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PCT/ US97/ 16247 Title: Menory Device Using Myvenent of Protons

Backgr ounwooi/10428 | nventi on This i nvention was nadecmrush7/&¢Er nnment
support under Contract DE- ACO4- 94AL85000 awarded by the U S. Departnent of
Energy. The - Governnent has certain rights in the invention. Thi s
invention relates to a new el ectronic nenory nechani sminvolving the
novenent of protons (hereinafter hydrogenous ions) within a dielectric

| ayer. The nmenory mechani sm may mani fest as a static random access nenory,
a dynam c random access nenory, a nonvolatile nmenory, an optical nmenpry, or
as a flat panel display. The nenory el ements are nost readily constructed
in siticolebddenomtlperi¢al/eing Movement of R&gtans s a wi de variety of structures
that can act as nmenory el enents. Each has its own advant ages and

di sadvant ages. The ubi qui tous dynam c random access nenori es (DRAM have
hi gh capacities, relatively |low cost, and fast access tines but are subject
to upsets fromradiati on and ot her nmechani sns and require refresh and
rewite circuits. Static RAMs require nore circuitry and al so are subject

to upsetg.!Flas? Ead;silinon- nitride based (SONOS) nonvol atile nenories
have good oL Ad _nenduran_ce but require high (12-15V) progranmm ng
vol tages. EEPREMARONOH @hd EddRiiR G‘o?ﬁrPﬁﬁi{t_e‘su boR hitler COREAS TH-ABDACS.

Ferroelectric menories are inconpatible with silicon processing but are
ot her wi s@4AL85080 tivasied dogtind EiS. Deparenant o€ EnerghalThe Soveerewlent has catdirow ¢ost ,
silicon ¢ atible, l.owvoltage wite/read menory that is radiation
t ol erant“g}ﬁng‘% R¥IEREPT-e with reasonable wite speeds and endurance.
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PCT/ US97 mbG&dent of protons (hereinafter hydrogenous ions) within a dielectric layer. The

memory mechanism may manifest as a static random access memory, a dynamic random
access memory, a nonvolatile memory, an optical memory, or as a flat panel display. The
memory elements are most readily constructed in silicon-based structures.

There is a wide variety of structures that can act as merﬁory elements. Each has
its own advantages and disadvantages. The ubiquitous dynamic random access memories
(DRAM) have high capacities, relatively low cost, and fast access times but are subject to
upsets from radiation and other mechanisms and require refresh and rewrite circuits.
Static RAMs require more circuitry and also are subject to upsets. Flash and silicon-
nitride based (SONQOS) nonvolatile memories have good access times and endurance but
.require high (12-15V) programming voltages. EEPROM nonvolatile memories have
similar characteristics. Ferroelectric memories are incompatible with silicon processing
but are otherwise attractive nonvolatile memories. What is needed is a low cost, silicon
compatible, low voltage write/read memory that is radiation tolerant and nonvolatile with

reasonable write speeds and endurance. Unfortunately no such device exists in the art at

this time.



Summary of the Invention The basi c nechani sm expl oited herein to
formthe nmenory elenents of this invention is the novenent of ions
containing a single proton (hydrogen+, deuterium+, and

o A S - PCT[US97/16247 .
tritium--MB80M3fter hydrogenous ions) within a dielectric layer contained
bet ween two- sem conducting or conducting |layers that are inperneable to the

ions. An_electrigc, fi e\jedﬁj)g applied reversibly across the dielectric |ayer
to changm%%&f—kf——%eﬁti on of the hydrogenous ions within the

di el ectric | aygs pasldRehesis explaifedtteeimiodony drougnirp elementredftlist he same and
endures unless intentionally noved by the appl ﬁ&hiﬁn of+ a rever+sed

el ectri c ifventiah isdheomeverhent @ KIns SPRPEINEABREIE BIY YHREP ot OHE W eat e t hei r
own positivye.electric field [ =2 bl i i Lgl ectric
PR T DR R R (o i P

m cr oel ek oth&oRRIFARY or Sdrddus@ry idy@x tifeare smperpreetle o tae ions mettnemiéeac f or the
dielectric layer. The hydrogenous ions are Introduced into the gi electric

| ayer ei tfleld islappliedrevtrsibngreosathe diclaetrie fyer o changpdropehd posiyias ohthiospher e

by inplanting, hydr, i direct|y int ' e . Th
Poyers aBURESHRIS o BiReAe GrisrBE it “TigAesl b ap ey BlohaR b, | Yo, N
hi ghl'y i@@&%ig?ﬁ% shRe B B GE AL iREntidnRBy MvIEDBIEME Upplication vf 4 Rvéredd or

single crys ne silicon as a preferred choice. Electrodes are
associ at eflectiid field eroksathe réeledm By em ditel toeprotess gieate &eirqWh PeFjEfe t o create

the electric field to change.the.s, ial, pasition_of th [ pgenous ions.
The st at eclestrig figld, ‘hﬁﬁ‘rﬁ?%}lagpgﬂ’é‘?ﬂ w}t@‘%?]%?t @Flr"f?tﬂé&ayﬁﬂ/cagg)ﬁskﬁg%gm{}égngonduct ivity
of eithermg oxyla‘ferh ers adjacent to the dielectric. If the hydrogenous
i ons have been noved next to the interface between the dielectric |ayer
and the adj acewhes &nplemeied s anitraylectrorihmenos), siliven doxide isiacprefeard from

the ions will attract electrons_fromthe adjacent sem conducti. l.ayer to
t he i nt er bakedal f@h@\eé%‘i}eﬁﬁ‘aﬁg%gmw@%%t‘ Wﬁiaﬁ/‘mrﬁfgﬁg S ez‘%"gg%flf h
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nonvol at i ectric mater are enpl oyed, the nenory

el ement canpl@ing Hydrosehads ibes dissety yntotheadi@BANE taliert Ths layahi aovornd ol er ant
When i npl enented _as an opti cal _mam)ré,el‘gmenﬁ, an addi titoR%I corr.gongnt is
added. Thbelowshadickeretlpyr semariss 3 matpel thais pighly ImPEIQus it g EENRH %het ween
t he upper [ : eo&ifs I chsd B8 @bicR. t ranspar ent
el ect rodetﬂn%%gﬁgg?&g%gés}\gg{l ?glglegrgﬁ{ggye tél',l’is%és:%glrl1éso?xtai5]\9/\ef¥r to the spati al

posi tion @lectrbéesi pnsssaciatet] dihrthabyersiaht echnd|beloter the dileelrig.1ayen to create thepD
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the pr oS Cindty 8feggeﬁPFsede&frmhllh%yfs%%é%emlb&ﬁtmwfemésloi@ EHﬁMHifé%@édj yeeBie

formed as par arge array o ments, each of coul d be
i ndi vi dualtb yherdtelecttiy. 1fitihydragsiongions hpledteed movétmentte thhiotasfasrbeiveor
;Ffs Legtel ngtheo Iliile&:t?i% las;eg gnc\ﬂhtcgd}ageent%grtn{c%géucltigg ﬁary'er, ;gc] %oggi\rlg é’lec?t];ic %lef':drfr?gr%s coul d
the ions will attract electrons from the adjacent semiconducting layer to the interface
thereby changing the conductivity. When realized with silicon dioxide as the dielectric
layer, the memorv element is nonvolatile. When other dieléctric materials are employed,
the memory element can be a nonvolatile memory or a DRAM that is radiation tolerant
When implemented as an optical memory element, an additional component is
added. This is an electro-sensitive optical layer that is disposed between the upper layer

and the top electrode which is now made of a transparent electrode material. The optical

layer is sensitive to the spatial position of the ions and their associated electric field. An
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configured as a flat panel display. Brief Description of the Draw ngs
Figure 1A is a cross sectional view of one enbodi nent of the electronic
nmenory el QG ednoosy med as a pseudo ([err]) MOSFET with the hygieaaeads | ons
at the upper boundary of the oxide layer, and Figure 1B is a sinplified
graph of the current voltage (I-V) characteristic of the el enent..

