemplary quasi-one-dimensional systems
described above, for example, polyphenylacetylene, can be used as the anisotropic molecular
matrix. The ionic complex can be a salt, such as sodium chloride (NaCl), or any other
material that can dissociate in an applied electric field. The exemplary anisotropic molecular
matrix is depicted in Figs. 2 a-d as comprising an assembly of chain-like molecules oriented
perpendicular to the electrode surfaces. However, other orientations of those molecules or of
anisotropic “channels” are possible as long as a charge separation of the type depicted in
Figs. 2 a-d is enabled. |

[29] Electric switching in the moleculat thin films depicted in Figs. 2a-d is characterized

by the existence of two stable states, a high impedance state (“off” state) and a low




material that can dissociate in an applied electric field. The exenplary
ani sotropic nolecular matrix is depicted in Figs. 2 a-d as conprising an
assenbly of chain-like nolecules oriented perpendicular to the el ectrode
surfaces. However, other orientations of those nolecules or of anisotropic
"channel s" are possible as long as a charge separation of the type depicted
in" Figs. 2 a-d is enabled. Electric switching in the nol ecglg@r gin filns
depicted in Figs. 2a-d is characterized by the existence of two stable

tates, a.high inpedance, st "off' state) and a low 6 - 6 OCT 2005
" pedance IBPERRCY HE- GF ot i) Fike TRBgoadte bty AR, Natet poualyp@ei G | y

th 0 oM le. . S tching framdhe toff' 10 "on"
rsr;);;ae oggll}’rlésa"\{%en aglr?i%&‘)ﬁ&e jfé?néc ri%ﬁ;%}gﬁeééggcggggagé {)%Crugsgﬂ%% v%tplqg(.i '(I)'Re

i mpedance elebtrichfidd 'epcteds b ahRsiiad veke! TBS irhpedBnce-cfQRis@on™ fsite €antEless thén
transition from"on" state back to the "off' state can take place by
rever si ng ~E#@ pdbrexamplefA trassitipr froni Conf’istateibacko theo'thdE’ sdte camptakpplace byt e
are identifjable; a meta bl.e node. (Fi'g.2b) and a stable node (Fig.2c).
The net astr%)l%fs %EBOISFE%%&E%W%EE#I function is characterized by the |ow
Pw and PER0jal Teo(Hodes®f $é)onhis@fe ArgRRAAAMe: A métheableMods (Fig@b) Mdiestisigi on,
about 1kohm - 1M, short switching tinme (less than 1s), and short retention

Ctime bet wEde fhgdc). Ihednespstable meda of theunemonyeell Emstipy is chaeactorizes by the daw of

h Ll At he hi gh Pw.. . | 3- |
| ipedancetaratisRREE O 397, ek Hindlsh 61 "0 e P, Bobe S
and nor e) 18Y), R0 swieHiRg Bl (88s ﬁi%ﬁlt MEBF.And GN&GH AltediBAthSe %@eé&ﬁﬁfo%l 10 SQFE

menory cells made fromthis material have been observed to exhibit
subst ant i ¢vetal hauisaborsersely, dlg stablamqslemf ¢he memoiyrcellhpesittimblskownthe high By

t f i Xy Fig. 2aillustrat he “off" state, t
ol octr; cafbd BimeAtes 1oV dow SBardantt pb BdTov ate tn it 2hG oy ek Sidhne op o
mol ecul'ar tiffRt (1i ths idndGhbre) and 1889 StoBoRCihE CotwidhSitvata® montiieh@Pear* BemBal

electric field E is applied, as indicated'in Fig. 2b, the sodi um salt
di ssoci at B¥mory ecllsgpatie frama tiis olatesial haveibeers obsarvad thextiibih substagtiallysyichanggd f r om

el 1 or S ASIG pf  RALBEI R APtk T Tesul Cing i

[31] Fig. 2a illustrates the “off” state, where the electrical conductivity is essentially zero,

+ assuming that the anisotropic molecular matrix itself is a good electrical insulator. When an
external electric field E is applied, as indicated in Fig. 2b, the sodium salt dissociates into
sodium and chlorine ions, and the ions are displaced from their original position in the
anisotropic molecular matrix, resulting in an increase in the electrical conductivity to the
metastable “on” state, Upon further increase of the electric field, the ions become more
strongly separated (Fig. 2c), accompanied by a still further increase in the conductivity of the
“on” state to the above-described stable state . When a very large field is applied over a long
time, the anions and cations accumulate at the electrodes (Fig. 2d), resulting in a sharp
dpcrease in the electrical conductivity due to the absence of mobile charges (“off” state).
[32] The electrode material can be, for example, a metal, such as Al or Cu, ITO, a
semiconductor or a conducting pelymer. The transition from the “off” state depicted in Fig.
2a to the “on” state depicted in Fig. 2b requires application of an external voltage of
approximately 3-5 V for a time period of approximately 10-100 ns. The transition from the
“off” state depicted in Fig. 2a to the “on” state depicted in Flg 2¢ having a higher electrical
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I ons becone nore strongly separated (Fig. 2c), acconpanied by a stil
further increase in the conductivity of the "on" state to the
above-descri bed stable state . Wien a very large field is applied over a
long time, the anions and cations accunmul ate at the electrodes (Fig. 2d),
resulting in a sharp decrease in the electrical conductivity ﬂﬁe h? t he
absence of nobile charges ("off' state). The el ectrode naterl W be, for
exanple, a nmetal, such as Al or Cu, ITO a sem conductor or a conductlng
pol yner . Emubﬁﬂfys lahd QBnder Qﬁiehﬁ'&l ‘thhd 'is SEBbRJIBP HpKsh fg' Bn Fixfbrnal 2@bltage tolfie
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mol ecul ar [33¢ onBognt apptioatismi 89 ngvastibjepleemrictiviey \gateninsulatdr -with 294INeiTz gafet he
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material formng, for exanple, 'insulating |a I's shown in Fig.
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ground w ferr dto | tage (in. use erimen S
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the negat teY&rédOtbta%%teWb'ltﬁé’e (i puRes %xlbé}ﬁnéd@@ 4k it Pulse) (Pw), which renders the
insulating layer 22 conductive, and the negative voltage, which restores the insulating

