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This invention relates to a nenory device capable of very |arge gcalgg 005
integrdtion to provide a nenory cell array. Background |I|n conventiona
sem conductor menories, one bit of information is represented by electrons

stored in a static capacitor in each nenory cell. The bgmmmmmmm,ﬁ’m 1" is
represented by a deficit of N el ectron-and "0" is repr neut r al
charge state. In a typical 16 Mit dynam c random access meqaglse ( DRAM ,

the nunber of electrons Nis around 800,000. In order to increase the
menory ch{[)aﬁdry, Dddcei ndi vi dual nenory cells need to be nade smal | er, but

t'hi s cannot be“achi eved sinply by scaling down the con | nory
cell because there is a lower limt to the valuée of N H@BBW Hﬂmof
electrong N is limted by the need to accomodate |eak fromthe

cel |, inFistdhaf thoinkengios t he ef fect of incident al pha parti @88 and these
] duction in the area of the

factors p. not reduce commensurately, wi'th a r [
nenory c'gﬁ’l .mY‘?mE%‘rfegaéese@ﬁ RETOY gﬁ‘é‘lce RFHF@P&O Biery Iarek scalesintsgra8m @00 in a

16 Goit o RAM I nBnf; f approximately 6 tinmes less than for a 16 Mit
DRAM I-%wever,mt H’Zor%gfglltl%sﬁag’e required for a 16 Gbit DRAM needs to reduce

by the factor of three orders of nagnitude as conpared with a 16 Mit DRAM
and consequently, the reduced cell size cannot accommodate the nunber of
el ectrorEa’iT‘&ﬁGPﬂéd for satisfactory operation. In an attenpt to maintain
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consunptrepresented bysedefisitgfi ielearrohy ad talliseeprasent el by b vRlital diargescadnber N
of In a typical 16 Mbit dynamic random access memory (DRAM), the number of
electrons N is around 800,000, In order to increase the memory capacity, the
individual memory cells need to be made smaller, but this cannot be achieved simply
by scaling down the conventional memory cell because there is a lower limit to the
value of N. The number of electrons N is limited By the need~to accommodate
leakage current from the cell, internal noise and the effect of incident alpha particles,
and these factors do not reduce commensurately with a reduction in the area of the _
memory cell. It can be estimated that N must be in excess of 139,000 ia a 16 Gbit
DRAM i.e a factor of approximately 6 times less than for a 16 Mbit DRAM.
However, the cell size required for a 16 Gbit DRAM needs to reduce by the factor of
three orders of magnitude as compared with a 16 Mbit DRAM and cénsequently, the
reduced cell size cannot accommodate the number of electrons required for
satisfactory operation. In an attempt to maintain the value of N sufficiently large, - -
three dimensional capacitors with trench or stacked structures, together with high
dielectric capacitor films have been investigated but the resulting proposed structures
and fabrication processes become extremely complicated. Furthermore, the power
consumption increases significantly because the relatively large number N of

electrons in the cells need to be refreshed within a storage time which tends to

become shorter as the scale of the device is miniaturised.



€l ectrons in the cells need to be refreshed within a storage tiEre whi ch
tendsto becone shorter as the scale of the device is niniaturfgedUs 205AUG
20052 Anot her type of nenory device is known as a flash nenory, which
exhi-bits non- volatile characteristics. In such a device, approxinatel y 105
el ectrons are injected into a floatizg gate through a tunnelling barrier,
typically forned of SiO2 with a thickness of the order of 10nm The stored
charge produces a field which influences current flowin a source-drain
path. Charge is either witten to or erased fromthe floating gate by
appl i catAmtherftypn ofremoryuddviceliskhownugh flasle aniialy, gdifich exhibied asavel y  hi gh
electric fleld is applied during the erase and wite cycles and as a result
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Hitherto, alternative approaches have been proposed to provide memory devices

which operate with small, precise numbers of electrons, known as single electron

memory devices. A single electron memory device is described in our

PCT/GB93/02581 (WO-A-94/15340), A precise number of electrons enter or leave a

memory node through a multiple tunnel junction under the control of applied gate

voltages and the electron state at the memory node is detected by means of an

electrometer. However, a disadvantage of the device is that a significant amount of

circuitry is required for each memory node and the device currently operates only at

low temperature, below the liquid helium temperature of 4.2K. Another single

electron memory device has been proposed and demonstrated by K. Yano, T. Ishii, T

Hashimoto, T. Kobayasi, F. Murai and K. Seki in IEEE Transactions on Electron

Devices, September 1994, Vol. 41, No. 9, pp. 1628-1638, and by K. Yano, T. Ishii, T