Fi gure 2Aptisal shorosustisaditholasgr charags &t resprse HHBEPIessRce 8 2hsgaccefdlis r oni ¢

menory el shown in Fig..lA wWth t h ' t _the |ower
boundar y 1.t s ssans Tosfe Dricafiu e So e bPERRR ) BPBeleple B BET) |
char act erj§ti Goutd bé M1 BLIBREad by light passiglishidlady kifodetomapknght sthe |-V
characteristic of a SIMOX [err]- FET structure. and Figure 3B is a graph

of the Crflahiagatfitbe sise withahe eptickdBywagaeiattay of elsmetiooprid plselhe  respecti ve
i nserts. Fi gures 4@ﬂgnd 4B show, respectively, drain current decay
and a cr coafigwed aon Hpt PaaehdRIEY representation of the migration of the
hydr ogenous ions causi ng the decay. Figure 5 is a graph show ng
initial rate of decay of drain current as a function of gate bias. Each
dat a poi nbri¢fapsestivrsofttheDiavwingsal sl ope of the |-t curves of Fig. 4A
Different T-t curves were obtajned by first aopdrﬂ)lé_ing a + 60 V substrate
bias for 5 mi rUEWS 14 is asessieAtiape iRk of BRerRPORMENt PR e lSHENIGRSRALY t he

oxi de | ay i f i L i fferent
nouat 1 ve. SoRErTapR iRy MGRTET VAl VBRI S RESMR LB ares i
to the daﬁcﬁmﬁﬂ?'%f eheBdde layer, and Figurei 1Bk @ sffplifiedamaphrof hisndumenplaitagef - t he
initial rate of decay of the normalized drain current. The data were taken
as in Fi g(I-\d) dhprapieristic ofype 9iemgnla + 60 V substrate bias for 5 nminutes, but

now foll owed by. swiiching tq_-. r i i : strate
tenmperatures. Fi &ﬁa‘rié& 5B ‘%ﬁs v‘f’rgaﬁ%}gl %{S\S%Eﬁezeeab%gg?:%gog‘?‘eg kgfrgélgﬁ{nen%gfr ent vs.
'{/\'0”88?509%1%1&%1%}10% in Fig. 1A with the hydrogenous ions at the lower boundary of the oxide 3

PCT/ US97/ legex and Figure 2B j5 agimplifred graph ef e & Vseheracisnatic of thoelgmeatot her

enbodi nent of the ctronic el enent. e ry

el ement for us 1giuﬁ?'ei':,jg r‘ﬁ %W@P}il Sﬁggm? 'MCh%%gﬁé%fﬁég%@&ﬁﬁsgﬁﬁfﬁg&g%ﬁb
silicon suRSFipafeSB is a graph &fi tHICEV hdrcteri@icafan MO hpatiea Sy Bewh idthe
characteristic for the eﬁ)errent of Fig. 7. Figure 9 is a graph

show ng t speattvemsed® characteristic of the element of Fig. 7 at room

t enperat ure. . i qu 0. is_a_graph,show n he retention ..
character ot i c IR b ao b FeReghaRa el ¥iudesRy b £ 0sS Sotonal

schematic representation of the migration of the hydrogenous ions causing the decay.

Figurc(: 5 is a graph showing initial rate of decay of drain current as a function of
gate bias. Each data point represents the initial slope of the [-t curves of Fig. 4A. '
Different I-t curves were obtained by first applying a + 60 V substrate bias for 5 minutes
to accumulate the ions at the interface between the oxide layer and the upper Si layer,
followed by switching to different negative substrate biases. The dashed line is a y = ax?
least squares fit to the data (a = 0.002).

Figure 6A is an Arrhenius plot of the initial rate of decay of the normalized drain
current. The data were taken as in Fig. 5 by first applying a + 60 V substrate bias for
5 minutes, but now followed by switching to - 10 V substrate bias at different substrate
temperatures. Figure 6B shows the normalized decay of the drain current vs. time at

73° C.
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Figures 11A and 11B are endurance and radi ation tol erance response graphs
for a nenory elenment of this invention and a conventional electronic nenory

el enent r‘ﬁégg%yel y. Figure 12 is a cross sectio Tlﬁ@ﬁ/\%ﬁ‘fl an
optical nenory él'ement used reflectively. Figure 1 S a Cross
sectional vicew of an optical nmenory el enent used transm ssively. Det ai | ed

Descri.ption of Fighe 1 Rwanéds@ectional view of iotifdrfeatibdineht dftbe elgetroriions i n

m croel ectroni c devi ces have been studied for_sone tine. . .

Met al - oxi deroentleneriubere en cmbesjded samsy elgment B pissia GORBNGHOR; Witheprr adi at i on
or hot carrier stress degrade t creation of electrically active
defects af™fi& %%‘F‘S‘ét-sggntig%%%%#gornS?‘R.%tga‘r%?'ace. Many studies suggest that
ioni ¢ hydrogenpphaysisth &eph s1themetsubdd ISV dBaaaeadticbr th Bletlegt SRRIg e Of
studyi ng these probl ens, the inportant discovery of the hystersis of the
current - vol t agBighte\y ischgmptcsheming the setention chiaxartensticiaf theglemes @hf @ Aiahg such
protons and surrounded by conducting or sem conducting | ayers was nmade by
t he i‘nyenﬂﬂ‘%“’l’ﬂﬂe@nﬁ.&_ The initial discovery was made in the course of

i nvestigating i:gg%réidiscao%}gmﬂo%&g BE NtertBRlchaBE it AF 1R BN: BeFighas si nce
been expanded tO nore conventional silicon processing systens. As
was nenti dighttemperatre.t he fundanental pr.oton di splacenent mechanismis

applicable to electronic nenory and al so,to.optical menory that is
optical l'y readFHyFes lélpe%‘tdrﬂg?’f:ﬁn pice &Rd Teiatio (iR TFRPO RhsdRbRd di ment

will be di f| - : : . a 4
t

WO 98/ 109512%? €flndehf 5 this invention and a conventional electronic memory ejlemen,

PCT/ US97/ kespéotiveld. ect roni ¢ Menory The mechani sm enbodi ed in an

el ectronic nmenory is_perhaps npst readily understood by study of Figures
1A, 1B, 2A and Fare 2 g @ossgertiongl §meénéﬁ%%ﬂ?@ﬁﬂ%?m?%§5%¥ectroni c
menory w tx@ﬂéc'ﬂ@elg)(i de layer 10 surrounded by the silicon substrate 12 bel ow
and the upper p-Si |ayer 14 -above. A gate electrode 18 is attached to the
bottom of the figstnaies craskesionateieR®dfandptcahinrmdzy dbmmedtrseles are attached
to n+ regions of the upper |layer 14. The nobil e hydrogenous ions 16 are at
the top oftraf@isgiXelde | ayer. This spatial position of the ions produces the
"ON' condition shown in the sinplified |-V curve in Figure 1B. The presence
of the positively charged ions 16 attracts the nobile electrons in the p
regi on of D&eiladiPatribwotest thdidventide | nterface between | ayers 10 and 14,

t hereby creating a conducting channel at the base of the upper |ayer 14 so
that current wiihe efigsis|of hpdregemiopsidnicroniecanic davigssdays bgen sBldicdPbdes.

Figure 2A d. k&@[eﬁa@g‘gildg-&ggpﬁ?gﬂc?% (M?th%%?%ﬁ&%?cp&é%ﬁ% ifisigy moved to

the bottom of the oxide laye
radiation or hot carrier stress degrade due to the creation of electrically active defects at

the oxide-semiconductor interface. Many studies suggest that ionic hydrogen plays a key
role in this degradation. In the course of studying these problems, the important
discovery of the hystersis of the current-voltage (IV) characteristics in a dielectric layer
containing such protons and surrounded by conducting or semiconducting layers was
made by the inventors herein. The initial discovery was made in the course of
investigating the silicon-on-insulator (SOI) material system but has since been expanded
to more conventional silicon processing systems. .

As was mentioned above, the fundamental proton displacement mechanism is
applicable to electronic memory and also to optical memory that is optically read but

electrically written. The electronic memory embodiment will be discussed first.



position the electric field created by the ions is no | onger strong enough
to create the conductive channel in the upper layer 14. This produces the
' OFF" corngiotssaes2shown in the |-V curve in Figure 2B. The iponasifiiase noved
by pl acing the voltage biases shown on the gate el ectrode 18 as shown in
Figures 1A and 2A. These devices could also be fabricated wth p+ regions
at the sdUfE@"Ene 8P n el ectrodes. The initial devices created to

dermonstrate t i r . H+ (D+)
ons wer o 1 nt ragaRbisambRiR P b Bl kb Bon gl Wi g ¢ ne

st ruct ur emters@od g sndenf ibidselrd, U, zammﬁalemgnalmwﬁﬁfp% emb&iimeAt i al
position of the ions in the oxide |ayer was nonitored by high

f r equency: @tﬁﬁé@ﬁt@a%@efv@HYtVd@bth&ﬂdl@dFﬁér¥9 syispungesebyniba silicemeuhisgae fi2gur es  3A

d 3B bi | b ft d
ot oo UhIYGy AR St bR 14 ) & Bhee YRR i ol B RE RRHBAT of gat
bi as acrq&@sm@at@mn@%oaﬂcedofaﬁ@aﬁm 21 ERBREIRS We%ﬁaﬁ@@tm\%g%ngﬂfﬁg that the

ions created by the introduction of the hydr ogenous gas re responsible
for-the hqostrdamﬂlé it emabsle hiydrogomuls ions 16 are at tidwop of thiefokifedayert Yhigs of

Si/S t t t ed { by th | t at
o oy perPRes RS ok e S P R BB SR B vain e sgieca 100y O
subst r at e Wetih FI%Q KBVTge%Eé's]mde%@%hé FoshiviRBaRtd tnd 1 & adBer 18 STLRS T

fol |l oned by- a subsequent 5
WO 98/ 10F2éstrons in the p region of the upper layer 14 to the interface: between layers 10 and 14,

PCT/ US97/ 16247 anneal t 132 err in Ar, + 1% (JQerr]. This resulted in a
200-nm  rBTERY §5Rtng 4 fRo S?t"{gc‘:%é}“)el a 'gﬁ Srsed thegipperlayer A8 go rat Burens avilbxi de

| ayer r ers.
Zo%e rref&a%lgg 2%;0 a IelE @gﬁ sghﬁ:z: %ﬁ/ﬁg%@%"?ﬁ% \éﬁg“rf tz\'éle%h%‘fg& s§¥‘ FEVSF i al . with
a 330- nm witinthe thydtogkhdusdorts 1d ryemoved toahe béttotn 3f theskilienaybi ok Rukked oxi de

| ayer, were, also investigated. Apart fromthese two SO materials we al so
st udi ed POSIIQRARS Yestre fisk cregtey lof the ipnsds mriomavrr@rcynmwpahitwmatem undoped

ly-Si | d | ed
Ego% [ Ier r(%}é&%%i(rv‘l chﬁ{r{el ﬁ@ﬁl?h la&pﬁn PR YR theP ?n %%n %]18 agfqe?as er agf

t he waf ertbe w\,a/scmmaagune 2@ H‘Hﬂlﬁﬁ&f 16 &elheved sgagab wgmemomw Badddkpaigh a mask,
| eavi ng beh i sol at d rectangul ar strips ( of top Si |ayer.