properties of insulating layer 22, as erase voltage (or erase pulse) (Pgr), respectively.
[35] Fig. 3 shows a typical I-V curve for write (positive applied voltage) and erase
* operation (negative applied voltage). The device is in the "off" state, until the applied voltage
reaches a critical value of approximately 0.3 V. In the "off" state, the electric current through
the memory cell is essentially zero. When the applied voliage exceeds the critical voltage of
0.3V, the memory cell 10 approaches zero resistance, with the voltage across the cell
dropping to a very small value and the current increasing to more than 120 pA, with the cell
attaining the "on" state. The cell remains in the "on" state until a negative voltage is applied,
which in the present example is approximately -1 V. This represents the erase cycle. After
the erase cycle is completed, thé cell is again in the "off" state. The parameters (voltage,
pulse duration) used for the erase operation depeﬁd on the characteristic values of the “on

state of the device.




properties of insulating |ayer 22, as erase voltage (or erase pul se) (PER),
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of the appended claims. '
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taken by way of limtation, the scope of the present invention being
limted only by the terns of the appended clains. 9 Wiat is Cained is:
OCT 2005 |. (Amended) A floating gate nenory device, conprising: a
substrate; a first insulating |ayer on the substrate; a floating gate in
electrical contact wwth the first insulating layer; a second insulating

| ayer in electrical contact with the. floating gate; and a control gate on
the second insulating |ayer; wherein at |east one of the firﬁt nd second
insul ating | ay@hst ifehifegantrol lably variable resistivity. o

device of claim1, wherern at | east one of the first and second |nsulat|ng

| ayers conpris c mat ri X . The device of claim2, wherein the
at | east one of (tAﬁné@l rs#@ﬁgn%%%%ﬂ’&"ﬁoﬁé Véﬁet"‘r?@‘lm}s’agers furt her conpri ses

i oni c conpl exes dlstrkbuted t hrough the nol ecular matrix. 4. The device of
claim3, wherein tH Yrte conpl exes are dissociable in the nolecular
matri x under the influence of an applied electronic field. 5. The device of
claim4, wherein tRdirpidnadasinglayenon the solostiate; Ses a pol yconj ugat ed conpound.
6. The device of claim5, wherein the pol yconjugated conpound is one of:

pol ypar apheny| ene, aflsiatimheaty inedoeyresatcorioas Wﬂ'tlldfﬂ@bms‘?:@itx)ﬁ%'iﬂygpe”e or

polypyrrole. 7. The device of claim4, wherein the nolecul’ar matrix

conprises aromati c aaecbnd MBURENE WGbi i eYBRArREMRBICt Whth t-ﬂg ﬂoﬂﬁl\” Ofg claima,
-wherein the nolecular matri x conpri ses a quasl - one- aF conpl ex. 10

- 6 OCT 2005 . a control gate on the second insulating layer;

wherein at least one of the first and second insulating layers has a controllébly

variable resistivity.

2. The device of claim 1, wherein at least one of the first and second insulating
layers comprises a molecular matrix.

3. The device of claim 2, wﬁerein the at least one of the first and second insulating
layers further comprises ionic-complexes distributed through the molecular matrix.

4. The device of claim 3, wherein the ionic complexes are dissociable in the

molecular matrix under the influence of an applied electronic field.

5. The device of claim 4, wherein the molecular matrix comprises a polyconjugated
compound.
' 6. The device of claim 5, wherein the polyconjugated compound is one of:

polyparaphenylene, polyphenylvenyene, polyaniline, polythiopene, or polypyrrolé.
7. The device of claim 4, wherein the molecular matrix comprises aromatic and

heterocyclic molecules.