Sano, T. Mine, F. Murai and K. Seki in 1996 IEEE International Solid-State Circuits

Conference, 1996, FP 16.4, p. 266. The device utilises a polycrystalline film

extending between a source and drain, to which a gate voltage is applied. A small

number of electrons is stored in the granular structure of the polycrystalline silicon

film. The memory size is relatively small as compared with the structure in



Conference, 1996, FP 16.4, p. 266. The device utilises a polycristalline
film ex%endi ng between a source and drain, to which a gate vol tadeAis 25
applied! A small nunber of electrons is stored in the granular structure
of the polycrystalline silicon. film_ The nenory size is relatively small
as conpared with the structure in 22 -RUG 2005 3 PCT/ GB93/ 02581 supra and is
operable at roomtenperature. Furthernore, the nenory shows several

advant ages as conpared with conventional flash nenory, wth a faster

er ase/ WRCE/GBas/a2381 tﬂprfdﬁd&%bkram&ﬁ@Qboﬁfteﬁip@l‘ﬁgree |Iﬂfr§l‘ié?ﬂz%ure apd the
operational lifetime is inproved because |owvoltage tunnel i Ajection is
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1553- 155&@?5%&1&!%@5%3?“' ce utilises silicon-cr yst als that underlie the
gate of a transistor device. Electrons are injected into the silicon
nano-crystal s, which are 5nmin di mension, fromthe silicon substrate

throughgg |ntunneII|n g yer, of the order of 1.1-1.8 nm
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el ect r ort3770519, bgr)& TIwericRORER) GE Chiel, B. SR andr HL H!Qxaﬁflli 31’ %&'P% Ljaf or mati on
IS si gn| ficantl y inproved relative to a conventional ry devi ce.

However Lefuses, 26 Aaigusti 1986; Yol 6hoi %fp@cﬂb}z-lzﬁ'ﬂ onyH. df Hb.hdl,(SI: H‘ewmf sever al
mllisecq conduct i op, band | nt is unf avou abI e for
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No. 9, pp 1553-1558. This memory device utilises silicon-crystals that underlie the

A

gate of a transistor device. Electrons are injected into the silicon nano-crystals, which
are 5nm in dimension, from the silicon substrate through a thin tunnelling oxide
layer of the order of 1.1-1.8 nm thickness. Stored electrons shift the threshold voltage
of the transistor. The time to read stored information is relatively short, of the order
of several tens of nanoseconds, because the transistor channel has a high electron
mobility. The endurance cycle for writing and erasing information is significantly

- improved relative to a conventional flash memory device. However, the erase time is
unsatisfactorily long, of the order of several milliseconds because the conduction band
alignment is unfavourable for electrons to tunnel from the nano-crystals into the bulk

" silicon.

Another memory device which operates according to the principles of flash memory
is disclosed in Electrically-Alterable Memory Using a Dual Electron Injector
Structure, D. J. DiMaria, K. M. DeMeyer and D. W. Dong, IEEE Electron Device
Letters, Vol. EDL-1, No. 9, September 1980, pp.179-181. In this device, the

conductivity of the source/drain path is controlled by charge written or erased from a



Silicon. Another nmenory device which operates according to the principles
of flash nenory is disclosed in Electrically-Alterable Menory WGsp ms%‘%al
El ectror:l Injector Structure, D. J. DiMaria, K. M DeMeyer and D. W

| EEE El ectron Device Letters, Vol. EDL-1, No. 9, Septenber 1980,
pp.179-181. In this device, the conduttivity of the source/drain path is
controlled by charge witten or erased froma 2 2 AUG 2005 4 floating gate
through a tunnelling barrier froma gate el ectrode. However, disadvantages
of this flieatingeatd ehrbtigh a tlindblisn@bsdrRWMIDh biphQ/ Do IHW Rer, Of the order of
mlliseconds, and that the life of the tunrel barrier i's I'iffited because
Fow er - fm@n@ﬁawmfghmde@m arei e it boas o Sow sty et i wasyefthe orddr ofl ash
menory. A.si il qr evice ks described,in. US Patent, No 3 878 549 to S.
Yanazakimgﬁfﬁ‘fﬁpgs’ﬁgtrh’é tﬁﬁi’l@’n‘f’f wnpel bergjeraslimitedhacaussifiagrlenese probl ens
and dis F ' Is evice compsri.sing a path
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al ters tdevieedndesctibed ity USIPdrbrer INat38786%9 18 St Wapfkaldarrier configuration