This was Yb égﬁ e SHAER! S anihayd 18 figuse A aad %eﬂmﬁbéwwsezouldm k&nd t hr ough
the buri elb@ehelenlhy®redtily dithd R URE AMIPRERRLN! CONt act

pseudo- net
The initial devices created to demonstrate the invention were formed in Si/810,/Si

structures. H¥ (D+) ions were introduced into the buried Si0, layer by annealing the
structure in a hydrogen (deuterium) containing atmosphere. The spatial position of the
ions in the oxide layer was monitored by high frequency capacitance voltage and current
voltage measurements (Figures 3A and 3B). The reversibility and transient behavior of
the proton and deuteron migration inside the oxide layer was studied as a function of gate
bias across the oxide at different temperatures and demonstrated that the ions created by
the introduction of the hydrogenous gas were responsible for the hysteresis effects
observed.

Three different types of Si/SiOz/Si materials were investigated. Separation by the
implantation of oxygen (SIMOX) samples were formed by implanting a p-type Si(100)

substrate with 190-keV O™ ions to a dose of 1.8 x 1018 cm2 followed by a subsequent



sem conductor-field effect-transistor ([err]-MOSFET) nmeasurenents, and to
facilitate lateral diffusion of hydrogen (deuteriun) into the buried oxide

during thgv(;%r,@%g gas anneal . This lateral diffusion is gcyaisgindecause
t he anmount” © lhy rogen diffusing through the top c-Si layer into the buried

oxide is negligible, due to the very low solubility of hydrogen in Si.

For mi ng- game4lRG) 3IMN[@irr Ar H &4 0 Th résubed i 2240 nDmenerystgling S byySVol une,
99. 999% pure)) and nitrogen (99.999% pure) anneal treatnments were

per f or medlayei angopof & 400-nmv BuigH oxidg dayer. A0 thadydds layes it @AdVirhed BeWEee f ur nace

bet ween 300 apd 900 Lerr fo 00, t i C
measur emeRY&C-St e Z9p¢ %'rﬁy%gg%&géggﬁ) g@i“ﬁf&?ﬁ%@@ﬁ?&ﬁe&ghﬁnt? on
the Si/Si gQhghrahos HichbergBalife gl ta'ya%nmmm@n&mmmdw@ lapdevat 1 Moz

with a nmercury probe or dots (= err] contact area) formng gate
cont act s. als€invesigatedo|Apagdrant theye weaSQL materiels Weralsolsaidgid/ asitaydard thermpa

structures were perf.orned usi. the poi,nt-contact [.e - VOSFET t echni .
The bur! cSidnReRn ik B aR R PRt Bt Rl i BRGO LR et g I
| ayer represents the tr,ansi b . T tyl of a standard four oi nt
pr)c/)be argdﬁ?oég%%a”énanpﬁge?%tpﬁgla Fgél)rg:)?/htl% $rllr,{1£)§?lé soufce and dr a:Jn pgi Int

contacts, whi gy g?gf,iqg% i Mgéio@% ibéfeﬁ%ie’?&le& th 4 BROJACH 3 OO OHIEFS!

substrate. shows the hysteretic béhavior of the |-V

curves on nghMXhafuloB'a rhisk, 1eaﬂﬁ§wﬁﬂa Rofafd rb@irchGr figpa(eal by Sintrh) ¢
features were observed in the ZMR and the poly-Si - )
6 WO SigAy@9This was done to reduce leakage currents at the substrate edges and through

PCT/ US97/ 16247. , C ed thermal oxide, —and occu ver neal

t enper at urtee ?%ﬁ&@x?q%gm%éﬁr’?%ﬁgbﬁe%dﬁ pont %‘?a&{eps%uﬁ%?%trag%@géd with a

decr easi NG QalRdet0Sd18 atfedt-thastof {P MOBPET h¥BuleMeMEIadit¥ Elcilkbic@itedahe bi as
was kept constant at the initial value (+ 40 V) for 5 minutes. Curve 2 was

subsequentdiffusiecadiiydd ass i(daptariven)oppdlss buiedaxilevivtingithe fevmiap galt awetli on (from
negative tQ positive) after holdin he gate bias at,.the initial,value (-
709 1 o Sribiiral pElsichs Sl byt AP OR: ar D EopeiEtng et ple T ha
the originag; 15%\12&3&1\{%& ClokRield ndiBSiHIOuE &F thaCed) 16 s6lavRits by ddiRn Vel t age

I
sweep direction (curve 2). Curve 3 was recorded after curve 2 using the
sane proce®ure described for curve 1, showing the reversibility of the

Process o EopemaERSER) NS 58 O, Y818y Yohnet B 380 e an OV v
nitrogen (99.999% pure) anneal treatments were performed using a flow through a quartz
tube inserted.into a tube furnace between 300 and 900 °C for 30 min. For the
capacitance-voltage (C-¥) measurements, the Si strips were etched off using KOH. C-V

measurements on the Si/Si07 structures resulting from the KOH etch were made at

1 MHz with a mercury probe or Al dots (= 1 mm? contac;t area) forming gate contacts.
Current-voltage (/-V¥) measurements on the Si/Si07/Si structures were performed using
the point-contact ‘¥-MOSFET technique. The buried oxide plays the role of the gate
dielectric and the top Si layer represents the transistor body. Two tips of a standard four
point probe are placed on the top Si layer to form the source and drain point contacts,
while the gate voliage is applied to the back of the Si substrate.

Figure 3A shows the hysteretic behavior of the -V curves on SIMOX after it

received a 550 °C FG anneal. Similar features were observed in the ZMR and the poly-Si



axis. This voltage shift ([err]V) is proportional to the charge density and
depends on its spatial distribution in the SiQ2 |ayer:

[err] weios i s the electronic charge, d is the oxi deedinsvrmesas, [err]
i's the oxide dielectric constant, and p(x) is the local charge density in
the dielectric. For the MOS capacitors. the variable "x" is the distance
bet ween tchpeli desainabootide, anti argys ovend F@rraneah éemperaiire gage fropp$00 10 °C.

“MOSFtT, x is the dist bet th : .
Subst £ at G ey epytes ridys e e a s pa e BB R IR e i n o
1, [err]Vels,maxindzed f o o hes: bies inliaVORRER 44 Vi he s nebaegeCisebogat ed near
Pfrélhg mPerfn d) and

t
thetop-§ err ace (x= IS mnimzed if it is |ocated

near the sghdeghdntlyecdird&l @isg the oppdsire frateevoftagesv@yp dif¢etion éfgeminggativelte age
shifts AVvinthe |- V '

n . plots are caysed b Ltiye charges in the buried
Si 2 ( ar qusitiverafiet poldine the gatedyasyat theaitial 33.(“40 (9%.5./) g%sse‘Pv‘e steretic
behavi or js the result of ' | [ agdual j char ged
i oni ¢ speCyREeHE o %%lé’rﬁ?vgkef tLerr &%%Jépﬁgglec 0tEll g!@ﬁ?g%:ﬁé?%drgﬂl)gb%s?& of
behavi or MRged bh Pverng Ehé%lta%é SiieepliireaidnTguive 2/ Cuave Nes tdcordeiafieng t hat
the presence of "hydrogen in the anneal anbient triggers the hysteretic
behavi or ; curte 2 ssingthedametpsogediieldesaribrd £ iFlRIF In shavieg the reversibility of the
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PCT/ US97/B'8%A% If the top Si layer is renoved and'an MOS capacitor

is formed, it f,3.009eUEYe ik oxidecviftai@ase BPRAVE o S5t alAag thdwilid) err]
dielectric through the netal gate under negative gate

axis. This voltage shift (AV) is proportional to the charge density and depends on its

spatial distribution in the SiO7 layer:
e d
AV=- = [xp@)dx (1)
£ 0

where ¢ is the electronic charge, d is the oxide thickness, € is the oxide dielectric
constant, and p(x) is the local charge density in the dielectric. For the MOS capacitors,
the variable "x" is the distance between the local oxide charge r(x) and the metal gate; for

the W-MOSFET, x is the distance between the charge and the substrate-Si/SiO3 interface.
As can be seen from the integral in Eq. 1, AV is maximized for the ¥-MOSFET if the
charge is located near the top-Si/SiO? interface (x~ d) and is minimized if it is located

near the substrate-Si/SiO? interface (x = (). The negative voltage shifts AV in the [-V

plots are caused by positive charges in the buried SiO7 (areal density ~ 2 x 1012 cm-2).