8. The device of claim 4, wherein the molecular matrix comprises a quasi-one-

dimensional complex.
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9. The device of claim8, wherein the quasi-one-dinensional conplex is a
phtal ocyani ne. 10. The device of claim8, wherein the quasi-one-dinensional
conplex is a porphyrin. 11. (Arended) The device of claim4, wherein the
nmol ecul ar matrix is an anisotropic inorganic material. 12. (Anrended) The
device of claim 11, wherein the anisotropic inorganic material is NBSe3.
13. The device of claim4, wherein the nolecular matrix is ﬁﬁh 31? | ar
conmpound of (TMISF)2X. 14. The device of claim4, wherein the nolecul ar
matrix is.a transition metal salt of K2Pt(CN) 4BrO. 3x3H20(KCP) type. 15.

Anended) A devi. j Si,Ng. first t fl oat
gae in o ectri call EBREY TP HE Ept ARl S g

i nsul ati in electrical contact with the floating gate; and a
control “? he second insulating layer; wherein at |east one of the
first and second insulating | ayers conprises a material sw tchable between
| ow and hi gh 18ondUdeidevies osalzimed Wharcirethp gnaseoncodinnengignal ¢aseplestiset ric fiel d.
16. The device of claim 15, wherein the material is a nolecular matrix. 17.
The devipoephgtincl ai m 16, further conprising ionic conplexes distributed
through the nolecular matrix. 18. The device of claim17, wherein the

i oni ¢ conpl eXes (AnRndldy Sl RBcE of dlaitd e wﬂémlxe&eh@lecmi l'hhtl(lxli@dﬁd’miohﬁ ic
i nfluence of an applied electric field. 11 - OCT 2005 19. The deV| ce of

claim 18inoﬂ§§lﬁ5 flaktriape nol ecular matrix conpri ses a pol yconj ugat ed
conpound

12. (Amended) The device of claim 11, wherein the anisotropic inorganic material is
NBSe;.
13.  The device of claim 4, wherein the molecular matrix is a molecular compound of
(TMTSF),X.
14. The device of claim 4, wherein the molecular matrix is a transition metal salt of
K,Pt(CN)4Bro 3x3H,O(KCP) type.
15. (Amended) A memory device comprising:
a first insulating layer;
a floating gate in electrical contact with the first insulating layer;
a second insulating layer in electrical contact with the floating gate; and
a control gate on the second insulating layer; |
wherein at least one of the first and second insulating layers comprises a material
switchable be@cen low and high conductivity states in response to an applieci electric field.
16. The device of claim 15, wherein the material is a molecular matrix.
17.  The device of claim 16, further comprising ionic complexes distributed through
the molecular matrix.
18.  The device of claim 17, wherein the jonic complexes are dissociable in the

molecular matrix under the influence of an applied electric field.
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20. The device of claim 18, wherein the nolecular matrix conprises aromatic
and heterocyclic nolecules. 21. The device of claim 18, wherein the

nol ecul ar matri x conprises a quasi-one- dinensional conplex. 22. The device

of claim 21, wherein the quasi-one-dinensional. conplex is at |east one of

phtal ocyani ne or a porphyrin. 23. (Amended) A nenory device conprising: :a
floating gate; an insulating layer in electrical contact w thgtghefgoati ng
gate; and a control gate on the insulating |ayer; wherein the insulating

| ayer conprises a nolecular matri x that provides the insulating |layer with

a variabl e el®ct rimhe deviehditdiatint 18, w%éxemﬂh@m@ﬁ@ﬂ&ymgtﬁﬁ&&ﬁgﬂgelsQk)@!yea l%algeldbut ed

wherein the insulating |ayer furfher conprises 1onic c es dis
in the nQuepuhdr matrix. 25. The device of claim 24, vvherel n the nol ecul ar
mat ri x CO#%BISES a polyconjugated polyner. 26. The device of claim 24,

wher ein the Iec ar, matr ses tic and heterocycli.c
nol ecul es. ;H hang‘&e Otj ’Ellolgpw:h?ﬂ“ taﬁ’é‘gEF‘Hart‘ﬂ?i“f‘rﬁ?‘BB'iﬁeéF‘y Omatip pyd
conpris ne- di mensi onal conplex. 28. The device of claim?27,
wher ei n qtﬁéowﬁﬁgmo AEeYi mensi onal conplex is at least one of a
pht al ocyani ne or a porphyrin. 12

21.  The device of claim 18, wherein the molecular matrix comprises a quasi-one-.

dimensional complex.

22.  The device of claim 21, wherein the quasi-one-dimensional complex is at least
one of phtalocyanine or a porphyrin.
23. (Amended) A memory device comprising:
a floating gate;
an insulating layer in electrical contact with the floating gate; and
a control gate on the insulating layer;
wherein the insulating layer comprises a molecular matrix that provides the
insulating layer with a variable electric conductivity.
24.  The memory device of claim 23, wherein the insulating layer further comprises
ionic complexes distributed in the molecular matrix.

25. The device of claim 24, wherein the molecular matrix comprises a polyconjugated

polymer.

26.  The device of claim 24, wherein the molecular matrix comprises aromatic and

heterocyclic molecules.

27.  The device of claim 24, wherein the molecular matrix comprises a quasi-one-
dimensional complex.

28.  The device of claim 27, wherein the quasi-one-dimensional complex is at least

one of a phtalocyanine or a porphyrin.
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