t hrough which charge carriers tunnel in response to a given voltage so as
to becone stored on the node, the tunnel barrier configuration exhibiting

an ener n rofi.l e that conprises a dinensionally relatively w de
barrier ﬂ%ﬁ%ﬁe‘jﬁttgwl?wrﬁlq%l atively low barrier height, and at |east one -

di mensi ol ¥viek oAV Iingahe | ' el ativaly high
barrier hei gh‘tn.e The ienvenltnlgon %‘éﬁ;r%ﬁ{egﬂ Sﬁg%\i\ﬁgptg{}ﬁg%es%%g}%aglgk%r%‘chsQl/ng
times formemorydevicy coraprising agpath for dargntarfitspanoddiforistdrivig ottkye i de
barri er conponept, .of, the eneggy band, profji|e agts as a barrier Tor |ong

t
t erm st dFRGRHA lﬁlﬂﬂlé‘éﬂahe‘fsﬁ € Gemductifiy ofithe pivhs and r tenngbbasiar can be

rai sed | ye o that charge can then tunnel, through the
r e: at i vecl%g ﬁﬁ%&%&%ﬁﬁﬁhﬁblcéoén%geecﬁ “%8 tgang gn FSPAPIS P ABERT Yoltse &9 aged
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relatively high barrier height _ )
energy band profile that comprises a dimensionally relatively wide barrier

component with a relatively low barrier height, and at least one dimensionally

relatively narrow barrier component with a relatively high barrier height.

The invention permits the writing, reading and erasing times for the memory device

all to be optimised.

The relatively wide barrier component of the energy band profile acts as a barrier for
long term storage of charge on the node. The wide barrier component can be raised
and lowered selectively so that charge can then tunnel through the relatively narrow

barrier component so as to be written onto or erased from the node.

The component of the energy band profile that has a relatively high barrier height
may be provided by an element with a width of 3nm or less. A plurality of the
relatively high barrier components may be included and may conveniently provide a

multiple tunnel junction configuration.

The barrier configuration may be fabricated in a number of different ways. It may

include alternate layers of relatively electrically conductive and insulating material, in



may be provided by an element with a width of 3nmor less. A plurality of

t he regati vely high barrier conponents may be included and may 2 2 AUG 2005
conveni éntly provide a nultiple tunnel junction configuration. The barrier
configuration may be fabricated in a nunber of different ways. It may
include alternate |ayers of relatively electrically conductive and
insulating material, in 22 AUG 2005. whi ch the layers collectively
provide the relatively wide, |ow barrier height conponent of the energy
band pr of insulating | ayers provide the relatively

Hgﬁl and the jndividual, | ¢

hi gh barWVhish the taysresallectivelp paovide thetrelatiaglyr wideplove baprirdeighpol ysi | i con and
siflicon nitride.r ective | t Rough ot her,, gt er.i al s, be used.
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el ect ri qaolysilicemahndsiliven niatide i-aFectbetyvﬁﬂibughQ)tH&r fla@drialsaRhy Behsdd. on and the
path. The node may conprise a plurality of conductive islands. In an
alternative arrangenent, the islands are distributed in the barrier

confi gur gf,l : i.ve ri,se to the relativelly, | ow barrier conponents

of the eﬁglﬁg{)}.ug% dﬂ%rboa?flfrec 1BYF31oTemaY C?Wgﬂseéﬁ\é}?%ﬁrqﬁgé‘ﬁ@fgy. The i sl ands
may havecdmfiptiaioRt with QfreRiace H?'grls%ffﬁlectﬂ?:ﬁb{ Gagd@&iv%nfg&@gadadd“ layers
separated hy insulating material. The isfands may be torned in a nunber of
di f f er ersemiggrsluctiirepataryl. conpri se nano- crystals of seniconductor material .

Alternatively they may be forned of netal, for exanple by sputtering, so
as to distribute themin an insulating netallic oxide. Alternatively, the

i sl ands I i i fer a kiquid suspensi.o of netal
or seni c%ﬁ%? %gr)‘r‘lﬁg‘%f ngéeg& &%@%ﬁ%&%f%&freggm g?ﬁ CgaPat iR be
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voltage gn the control electrode, the amount of charge that "tunnels to the
char ge fseagectisddandsn Ipanedernaviveadrangementyitheislands are distributed in

the barrier configuration and may give rise to the relatively low barrier components
of the energy band profile by virtue of their charging energy. The islands may have a
diameter of Snm or less. They may be arranged in layers separated by insulating

material.