The observed hysteretic behavior is the result of an electric field induced migration of a

charged ionic species from one Si/SiO? interface to the other. This type of behavior was -
not observed after annealing in Ar or N2, showing that the presence of hydrogen in the

anneal ambient triggers the hysteretic behavior; it is not due to mobile ion contamination.



bias. This further denonstrates that the nobile species involved are
positively charged. The crucial role of the hydrogen anneal step to trigger
the hyst eggldefia ﬁ%fec" and the nuch higher solubility of PpygieepR2and
reaction 1 n netal capacitor gates such as Al or Hg as conpared to Si,

col l ectively suggest that the nobile charge is The {ransient
behavi or of ~Hhie Hp&i dayenguemavesiad ga M@%F%Rai%?f i Fqsmeaﬁt b?ét?é?ﬁﬁ? hay

f h d
Funct | offegeres fhesierecaga e \ar ARts beteh S R diiiter MBI ECC 00 2
by fir S%ggpﬁv\% de?gc?i{s{rhtggthatvtﬁc %bﬁl@?pe%lé?%ﬁxfoﬁeﬁ aff po%lt(v%l}q}ﬁﬂé]' e/ Si device

structu “cauSes positive 1on ‘accunulation in a th ayer at the
top- Si / $hkRkdal rdwaeﬂhéay@mgarmaldeapaomg@m hy#etete efftitsand thwaughol arity of
VG was reversed, forcing the ions tQ mgrate avvay fromth unul at ed
| ayer i higher sobubisiitllof biydrogen midapastion in Tl 6aIaiE ZBteS F%ﬁbsasgﬁéy Bm t he
charge |ayer accumul ated at the top- Slé err nterface, induced by the
appl i edcmm:arp@tq/@b Folipstively paggesidhat dheuaol ff’ré{aﬂi? Hvited current. Space
charge |1 m t qde GULGEN ekl S AR ARRLLE ERARIRERAbE BhPaPiEuhBlgal ed 1 nto

an insul ator, no ot her arges are pr ving Polsson's

equat | Orintf:ﬁicﬂlh'é.)&r Bt Ml ectlly bfthel buried SiOheaye}l was andhyree as a faictibn b6 t he rate of
decrease in the charge density accunul ated at the top-Si/Si CIerr]

i nt er f ackfferdit[gatervoltiages (¥e) sphteepetaturgs  Thisrvasdonedyifustapplydng a plesitivet y int he

SiJerr] layer. and errlHerr] is the ionic -nobiljty When
the posiXG teetht swtistraictag 510233{-#13"!@ SHUEHIFS: ‘%ﬂl%‘@ﬂcaé‘ﬁcstﬂ?é‘t‘t"%o% /Sigerr]
interface ina[err]-MOSFET structure it wll |nduceq_ ative

t hr esholadcwmblbtigyeinstihint laygrat Hi tmp—SU&théterfa@er(awgk @tnéuty tha Fhissi cs. As a
result, an inversion channel is formed in the g Z}Pte t}?
8 the polarity of VG was reversed, forcing the ions to migrate away fro e accumulated
layer into the bulk of the S102. The exodus of ions away from the charge layer
" accurnulated at the top-Si/SiO? interface, induced by the applied VG, is well described as
space-charge-limited current. Space charge limited current flows when mobile charge

carriers are injected into an insulator, where no other charges are present. Solving

Poisson's equation for this problem yields:

15QH+ VG2
5~ = JHT p —3 mH, @)

pou*
Dt

where is the rate of decrease in the charge density accumulated at the top-Si/SiO2

interface, JH is the space charge limited ionic current density in the SiO2 layer. and
pHT is the ionic mobility.

When the positive ionic charge, OH™, is accumulated at the top-Si/Si0O? interface

in 2 ¥-MOSFET structure it will induce a negative threshold voltage shift, A ¥, in the

transistor characteristics. As a result, an inversion channel is formed in the p-type top Si



| ayer at the top-Si/Siderr] interface, and a drain current (ID) wll flow
inthe [err]- MOSFET device. W will assunme a linear relationship between

QH and t hwogsgesssti ng threshol d voltage shift AV at the peruseniedr
top-Si/buried-Si2 interface at any tine during the field induced ionic

drift. This'is only an approxi mation since t exact expressjon for the

t hr eshol dlayen at gigcopthifSiOz H\?‘iffa\?évsa“fiﬁt‘gﬁ‘ﬂé’t‘?%‘ﬁqﬁmé’}”ﬂ fiow wrine teMOSTd | ayer as
described in Eq. 1. W will also assune a |i near, rel ati onship between [err]
V and t hedéwcer |WaBSIFESsuthea lmeauretadiepshipbetveeHj ane theoesulges Weesbedd! | er t han
the voltage shift [err]V. As can be seen fromFig 3A this aqgears to be a
r easonabl Eoltagp ki 4rkiat is. top-CHRWeRhRIN2 pterfaproat dBY: HIg Suripg thodielg wndgeqdunct i on
of tinme after switching the gate bi.as . polarity, err] can he asured
as a dec_ré‘&iﬁad’i‘ff'l %‘Bs(‘ﬁ/ yf“i‘ﬁgpr?x‘fr_@r“f’]‘ sﬁnge geéﬁ?%e’ipr%sé)on f%%\ﬁg}“te_ﬁ@l%gcay of
IDvs. ti TBitdgd shifl i ?Eﬂvémgﬁoﬁ%%%e ek GxrRNSR} AtiedMRedRES! | alye The

positive ions were first drawn to the top-Si/Si'Jerr] interface with a VG =
+ 60 V subsll alat esshires lirfeat tetatedsHiy betwicere hilfapdithe YVOMOSFED draiardrramti/pk ai ni ng
the substrate at 73 [err]C. The schematic in Fig. 4B shows an SO cross
section, wiany gateevodiage UG onaller then thecwiiageshiod 16| g&@ancm:sseﬁrnfrpmeﬁg 8p- Si
inversion |ayer and the ionic distribution, on the sane tine scale as Fig
4A. The i riiis agjearsas ée afreasenable appraximaficr. r§onseduestt thedteataasecinr @ghitas per r |
obtained fromthe ID vs. t curves such as the one shown in Fig. 4A was

al so anal yzed. The VG dependence was neasured B.switching to  different
negative MBCHPRef timeafier SAidRY 18 BAE bias@claphs at, T herands s wedpey |
interface. It was found that the electric fiel é& dependence of the initial

decay rate is well described &y uar e- | aw behavj or anti.ci pated from
Eq. 2. |t 98fi5Riean e oNstiuae haf, t ﬁesﬁg‘l‘rﬁ i(Gkﬁ%wﬁH\‘jH{eW@QevseHﬂleé?éd and t he
relatively long tinme scale are a function of the relatively thick oxide

| ayer testBMMOBFET device on FGeannpaled ZdfRimateriah elhiegusitivenops Mete/firshdigwn t@ i s

governed hy 8 'NREGSLANAS MR PE NIPR) PIuRESSHR, ANSwhs bILuEMhibY to
VG =-10 V and maintaining the substrate at 73 °°C. The schematic in Fig. 4B shows an

SOI cross section, with the evolution of the conduction electrons in the top-Si inversion

layer and the ionic distribution, on the same time scale as Fig 4A. The initial rate of

A
decay of the \W-MOSFET drain current —Xf- obtained from the /p vs. t curves such as

the one shown in Fig. 4A was also analyzed. The V(G dependence was measured by
switching to different negative V(G after first accumulating the ions at the top-Si/SiO2
interface. It was found that the electric field dependence of the initial decay rate is well
described by a square-law behavior as anticipated from Eq. 2. It should be noted that the
relatively high voltage employed and the relatively long time scale are a function of the
relatively thick oxide layer tested here.

To first order, the ionic mobility in Eq. 2 is governed by a thermally activated

hopping process and is given by:
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PCT/ US97/ 16247 [err] where g is the ionic
charge, awoyshbRsi ntersite hopping distance, E[err] is thecggibiakion
energy, kB is Boltzmann s constant and T is the absolute tenperature. The
paranmeter v = [err] is the atterrp to escape frequency, in which [err]" is
the second derlvatlve of?t e )wg a descri bing the pot e@5i al -well of the
hoppi ng site, and Mis tskeTmass ‘0kBTHé ionic species. Hopping sinply
inplies that the ion noves through the lattice by consecutive junps (hops)
fromone site to another, and that the ion nust have enough energy (> Ea)

before th th bl onc T
det or mi nGWEFq RYF GHOR EFES & P =L BOTRTH SR ek SO JARAL (e

[ err]-MOSEET drai urrent I e again.
measur ed SHATEYhiB n%%l Fas Ollggenstlglr\az’ ‘5%%@%2&% CD% Mt&rtg hg{‘g? gmf@%hperat ure
was varied at fixed VG (-10 V). Figure 5 shows the Arrheni us pl ot of

[err] Vo= &-r rd th@%}%g?ﬂt% esgalpgzx‘iq@ncg‘%ﬁ%ﬂlﬁ{b@ﬁ 11 detbfdeSivatiteZdfRhe

structures t wer e ogena or deuterated at 600[err] C. Fromthis

pl ot, we deduce an_activation en El e e r the onic nobilit
for both RASGNAFGHIRGIEPoteRty- ‘ﬁé[]géhﬁ 8%?%51?1? ?P%é’f’ B\'er‘?ass?h REIOMF ye i s i %
good agr eoRBel. 4 n‘S‘? éhﬁlp%trkﬁe;ﬂgk t t3Gbh &fafvésqnmeaﬁfh@yare& byrcdmectipadar d

t her mal er ence 1 n absolute val des between the two
curves i njuldpy (hdiu&) fromh BB site sudnithet, ranttizat diefibe mastdave enduple eperey Gcfg)y

before the jump can occur with any reasonable probability.
To determine E4 for H motion, the initial rate of decay of the W-MOSFET drain
Alp : . :
current Yl in FG-annealed ZMR devices was again measured in the same way as

described above, except that the temperature was varied at a fixed VG (-10 V). Figure 5

shows the Arrhenius plot of vs. T-1 (see Eqgs. 2 and 3) measured on Si/SiO2/Si

(ZMR) structures that were hydrogenated or deuterated at 600° C. From this plot, we

deduce an activation energy Eg = 0.8 eV for the ionic mobility for both the hydrogenated

and deuterated buried SiO7. This value is in good agreement with the diffusion

activation energy of H™ in standard thermal SiO7 thin films. The difference in absolute

values between the two curves in Fig. 6A and 6B results from a difference in the prefactor

of Eq. 3 of 1.5, again in good agreement with the theoretically expected difference of

=3 .

This observed hysteretic behavior can be utilized in a non-volatile NVFET
memory device. An n-channel transistor can be changed to "normally on" or "normally
off" by applying a positive or negative gate (substrate) bias which will drift the protons to

the top Si/SiO7 or substrate Si/SiO7 interface, respectively. For a memory device this

10



of Eq. 3 of 1.5, again in good agreenent with the theoretically expected
di fference of [err] Thi s observed hysteretic behavior can
be utilizZ®® MWAMKBSnon-vol atile NVFET nenory device. An n- ®CANISY/1624ANSI st or
can be changed to "normally on" or "normally off" by applying a positive
or negatiye t 4 | Lkt Mk In g gt bhg o the top
Si/Siq erc\réfbg?&egﬁ%g&%t e |/tg?Cf\§<r:érAﬁa a|Ct§1lt er aceé,;lj frOe’erf) ctCtF)‘\;/e y?éﬁ%gtk}f menory

devi ce t NjeSice, the zero bias drain current /g is simply measured (high current then corresf@nds WO
98/ 10925

PCT/ US97/ta 64T state 4", Hewicntremtpo £8'g.chsassualizediingigshb 2déwnd 4. fmcenttast wish at e "

1" or "0", respectively. To.,read the, device, the.zero bjas drai.n current
Lerr] i sheinsigbyitis fietdieaseHiisactatok i FioBHe (955 ibSioln BRATES BSHER ¢ st at e

0") . i sualized. in. Fids. .l da, |
with the SHEIER PR gt viad ho¥ RHREE kR dd Bibvin sl it Aftedembifls °P11 2!

0

1", low current to,,"0"

SiQerr] ’ig?lga%rstg?e fogasé}tﬂo@ 3 wifiEREL HRDS oo th%m‘?&%,i fgﬁélfeheg%wg{i@@@s once

witten t Specitrc sta evice remal ns | or over

10[err] Zpeminh&i 6 HedlsthR 28008 W that@he EdiidehREiNPERurel 3L EJUR vaXBRFsEENt S

performed on these structures show that the device easily endures over
10[ err] wwyictes withaseanyydsgedatignt. hout any degr adati on. For menory

devices, a shart wite tine is desirable. For .the.device.used,in.Fig. 4 the
wite tine wo&fo& “_E‘)eén%d{‘ﬂ”cis@ﬁ qur?wltef @F’F b’v\‘gfs bg“me@d _eZEetvllﬁf_tuSFﬁH‘r&_Efévi ce
speed is thRRRROLie AR bOatHe16d 5. MBSIIdEysChrdrd By hEthRtthE aehiexigled thi ckness.
For devices fabricated using the poly-Si-capped 40-nmthermal oxide

subst r at epRBosiBAMWIo LS, RitEH £is fhe Buriddiok@lelthitRn@f. FaliewcePAbABatvBSsipser ved
at roomtenperature, in good agreenent with the d[err] dependence predicted

f r om t heothg pol$iteappedé® nmghérmsl oxide subsirate ap slivovnain Fepre d, 4 writddment t her mal
oxi des. Even nore significantly, the latter result denonstratges that these
non- vol aghque3§ ms|vrsebferred atraes ftepRaratpiQyfnERoRd gersement vath ®e<s Ho not require

SOt SUbs! 1 EuncPYfeafOll A TARL MR BRLNST TR X055 CAPRE A . 2

poly-Si layer, a procedure in processin

t o Fi gur ethérthélfoxites e Edet Role sdghifittintly atht GtteatdsviedehitsG@es thaPheydoonl ayer 42
is fornmed on a silicon substrate 40. An oxide | ayer 44, which can be

ei ther a tplatlgdicldsdfers ransisier NOFED) gegrecsy devicepdogsot reqpise SO substeieed on t op

of the p- bYPSn Ib@¥a?€ricé ed%@%g?l%or%gpoﬁé{es%apped with a poly-Si layer, a standard
procedure in Si-MOS processing.

Turning to Figure 7 for more detail on this alternative device, a p-type layer 42 is

formedona siLicon substrate 40. An oxide layer 44, which can be either a thermal oxide
layer or a deposited oxide layer, is formed on top of the p-type layer 42 and capped by a
polycrystalline silicon layer 46. The hydrogenous ions are introduced into the oxide layer
at this point, either by annealing in a hydrogenous gas atmosphere or by ion implantation.
The n+ drain 48 and source 50 regions are formed, and finally the various electrodes are
formed. To write the device, normally substrate 41, source 51, and drain 49 electrodes
would be connected to ground with the gate electrode being biased positively or
negatively to change the spatial position of the hydrogenous ions. Figure 8 is a graph

showing the I-V characteristic of the device of Figure 7, where the ions were formed in

1



pol ycrystalline silicon |ayer 46. The hydrogenous ions are introduced into
the oxide layer at this point, either by annealing in a hydrogenous gas.

at nosphemngp 98710835 1 on i npl antation. The n+ drain 48 and SEIEs97/B624T egi ons
are formed, and finally the various electrodes are formed. To wite the
devi ce,  nor.mal : o i woul d be
connect 4 RGeS i A hoe A FE: i (ARG, TERcEEbIORES, | or
negat i vk Yabtieated antiey+ egiofpatiduathegosict amhdmafn didverotiasdr ogenous i ons. Figure 8
is a graph showing the |-V characteristic of the device of Figure 7, where
t he i ons wer éhisd¥YeBTidavice has poigntigiadyantpges over state-of-the-art non-volatile

PCT/ US97/ 16247  the oxide |ayer. b 1 Qute.anneal at..550  Cin formng
gas. Thi“?mtfl’éX/feEQ“{]%fFﬁs%ﬁsaa?gaéﬁF%%Fﬁgggyén %lﬁ ltfﬁpel‘;g’ F%Hgé%%ut the source
and dr aijf @ foptasee are certainly Bofipd¥dive WideMbeexikRasy RelRNdia itadvant ages
over state-of-the-art non-volatile nmenory technol ogi es such as Flash and
EEPROM siifril¢ran desigs,pequires fewesprocgssizgisteps dparatesat puich dowierrvobiagese certainly
conpetitive with these existing technologies, it is sinpler _in design,
requires fewEinalyowediscwrg the mpehanismeqansiag thetinepmparationafmabsle i giens in
Finally, di,scyss the,. mec J. causi.n he i,n orati-on,of nobile