The islands may be formed in a number of different ways. They may comprise nano-
crystals of semiconductor material. Alternatively they may be formed of metal; for
example by sputtering, so as to distribute them in an insulating metallic oxide.
Alternatively, the islands may comprise particles deposited from a liquid suspension
of metal or semiconductor particles.

The tunnel barrier configuration may be disposed between the path and a contr;l.
electrode so that by changing the voltage on the control electrode, the amount of
charge that tunnels to the charge storage node can be controlled. In another
configuration according to the invention, a gate electrode is provided to apply an
additional field to the charge barrier configuration in order to control charge

tunnelling to the node.



configuration according to the invention, a gate electrode is provided t
appl y ap additional field to the charge barrier configuration i 20r&ilPo
control ’charge tunnelling to the node. 22 AUG 2005 6 The anmpunt of charge
that can be stored at the node may be%;rﬁted by the Coul onb bl ockade

effect, to a discrete nunber of electrons. In use, the tunnel barrier

configuration exhibits a blocking voltage range in which charge carrier
tunnelling to the node is bl ocked, and control nmeans may be provided to

i ncr easel kewmdent ebhdurgdwhabtocke sigredatt theeodemgg Hedirgioad bpthd Qeukmbint of .
char ge ﬁtg(r d #2 t he Bode. The armfugt of charge that can be stored at the
node nmbB adeeffette IO # GIsareht HEbEE 9f dlectennser et e el ectron states. The
control neans nay be operative to raise and |ower the bl ocking voltage
range so as to permt only a selected one of the states to exist at the.

node. Allhassgahi¢@hiel bahte CMfipalac PRI NTRY mgclﬂﬂg%lth%eeré}xge &%ﬁ'\iﬁhe W dth
of the \(/;%Itage bl ocki ng range.- The nmenory deviceé according to {%e

i nvent i GRares seriercunnelling toahehadd isbdatked, znd quinoradiméaps afayrproyided! | s i n
an array of rows nc{j col ury&fpi .a c(gl&ammn substrate, Data may be selectively
read from B4EH @B CCFITaTa A‘P‘ﬂ?‘,‘g’é B SnEsL£oREP! bt ampentieficharget he cel |
or the st&Heg _ r |l array may, include
sensi ng !%egn?g%ﬁ%de%g{??%%lggéfégﬁﬁrqeﬁ@% %r[f)en%?%g %éﬁ%go%ﬁmﬁééﬁect ive

col umns limited twea phirelity efediicserewlicttohistiss, T @ id]l8edn®may B & kg t he
barrier configu &tion (i)f the nenory cells of a respective colum thereof,
a prechdPdasefpaigwerst FBMW@gﬂgmméosen@pngnkiom%sa sélétmwedensohg |ines

t aki ng e: |l evel dgpendent upon the stored charge at the charge
st or agel{ﬁ% 'é"&g?ggx‘ﬁgﬁﬁ%gdﬁog "one of the cells in a colum thereof read in

response to a read voltage applied to a corresponding word line, a
read/wite circuit for transferring the voltage |evel of the sensing line
to the Adsrnedyipdihegontmolimeaneniapibetoperative vonwarechdavidlouf ghetvolegponsi ve to
t he vol Hl .level on the data line for providing output data correspondi ng
to the BP8& in the read '

The memory device according to the invention is suited to be manufactured as a

plurality of memory cells in an array of rows and columns in a common substrate.

Data may be selectively read from each cell individually, and new data may be
written to the cell or the stored data may be refreshed. The memory cell array may
include sensing lines for detecting current flowing in the paths of respective columns
of the memory cells, word lines, data lines for controlling the barrier configurations
of the memory cells of a respective column thereof, a precharge circuit for
precharging the sensing lines, the sensing lines taking up a charge.level dependent
upon the stored charge at'the charge storage node of a particular one of the cells in a
column thereof read in response to a read voltage applied to a corresponding word
line, a read/write circuit for transferring the voltage level of the sensing line to the
corresponding word line for the column, a data output responsive to the voltage level
on the data line for providing output data corresponding to the stored data in the read
cell, and data refreshing means for applying a write voltage to the word line of the
read cell such that data corresponding to the voltage level on the data line is written

back into the previously read cell. The array may also include means for changing the



cell, and data refreshing neans for applying a wite voltage to the word
line of the read cell such that data corresponding to the voltﬂgs ‘wlﬁa