H err] i”be\r,@rﬁeﬂﬁllQ%?gﬁf P%@gg:@ééyfl F&%é?gm%g’&w%&q@sm@ materi al s
during @ 0 Sod< 4 ; ele Pl (1200- 1325
[err] © gglr:eg}l?g% nerrx;aerlélllIe (g?oed; cr eggg%aélé{?%ﬁa%kﬁa%gggg%g&% i -Si bonds) in
t he bur ivaehneiek (8- Sii bon€k)dn thedjubied skida via © vut-tigfuSioffen the S10pintd@etap and
substrate Si |ayers. Because these strained Si-Si bonds can act as H2

cr acki ngné sthegaterSi layees. Racaesd tBisORtrainé§i-Sirtendsdaalaptsas Hj ¢raskifigsites fre
generation of protons at elevated tenperature..Since the solubility of
hydr ogerhspeiadsiOpnthey eie qatalyspaites Sorcthe genersion of motans at slpvated | ar gel y
"inprisoned” in the buried Sigerr] layer, sandw ched between the two
encapsul tempergtusi. Sinpgdhessolubility of iidrogen snetigs nsc-$ids tava oaes foomedthad¥rier for
hydr ogen., Wi.l & there seens .to. be. eculiar.affinit etween Si 2 and the
nydr ogers (e rerpiased i o st Bicd BYEL A den bbb A IV co For

nonvol atd : ; i el 1S d 0 onpass any
Tt er 1 Al e B e R o S e T e e

These crihakisegnsiottes feonitarnéfinitydictwednSiOh enth ilghrytmgpeuaianseéhaanneal i ng
process as  the Ofromthe silicon dioxide structures in the oxide diffuse
acr oss tROYifes the pxcedlent cherpcterigiggsdprsnanyolatile memery sthe sropr phthe igyegion As the O

Cr acki ngisSEIed % el o i AyioRsiall SRS Bidardibacaper

wi thin tfags.oxide layer by inplanting Si ions into the oxide |layer to form

the cracking sites. Once the cracki n% sites have forned, one should avoid
furt her These cracking sites form naturally by the high temperature annealing process as

the O from the silicon dioxide structures in the oxide diffuse across to the pure silicon
_regions in the layers on either side. As the O migrates av;/ay, Si - Si bonds are created in
the oxide layers that form the cracking sites. However, these Si - Si bonds may also be
created deeper within the oxide layer by implanting Si ions into the oxide layer to form
the cracking sites. Once the cracking sites have formed, one should avoid further
prolonged long duration high temperature processing steps for the devices. Short
duration processes such as Al metallizations at 450 © C or lower are permissible, but

higher temperatures should be avoided.

12



prol onged | ong duration high tenperature processing steps for the devices.
Short duration processes such as Al netallizations at 450 [err]C or | ower
are pgerm wo d810925but  hi gher tenperatures shoul d be avoi dagTuser16247
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PCT/ US97/ 16247 he silicon laysR@b6vd Ariieldvayey é3scabiaVeinfdenbdlany tBé iggsent i al |y
i nperneable to these ions. However, there may be sone devices that require

that a | dlcayever Here maxnhe sohe dovicisahampiuredbrtadater pdet then sidinon bd di el ectric
| ayer. This,material .must, al ¢t,to nfine .t he hydrogenous.iops within
o di el EPIAE Fatrap HESiied e P B RefraRu R0 A0 A5R50S et ed ¢ o,
ni trides hyBiokkddieToxiidan uel ditle@Hic Myef.i S\GtabRNHaRRYRENEL ik hﬁ%@nd ,
nonocrystalline silicon. Once the structure has been anneal ed and the ions

creat ed, lintieditonstrideschitrided exrde,rsilion mitmide,lnad priydrystatine andatbngapsaliine t he
surroundi ng i nBqur vi ous confining materi al &gn be tolerated. Figures 9 and
10 i | | ustHEPR PRES ecupsturahes deaanngpicd pad the iusiceaicdsthe fonsHiendp| i con

di oxi de g, L‘iﬁ%%ne eeoé?éeg%iergﬁ% ?Q&QH%%Mﬁﬁdi égﬁ;feg\téige |n|ﬁn§%§1t1#%r?%e

Cross-secti ons as sucn, ena evi

radi at i oreah bt edleated. Figurdsed ane@eitiusmeand thieiepdellemreRticivhatdatesisRésufd Y to the
radi ation_hard |l evel. Figures 11A and 11B conpare, respectively, a typical

devi ce ofsilip&igxidrdavicsh with a typical prior art nonvol atile menory on the

basi s of nobil It ' xposure to_radiatign

denonstrat i-ng T?ﬁglpa{c%gn%gg%r% e%égtvsexﬁér%uf%?&{r% Ay gsr'segtﬁl 5 ﬁ% 8“?'?‘%?8?1% es.

The aboveuels anile thebanteyicts 36 b fdihtioh tolefabi %r&%ééﬁéﬁrﬁ&’ntﬁidﬂaﬁéﬁ&ﬁi%i ng and
conventional silicon MOS processi n? t echni ques. her processes may be

enpl oyed this PFOEHY (Lo Ererradintign kard favat SFigvres LA and bLR cotopart,irespeativelyg azone nel t

recrystal]i.zati o ) ., UN B err rocessin nd bonded and et chback
silicon .cf#ﬂ ke éf%§8%°?%§?@ﬁ°ﬁ%&‘ nonvolatle ety 65 0F WSSEF | bed
el ect r onimoblRBhtige RleBHBNsStMHI BT BkFoBulRo Bidich OderloR stk Rin@ RhdtGRd proRAR! Y

el ements that are electrically witten and erased and optlcalilay read. The

basi ¢ f urhave Bwah lengenensurasee thas hales) ectric | ayer containing the nobile

hyd i I d t hat fi t i in di
Combi ned i t h RabgBREHa: HatY BlsRy e knE Rt Bfned S SR R | o
sensi ti vechoeritidfalionMOR pbcebdiSy RLREEHdC Tthd |p§l>c_€§s@sattn|§§i b@)ém@fb?embi l'e

ions. This optical layer could be a transparent piezoelectri ayer whose
ref ract i vierm pfenempariements ingluding tait oot limted foebuk melt sechyistallizationyst al | ayer

10052 POl GAUEE AR IBRSFScE STk eEbhf bt oR AT TTRESR 5,
mobi | e | ofptical Memozy _
Thé above described electronic memory elements can also be used to create

optical memory elements that are electrically written and erased and optically read. The

basic functional element of the dielectric layer containing the mobile hydrogenous ions

flanked by layers that confine the ions remains and is combined with the added

component of an optically active layer that is sensitive to the proximity of the electric

field created by the mobile ions. This optical layer could be a transparent piezoelectric

layer whose refractive index changes with the electric field or a liquid crystal layer whose

polarization changes with the electric field or other materials with the same or other

optical properties affected by the electric field of the mobile ions.



13 WD 98/ 10925

PCT/ US97/ 16247 Figure 12 is a view of a reflective enbodi nent of

the opticwioggaosesy el enent. The dielectric |layer 50 is sgporamsefadspy a -

back side layer 52, typically a silicon substrate, and by a front capping

| ayer 54, typ AW 0B telﬂtg&pvgé%%r t I [ yer 56

| ocat ed bet \/veie%ﬁwhy2 ?r ont 8app| ng | ayer dgﬂé;g%glﬁ]g #Jfr;gérltgyear e ?rf égt r ode

| ayer 58Thptefeetrttibyertsons surictedar by abdckrsideilnyeo 52 d?plca-ﬂ'y& ﬁﬁbcbd sabltyfde 0ogenous

ions are introduced into the dielectric | ayer as di scussed above and pri or

to for maendbhy offoptRappivgileysr SI dyRfallye thin ﬁh‘tm]fl?lfﬁh ahe epficabiniacvaipyss 64

passes tRgou he fir t e 0 ver 56, here a
Eé cg{édtb &gleen R ﬁra“ gxlgﬂugge{ay?tzﬂ & e(Fantsé]aI?er‘t cg%ftr&ﬁ.llﬁ%ers%

liquid c ect upon I""ght | eaves
the el eng fhtferaﬁlz(ﬂxnnﬁcm lﬁdamﬁu@tbxadtotmermmeafvax?o@énoﬁautr@, akemeddadedopt i cal
detector. If the nobile hydrogenous ions have been nmoved close to the front
cappi ng Iuat]éte didectripdayer %ﬂﬂ@%@@b@ﬂe EIDQWEIOI‘ sefomhationtod theopsicel lepird6i zat i on
state i.f the L ons een fromt front ca ng | ayer
Che AT e ST Shbarts EROtaRaR B b RORsr Bonpolepaihe o p%ﬁeé
partlculfy p%%@tez@t 08 cS5@! Rith BPoRBiinG FfeBBRIFRH YheQloRITETH '
det er m ne \(/T/net her dlht cx?trsansm t?o rgm tehe sourecegg64 va "?‘trlg‘é{ the
det ect or eﬁﬁtent, fand haseq)thrcmah ahettle‘rpolmzer &2 i remexhepna:al detertber Ifahe t he

pol ari ze uld not be needed. ngad e refractive _index of the

opti cal gF hydrogeRAg 1o be&ﬁanw% §fo %\s ARLG3aPine yer s haliqyd-

di spl ace@rﬁtat hSEr smm B¢ inBR YofatioM dnatf; 'a?xﬁ%‘ HRiGEHR e b&ntxﬂtra%dgwﬁgr nat e
enbodi nent gure 13 1s a view of a transm ssive enbodi nt of the
opti cal rfmrmthy fmlnen@ptng [ayes 56 the Hneideeystadstilbe in diother pothettivantatand t he

enbodi nent of Fi h%ure 12 are tentgt there IS an addi t}] onal t ranspar ent
subst r at & Fe&pRicuissPelanzation siate e apiFal Bismory, elgmeryinigovilldetesmine whethasi | i con

| ayer 55 1 I rogenous
one. on (A FRBE for B sclRREE M rBRnd Bl bl SR ey 0
this is idzodagrit ssitaril ehepcéaltzerst@awmpiﬂlnoabe meededC dnficadhae rbfsstiveoved to the

back side of t e el ement al on th one, of the polarizers 62. The operation

i s ot herwP Rgicak! By?r%étwog‘t‘}sm%g"eﬂlda‘gﬁ%n I""G‘Fn wedd p F&BE‘Ha’é}‘ yst al

enbodi meng gdg Lhe GEME I If the

i ndi vi dual Spg%tl cgfmrrrermrya e?gllrcr)en sf\?\(gtirg&g‘gn@hned qu#t a‘%l(f;nee array with

i ndi vi dual | y digoe rlbcnsadIfxywmflatntaasrnxskteerembsdmfeht&)f&ter@yicﬂmérdo@mmﬁﬁhta | ar ge
with suitable redesign, the basis for a flat panel

I
Zicgple a;re "Hedifterencel between this embodiment and the embodiment of Figure 12jage that there

is an additional transparent substrate layer 53 typically made of quartz or glass, with a

thin silicon layer 55 serving as a rear cappirtg layer to confine the mobile hydrogenous
ions on the back side of the dielectric layer 50, here silicon dioxide. Asthisisa
transmissive element, the optical source 64 has been moved to the back side of the
element along with one of the polarizers 62. The operation is otherwise similar to that
discussed above for the liquid crystal embodiment and for the piezoelectric material
embodiment.

If the individual optical memory elements were combined into a large array with
individually electrically written elements, the array would become a large scale memory

array or, with suitable redesign, the basis for a flat panel display.
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PCT/ US97/ 16247 Clainms: 1. A nmenory el enment conprising: a first

dielectric |ayer contggg ' rogenous ions which creates an

el ectri c Woent2s aﬂmﬂﬂma WA che i vst Tayer of renmvaseen ni ghiy
ydamog

b mpervious to mgration enous ions therethrough; an upper | ayer
above t .f-is.rst | ayer of a material highly inpervious to mgration of
hydr ogen 157 ons t her et hr ough; and nmeans to change the spatial position

of the hydrmﬁéiﬂétaeilmtaadptihegzel ectric field created thereby within the
first layer. 2. The nmenory el ement of Claim1 additionally conprising neans
to sense t hefirst distgsing lgrergentaingmobils hdregedpes @it h the first |ayer. 3. The

menory el ement of d aj ' e .1 itiop of the

ol ecttic f1erradms Pl EHRE fber SRk SARols1S BBRbRAE ©;
upper orhydroggmgodsqugemgagent to the first layer. 4. The nmenory el enent
of Caim2 wherein the neans to sense the position of the electric field

conpri ses nemngper tayseayedne Bt layen ofgrmasenal highly impeavdelistto origtatibmeer of a
mat eri al_ t hat exhi bi Sﬁ&‘(Ch ngtte in the optical property in response to a
change hYdfOgeRqys IRSIRFIRIEM %he electric field in the first | ayer. 5. A

m croel ectr gpi ¢ {ARAREIE BE %sga;a% p&RIBN df¥hd WidrogendusSorlsi 88 MeshiBstis AbIR | ayer;

a first |ayer contailning e hydrogenous 1 ons; a second silicon | ayer
above t heeatddrtberebaywithin thadirst laygeans t o change the conductivity of at |east

one of the -gjlicon |ayers by.changi,ng t spat.i.al position of the
nydr ogerfous TheREAt heent L iaiE ] dudtahall SRRunBe et huRtedre G i m s
wherein the Béli{iéﬁﬁg@lég[ec%rﬁgwmtﬁﬁfﬂspjagﬁgr| c. 7. The nenory el enent of

Claim®6 vvherpent ielectric is select fromthe group consisting of
si | i con Dxi Gée ntemdryrleatenoof Claim Rivwlendh ehe rheant @l samseaké plesitbondofithd ri ded

oxi de. electric field comprises means to sense the conductivity of either the upper or lower
layer adjacent to the first layer.

4.  The memory element of Claim 2 wherein the means to sense the position of the
electric field comprises means to sense an optical property in an additional layer of
a material that exhibits a change in the optical property in response to a change in
the proximity of the electric field in the first layer.

5. A microelectronic memory element comprising:
a silicpn substrate layer;
a first layer containing mobile hydrogenous ions;
a second silicon layer above the first léyer; and
means to change the conductivity of at least one of the silicon layers by changing

the spatial position of the hydrogenous ions in the first layer. |

6. The memory element of Claim 5 wherein the first layer comprises a dielectric.

7. The memory element of Claim S wherein the dielectric is selected from the group
consisting of silicon dioxide, barium strontium titanate, tantalum oxide and nitrideéd

oxide.
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8. The nenory el errenummmj H!l!ti onal ly conprising material highly
i npervious to magrati , i ons therethrough surrounding the

first wobsaoezs 9. The‘nehory el ement of O ai m 8 wher ebgrosveisraterial " is
sel ected fromthe group consisting of nitrides, nitrided oxide, '
silicon_nityride, polysilic nocrystalline con. 10. The

! o
menor y %f! enBiftMERomy .‘?‘?ﬁ%oggf'a?‘ﬁ radéﬁ‘r?ﬁ?“rys? r}swﬁm;&ﬁ%ns to other non-
menory m cr-% ﬁfgcgnx[sqg'{rﬁa"ahﬁﬁrﬁf‘ﬁyﬁré Bmof-?ﬁhteﬁﬁu&gn ?i‘%c uiblddipP st rate. 11,

The nenory le?% alm5 Turther conpri si racking sites located in
t he filagdr. | ayer for creation of the hydrogenous ions fromthe cracking
of the nol ecul es of a _hydrogenous gas. réem)ry el emrent of Claim

| 12.. The
5 wher ePn t e mempopieraen of Gram S wheeindlq materipldpelected from thy 0¥ consi sting

uher ePin (s TPORUAOET of 1Sl WNSBP S BTl B con
Cher gof - 1o b yieb Ry xS UcbH Al oty o g O O et 1

non- vol at i | geondedystailife sTReGHN. Y el enent of Caim5 wherein the neans to change
conductivity conprises substrate el ectrode nmeans and gate el ectrode
nmeans, 3$8i dlkpmemetyediementof Claim 5 fushercopgrisipe|ivferprnectonsie offisenecond

silicon layer, with the substrat I - s.and the gate

el ectrode n’@ﬁ’ﬁgryﬂgﬁﬁe}f%"&?ﬂg&t}g@ent?soﬁ’@gé&gﬁlgIsgnegqlf%g%%ﬁtiwgg' _means
whi ch dyj v e‘ﬂhé REmBYALICHERAF TIARNS Al oiorisiig cHRRRIE skby [bested Rfthd he first

| ayer when 4t he substrate el ectrode neans’is biased positively relative to

the gate first lagéefot creadomeths hydrdgatoisiens frhm thycrecgegofiithe motesuleswar ds t he
| oner surfacge of, the first layer when the gate el ectrode neans is

bi ased posi ?'%@@%"é‘l"fﬁi $%e to the _substrate electrode neans. 15. The
menory ghengp m@efnoq]abﬁh% JrenAiBes wheRR the hifo@Rohd Tors AR AERERd &bl cONn | ayer
i mredi atel y above the first layer and an additional |ayer containing nobile
hydr ogenousthe@nsupadomsstinhef hiydtegeniotisadentegiuki ivos) titaye tonanahdoel ow t he second
silicon IIP.ager adr;d afn addi tional conponent in the means to change the
conduct i vi t §orB¢H fiRas thereot. second silicon layer to change the spatial

posi tionsof Thhgehed) PGRRAUS G12855 Whefelfthe memorfEhbAQPAbn-VENEE. to form a

mul ti-state nenory ‘el enent.

16 14. TBe mémaopticmeht ofeCiviny S sthervinthe owapy toshange conductivity r st di el ectric
| ayer containing nobjle hydrogenous iqgns; | ower |ayer,. below the
first | ayer COBPIES UpRIERIHROR PrER TG S0te RSP MPR eI DRI FiefifFogenous

ions theret ieahObking located above the second silicon layer, with the substrate electrode

means and the gate electrode means being connected to reversible voltage bias
means which drives the hydrogenous ions towards the upper surface of the first
layer when the substrate electrode means is biased positively relative to the gate
electrode means and drives the hydrogenous ions towards the lower surface of the
first layer when the gate electrode means is biased positively relative to the
substrate electrode means.