t he. daté line is witten back into the previously read cell (;00
al so include nmeans for changing the 22 AUG 2005 7 |evel of voltage on the
data line after operation of the read/arite circuit in response to input
data to be witten into the cell, such that the input data is witten to
the cell. Peripheral circuits for the array may formed on a common

bstr at [ 1 dth d dr ft t
RSN I A A P T i A
are Usedtotx%FﬁQHif‘aQQBEQﬁ'xt@é’l’fhrﬁé@hé‘céﬂe%&%aé the xﬁﬁ‘ﬁt &4k iSwhbreh 96 (1Y V\;]e?ly The

invention also includes a nmethod of fabricating a nmenory device

includes a path for charge carriers, a node for storing charge that alters
t he conﬂl]gé:tlwty of,tPe pat h. a tunnel barrier conflg_‘uratl on t hrough
whi ch ¢ r@?gleéﬁrq“icé% Qfdhﬁérmb’rm%}é mé@ntacﬁoamgpaén stomag as to becone

stored o t ho cludln formn unnel harrier

confi gur e}ngﬂgggﬁﬁh?%glesrger%%ﬁﬂ tag‘se? %H@Ftﬁ{f’ﬁ’a 13 CUEHEMBBpr i ses
a di menshofahed byathdksinebYodkdRefiahkd £ usABIBER! Jla,@ | ow
barrier height, gﬁ]ﬂd at gast oneﬁgel men3|uonal l'y rglog%ﬁ% ve Jr?&?‘%g% Earrl er
conponerthewelsofchearmyi veI y high barrier height. Brief descri ption of the
drawings In order that the invention may be nore fully understood,

enbodi nents thereof will now be described by way of exanple with reference

to the afﬁgm%@?é{bﬂglsgrﬁég%@&% metHb Ui cabi hggﬂ'ﬁ%r%oﬁdgvxﬁe\svgﬁ{rﬁ dae ug? agram of

afirst type o vice In accordance Sgure 2

is agr appathffot Ei&rgufzrra'fs,mbﬂaﬂ& sebrin@eliegd ghat lter@ftht b&l&f&& n?rofﬁrxer ucture
2 shown Figure 1; Figure .3 is a schematic circuit diagran of an array

of the randope mn@eg FHEHAOR ,tgurmgutl'gogggh which charge carriers tunnel in

response to a given voltage so as to become stored on the node, the method including

forming the tunnel barrier configuration such that it exhibits an energy band profile
that comprises a dimensionally relatively wide barrier component with a relatively
low barrier height, and at least one dimensionally relatively narrow barrier

component with a relatively high barrier height.

Brief description of the drawings
In order that the invention may be more fully understood, embodiments thereof will
now be described by way of example with reference to the accompanying drawings,

1n which:

Figure 1 is a schematic diagram of a first type of memory device in accordance with
the invention;

Figure 2 is a graph of the current:voltage characteristics of the barrier structure 2
shown in Figure 1;

Figure 3 is a schematic circuit diagram of an array of the memory devices shown in
Figure 1;

Figure 4is a schematic plan view of the structural configuration of the memory array

circuit shown in Figure 3;



Figure 4 is a schematic plan view of the structural configuration of the
menory array circuit shown in Figure 3; 22 AUG 2005 -8 Figure B 3 4UG WPBoss
sectiondl view taken along the line A-A of Figure 4, through nenory cell
ML1;" Figure 6 is a section through the cell M1 of Figure 4, taken al ong
line B-B'; Figure 7 illustrates a nmethod of reading and witing data to an
i ndi vidual cell of the nenory array; Figure 8 is a graph of the voltage V
of -the nmenory node 1 of the nenory device plotted against the voltage VSy,
at the urce and drain, of the device during the witing of a binary "0"
(Fi gur egé;}g‘é’icoﬁ s grfgogsisectignal viey tken alnngthy ling A-AFiof Figese 8ahgugh Figure 9 is

a-graph } n-source current |Sy plotted against control gate
vol t age r§‘1%}321&4]’(;;‘r:qu:lﬁ%‘ilhary "1" and a "0" stored on the menory node 1; Figure