15. The memory element of Claim 5 further comprising an intermediate silicon layer
immediately above the first layer and an additional layer containing mobile
hydrogenous ions above the intermediate silicon layer and below the second silicon
layer and an additional component in the means to change the conductivity of the
second silicon layer to chaﬁge the spatial position of the hydrogenous ions in the

additional laver to form a multi-state memory element.



an upper |ayer, abov u “ H\l““mrgml of a material highly inpervious to
‘mgration of h drogeﬁ N [ r ough; an electr Eﬁﬁ% Ly£ optical
| ayer abmnpﬂésupper [ agertin"whi ct an opti cal propertyq’c anglggdﬁl[n .

.response to a change in the spatial position of the hydrogenous ions in the

first layer; and an el ectrode neans,associated with the |ower |ayer and

a transpérentn OPESE} BEIR MENPYCARRY SHIve the el ectro-sensitive optical
layer, with, 1RET ORG e FEMIS FRNABGAE dGacnBYETonk;p! e vol tage bias neans
to change th}e)ﬁé%é% al pos??i on ofn the hlydl?)(l)ge"ngus ifons wthin the first

| ayer. 17. Thveptlaged, bebrethe Biseleyet, obh nitedanhighi yunepevious e noigtatizal of
property is pol arization. 18. The optical nmenory elenment of Caim 16
wher ei n_ hysgoggnous dpn thasethrgughy absorption. 19. The optical nenory

I f dai wh ' h | 20 . f
ki ng. o merdS YRR o Pear ek of & e RRR A Riner dus o RUBEFRE 0ty o1

to cont aj Er?é%{ |8 1By EnRgemesseH; ons between a | ower |ayer and an upper |ayer
| ocat edaijg{lare toer 1sl?'{de of t?lllzgfi rst layer, the | ower and upper |ayers being

essenti al | y dnglectroasessitiveripgicalt iaper above fiiruppenieyer in evisch e pptibalqprgperty
popul ating the first layer with npbil e charged drogenous ions;, and

f or mi ng *Hasees BESRRBTRSIOhCRINgS g s SRy R%gmﬂﬁgﬁre ygyRgeaops iQnsigtthe first
reversi bllae electric field across the first |ayer for the purpose of noving
the hydr84¥n8lS ions across the first layer. 21. A process to forma

mi croel ect r ofj GeEROBE Ynhns FescitedMiththd Wwer layer and APhesphidhd eREVHGBES | ONS
into a sil‘icon substrate; annealing the inplanted silicon substrate
to formmekmylocatefl abiolviedbe eltictirisdnsibuneptidal layer, withdotlselettiede ufeanhe

substrate with _the u r nDs ortion of the substrate bei.n silicon
| ayer ; connected to revgrgi le vo}ta e bias means to change Lgc spgtxaﬁggsemog o?the

ANMENDED . : t ]
PCT/ US9 Egge/nous ‘°“¥\Q&§‘§{Hijtﬂ§ﬁv% rlla g\fvs in the upper surface of the substrate

t 0 exposgr.t hEhsbpli€ammeinexy diemdnayé Claim 16 whereinahe ogfidahprapehgtisat e in an
at mosphere containing a hydrogenous gas ‘to introduce hydrogenous ions into
t he silicon phlgsizafton.ayer; and

18. The optical memory element of Claim 16 wherein the optical property is absorption.

19. The optical memory element of Claim 16 wherein element is transparent.
20. A process for making a memory element comprising:

forming a first dielectric layer to contain mobile hydrogenous ions between a lower
layer and an u;per layer located on either side of the first layer, the lower and upper
layers being essentially impervidus to migration of hydrogenous ions therethrough;

populating the first layer with mobile charged hydrpgenous ions; and

forming electrode means on the lower and the upper layers to create a reversible
electric field across the first layer for the purpose of moving the hydrogenous ions across
the first layer.
21. A process to form a microelectronic memory element comprising:

implanting oxvgen ions into a silicon substrate;

annealing the implanted silicon substrate to form a layer of silicon dioxide beneath
the upper surface of the substrate with the uppermost portion of the substrate being a

silicon layer;
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form ng el ectrode rreant"ﬁmm' f the silicon substrate and above
the silicon |layer for IT mmﬂn! ersi bl e voltage bias neans for the
pur pose oWwawesuoseg t he hydrbgenous Isons across the siliconpgirxbgiayer in
response to the reversible voltage bias neans. 22. The process of Caim?21
additionally conprising formng-a first zone in the silicon | ayer at

t he upper s ?éb‘ﬁjtp [ | ¥Yity. type above the
silicon di o%%gﬁ?ﬁdr&v%ﬁg% 0 mEﬂ%‘ﬁgag%O@e%(E)l’lr[lbé&%tgﬁd;és!&g%ét;ﬁ tgi’ﬁfclof,(@{oxt# a second
conductileydry type in the silicon |layer at the upper surface of the
substrate on either side of the first_ zone such that the el ectrode
means on t h@"RF3HBE thesubsiae Wran 3tmgsphswFontainingxhydipgeapescgasdd urodeac hv

cont act iH}gfogig?"r”gfb‘t‘@ﬁtéﬁggﬁg?ﬁggggjte?%}%&%m source and drain el ectrodes

with the € means on the substrate form ng gate

el ectrode NMesfing electréd MEMBbY R WKL of tBSsiliddiSubditRtess ShvEaiRisNeR Wherein
the first conductivity type is p type and the second conductivity type

i s n typeyerfor copngntionds seVEGIblE ¥oltAgA §ias means foethepurpost of mewingyhel enent

conpri si,ng: . formng.a.first r.egion.of a first conductivity type on
he’ uppdaingrpazdont AR Bl lipFF ey i resBons i e Feeisthsyiakagts ‘21T con
di oxi de wdxaMenkhe first region; formng a | ayer of polycrystalline
silicon over the silicon dioxide |layer to prevent escape of the hydrogenous
i ons fr o t fde pracessorf Claisx # Hadditgnally comprising éaming frsyzine in @gi siliconn t he

| talline silicon | ki ng. t te region, etchi nay th
ol voryet al FYAEeShE LBGT sl o Wa PSR E 4 Ak ARGy rviabousber amovi g ¢ he
mask: siliob QSde Wy Rl oY QUSROS OB\t thd fiQr S Eselbid con di oxi de

| ayer; formng two second regions of the first or a second

conduct i vi t gyonduetvion teietin ghe sgicde lafer eithe spger ewfacelb ke detistrate on either

18 WO 98/ %QhQZP .

PCT/ US97/ 1654 of the first zqgespchthay the elegimpde mesng omihg uppearisurtaest are realizete of t he

substrate, GOGydIPREEoRN! daRk BothctinB®nP gg ﬁ.ﬁg rs%c%‘h@ bédeO R i}ogéé%éug? %\r@ ﬂ}atﬂ e silicon

di oxi de, and the two second regions. The process erein
the first celedueddswiitlytheyefretrpde meanspa thaobttoeofakeubstrate fornipngatet i vity type

is n type. 2?. The procfesgl)?of d ai {n 24 wherein the silicon dioxide is
formed by aS{HEPdfameans for feimemary slegient-ne underlying silicon layer. 27.

oo 252 TR I M T S S R D,
i ntroduced icanductiligy type is n type. .
24, A processefor forming a microelectronic memory element comprising:
forming a first region of a first conductivity type on the upper surface of a silicon
substrate;
forming a layer of silicon dioxide above the first region;
forming a layer of polycrystalline silicon over the silicon dioxide layer to prevent
escape of the hydrogenous ions from the silicon dioxide layer;
creating a gate region in the polycrystalline silicon layer by masking the gate
region, etching away the polycrystalline silicon except where the mask protects it, and
removing the mask:

introducing mobile hydrogenous ions into the silicon dioxide layer;

forming two second regions of the first or a second conductivity type on either side

of the silicon dioxide;
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silicon dioxide |ayer ml ' i nternedi ate structure in an

‘at nosphere cont ai "mmimqumgs gas. 29. The process of Caim24
wherei n wWoesgmpaasogenous' i gnstare | uced into the PGH/VSEA6R4Ai oxi de
1 ayer by ion inplantation. 30. The process of Caim24 further conprising

renoving the silicon oxide |ayer except, under the gate region in the
pol ycryst al formiag sldctrodes thgpatact the bottom side of the substrate, the upper surface of

the polycrystalline layer above the silicon dioxide, and the two second regions.

25. The process of Claim 24 wherein the first conductivity type is p type and the second -
conductivity type is n type.

26. The process of Claim 24 wherein the silicon dioxide is formed by a thermal
oxidation of the underlying silicon layer.

27. The process of Claim 24 wherein the silicon dioxide is formed by deposition.

28. 'The process of Claim 24 wherein the hydrogenous ions are introduced into the
silicon dioxide layer by annealing the intermediate structure in an atmosphere

_ containing a hydrogenous gas.

29. The process of Claim 24 wherein the hydrogenous ions are introduced into .the
silicon dioxide layer by ion implantation.

30. The process of Claim 24 further comprising removing the silicon oxide layer except

under the gate region in the polycrystalline silicon layer.
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