10 is amie detailed sectional of. .the harrier structure 2 of the
menory vtz%cégf;? aéfﬁthornet fopght elffﬁ[%ﬂ Of Figyige go‘ﬁ £R tlogs l@ﬁaj'%y band di agr am
for the {Rar L c i quratiop 2 when char.ge carrier,s at tqred on the
nenory nfgg% elﬁ Iill"—'lstégergéa %1"63?‘? Pﬁgqa,dg}geagl@wegﬁg é‘%%ﬁdindﬁd@ii:g%’g%?{)%fdﬁhedi agr am
when Chaﬁgﬁoﬁﬁi{rﬁﬁr s are witten onto the node 1 by tunnelling fromthe
control electrode termnal X; Figures 12a-f are cross sectional -views
cor r espdfigunec 15 o gripeh bf the valtage Vhoffthg miendry nddel 1ust thatrdiSorydavicar i ous
fabricati,on c{é)t eps for nuf\gsct uripg the nepory device; Figdre 13 is a
schemat iPOThegaInst Ehe voltage VS wanshe seurparnd drainofihieglevise idoring bl can
al ternati el e, used,Ln.d.he y device;, Figure 14 is a schematic cross
section vgﬁltxg%o& butank ¢vg£‘5‘éﬁeg§g‘% é‘i“? ViflEng ﬁg? binsey (e igurantak) re scal e
conduct ip{&y el ;@ i1 ' 0 mory device in _accordance
with the ?%1\3 ent ?%ﬁa;p | gttg1 r%e%rti]ig s:al"lfét}g‘%?getmgg% P Loéﬁae@_a%‘ft ‘f%f‘cﬁéé i¥OrF*8% eps for
pr oduct N doPBhlaky IPVALEs "6 sBRESHAIGRedtbfnbdiy;| NVENtion Tn which
nanometr e scal e silicon crystals are ' ,

Figure 10 is a more detailed sectional view of the barrier structure 2 of the memory

device; '

Figure 11a illustrates the conduction energy band diagram for the barrier

configuration 2 when charge carriers are stored on the memory node 1;

Figure 11b illustrates a corresponding energy band diagram when charge carriers are

written onto the node 1 by tunnelling from the control electrode terminal X;

Figures 12a-f are cross sectional views corresponding to the line A-A' in Figure 4,

illustra.ting the various fabrication steps for manufacturing the memory device;

Figure 13 is a schematic cross section ofa Schottky barrier configuration that can

alternatively be used in the memory device; |

Figure 14 is a schematic cross section of an alternative barrier structure that includes

nanometre scale conductive islands, for a third embodiment of memory device in

accordance with the invention;

Figure 15 illustrates a series of fabrication steps for producing a memdry device in

accordance with the invention in which nanometre scale silicon crystals are

- distributed throughout a SiO»;

Figures 16a-f illustrate process steps for forming an alternative embodiment in which
the barrier configuration includes nanometre scale gold particles deposited from a

colloidal solution; .



di stributed throughout a Si02; Figures 16a-f illustrate process_ steps for
form-ng _an alternative enbodinent in which the barrier configu?é&ﬁgﬁ2m5
i.ncl udes nanonetre scale gold particles deposited froma coll oi dal
sol'liti on; 22 AUG 2005 9 Figure 17 is a schematic diagram of a second type
of menory device in accordance wth tde invention; Figures 18a and 18b are
graphs of the current | through the barrier structure 2 of Figure 17 as a
function of the voltage VW applied to terminal Y in the presence ("on"
state) .av 'la%e apri d to té%ninal X and the ahsence of such a voltage
("of " Srigped 1/ is gsghemariadingragolehiesppd &y pey deviesingseendance hr ough

t he barry .shown in Figure 17; Figure 20 is a conduction band
ener gy d?ggfg%p#%baéﬁb barrier structure shown in Figure 19; Figure 21 is

a schentFigaredlignand ¢8b afe graplyBiithe e8trend] fH¥ugh fEBRALALRABIDF Y devices
of the second type shown in Figure 17; Figure 22 is a cross sectional view

taken allbgyra Heasla fuacrhomof tie valupge ¥ y24ppliddi tguemnizal Yinahe pasencedts onal
view taken along the line B-B of Figure 21; Figure 24 is a schematic
ci rcui t statghelmvaltage apphehtr yermetal Xoamd thpuabatriceof sindvanvolrage Rlafflr emepl, 22

and 23, t.gether w tB_’Fon-,cBi%@dri vers. and ot he F‘ei’i pbheral devices; Figure
25 is a B 15 IV PRICHIFF BT SCPPRATE GRoshEfCHOR thTQuel the Pasriss dirMerura shawiat i on
from thg ny,cell M1, Figure 26 is a waveformdiagramillustrating a

process for witing data to the nmenory cell M1, Figures 27a-e illustrate

process Eigeps2fisn condudtint baridenetgiediapran fordby begierionrurdshdwgisnes 21 to
23; Fi gufg.e 28 is a schematic cross section of a nodification to the menory
devi ce; ‘SP’Eﬁﬂr% 29 is a schematic cross section of a further nodification

to the Ci%‘éh&% is a schematic plan view of a memory cell array, incorporating memory

devices of the second type shown in Figure 17;

Figure 22 is a cross sectional view taken along the line A-A' of Figure 21;

Figure 23 is a cross sectional view taken along the line B-B' of Figure 21;

Figure 24 is a schematic circuit diagram of the memory cell configuration shown in
Figures 21, 22 and 23, together with on-chip drivers and other peripheral devices;
Figure 25 is a waveform diagram illusfrating a process for reading information from

the memory cell Mq1;

Figure 26 is a waveform diagram illustrating a process for writing data to the memory

cell My1;

Figures 27a-¢ illustrate process steps for manufacturing the memory device shown in
Figures 21 to 23;

Figure 28 is a schematic cross section of a modification to the memory device;

Figure 29 is a schematic cross section of a further modification to the device;

Figure 30 is a schematic cross section through an alternative barrier structure for use
in the second type of memory device according to the invention;

Figure 31 is a conduction energy band diagram corresponding to the barrier structure
shown in Figure 30; and

Figure 32 is a schematic cross section through a third type of memory device in

accordance with the invention.



Figure 30 is a schematic cross section through an alternative barrier
structurte for use in the second type of nenory device accordi 21@? AUG 12805
i.nvention; Figure 31 is a conduction energy band di agram corresponding to
the“barrier structure shown in Figure 30; and Figure 32 is a schenatic
cross section through a third type of igenory device in accordance with the
i nvention. 22 AUG 2005 -10 Detailed description In the foll ow ng
description, the enbodi nents of nenory device according to the invention
can be cﬁte oai ed.into three different types: Type The general

confi gur F‘iagﬁ éﬁsirl‘%“??rst type of menory device according to the

i nventi I ([}powy,i t rper structure 2
are in'EI Eelgt;’lgtfog W tgkﬁg?l&gﬂ %ﬁ%&%fég@g{%ﬁgﬂgﬁnéor??grgegﬁoég(iz?gtt?gl'hesi stor, -
havi ng davemporacyh baltabdgorsediins thaedifferent §ipds:a control el ectrode
connection X. Wien information is stored, charge carriers tunnel through
the barrier structure 2, to the nenory node 1 and the device acts as a-
storage .ga itor, so that the charge is held on the node 1. In order to
read i nf ion, the conductivity of the source/drain path S, Y is

noni t or I i I : I uctivity
condi ti gﬁé@éﬁ%ﬁgﬁng Oﬂo{?%ﬁ\‘.‘ﬁ?ﬁ@g}&?}# d(’:fvhlgélégp%tg %lg%g%ﬁpyﬁgg%%ry node 1.
The cur rieménticol isabewaltiaRigirerti sA interabryt Madebpind £ bagidrutiubiige 2 akes Shown in
Figure 2 where V. is the nory node yoltage. Electron flow | through the
barri er 18teBIAteFathin g GRNER elé@ﬁﬂ‘é‘t@ﬂe elste?fgaﬁmwgwh@upgwcwmd n a

bl ocki i i . th hol.d
Vol t agedrriernegfottl, ¥ 'ufls Ettel Ao R oRREG o B S RyinlotgEoRdhar ge
carri er sgrad, dhapselarfiersQunhdlQHTddpd e %?frgeraa%&etzhw%m«aa pgadgi er

structure, d’epen'di ng on the polarity o bi as volfage VX ap to the

connect iand tite datiee hats ai ®stostgewapacitercarthbetheahaigtds heldam chemadeilplig t unnel

junction ,in vvhigh Wo Qr mﬁre tyunnel, j ﬁti ons ;\Je, conﬂect ed in series.
order to read information, the conductivity of the source/drain path $, Y is

monitored and is changed between relatively high and low conductivity conditions

depending on the level of charge stored on the memory node 1.

The current-voltage characteristic of the barrier structure 2 is shown in Figure 2
where V is-the memory node voltage. Electron flow I through the barrier structure

from the connection X is strongly suppressed in a blocking region Vg which extends
between upper and lower threshold voltages + V. However, outside of this voltage

blocking range, charge carriers can tunnel to or from the memory node 1 through the

barrier structure, depending on the polarity of a bias voltage Vx applied to the

connection X. The barrier structure can be considered as a multiple tunnel junction

in which two or more tunnel junctions are connected in series.

The memory device shown in Figure 1 can be used as a memory cell in an array of
such dévices, arranged in rows and columns as shown in Figure 3, with associated

word lines X3 , X etc and bit lines S1, Y1; S3, Y2 etc. The array thus includes
memory cells My, 5, where m and n represent the row and column numbers

respectively.



The nenory device shown in Figure 1 can be used as a nenory cell zil—fAﬁB
array -of such devices, arranged in rows and col ums as shown in Figu 920%5
with-.associated word lines X1 , X2 etc and bit lines S1, Y1; S2, Y2 etc.
The“array thus includes nenory cells Mm, where mand n represent the row
and colum nunbers respectively. 2 21AUG 2005 - 11 First enbodi nent The
structure of a first enbodi nent of nenory cell Mm w |l now be descri bed
wi'th reference to Figures 4, 5, and 6 in which Figure 4 is a plan view of

t he cel IgarraiﬂI iﬁd Figures 5 and 6 are transverse sections taken al ong
the Iin = BB of Figure 4 respectively of cell M1. Referring to
Fi gure 5Thi BeudEMd &% fist E&Egﬁgnéxﬁ o S @eﬂmg&ﬂ\ﬂgﬁﬁ gxo%é @ésgrism

e
conprises a p-type sem conductor substrat'e 1 n conductive path 4
ext ends r : j eq .2 i j t.ory region
7 a0l st SRAENETD Higur P SRR BIcR g T Plartvied R URIPR { S
over | ai dFigyreas andsidratiangvésdictiagenkeBalohfehatiney -Avsel B-BasdFes byi ng
tunnel barrier configuration 2 are formed In a region surrounded by the.
| ayer 8. reppeseiveli@ticele Mt rol el ectrode 9 overlies the tunnel barrier
configuration 2. The control electrode 9 forms word |line X1 which extends
along a row of the array. The source and drain regions 5, 6 formbit |ines

i, i d .col .th .in.Fi 4. | il
be undefthe WS ERES IRY Byieiattined in L RS Es SIS i i it or o' g
bit |'i nesmprs ApIHpY sdiiii8ndu&BP silstardh WRBRARbhEuSGH dﬁatﬁqteité?fdsgr ai ns

which limt the “nunber of electrons that can be stored by charging through

the bar rbgwesDat @ur@tdmddrath £QidHs 5 6. pA(SYd)Q@nJu%oar%g]bﬁ onBliesitd Lpteral ly
across the node. A process of selectively witing and reading data for the

menory cfedmn the hexd dell inake ahay dadersubaehcivistdverlafdets e Bg tndubatilgBIOSJayerand 8.
In this process, the word Iine X1 and the bit lines Sl1, YI asSociated with

t he mend.yThehendry myde laaid overBingticinehbarelehesnfigtrationndrdfdrnlddigs are
grounded. When inforrrgti onis witten into M1, a voltage :
region surrounded by the layer 8. A conductive control electrode 9 overlies the

tunnel barrier configuration 2. The control electrode 9 forms word line X1 which
extends along a row of the array. The soyrce and drain regions 5, 6 form bit lines Sy,
Y1 which extend along a column of the array shown in Figure 4. It will be

understood that other cells in the array have corresponding word and bit lines.

The memory node 1 consists of nanometre scale dots or grains which limit the
number of electrons that can be stored by charging through the barrier configuration

2 50 as to provide for a uniform field laterally across the node.

A process of selectively writing and reading data for the memory cell M11 will now
be described with reference to Figures 7 and 8. In this process, the word line X1 and
the bit lines Sy, Yy associated with the memory cell M11 are activated and the other

word and bit lines are grounded. "When information is written into M1, a voltage
pulse waveform with positive peak V(W) and negative peak -V(¥) is applied to the

word line X1. When "0" is written, a positive voltage pulse with a height V(%) is

applicci to the bit lines Y1 and S;. On the other hand, when a "1" is written, a




pul se waveformwi th positive peak VX(w) and negative peak -VX('N),i.s
applied to the word line X1. Wen "0" is witten, a positive volz:}gémi)gpoée
with a height W(W is applied to the bit lines Y1 and S1. On the other
hand; when a "1" is witten, a 22 AUG 2005 -12 voltage pulse with a peak
voltage VW(w) is applied to the bit lines Y1 and S1. A requirenent of
these pulses is that they nust overlap-fipr a time T. In this exanple,

wX(w) - 1.2V, W(w) - 1.8V, and T - 10 nsec. Referring to Figure 8, the
nunber of electrons that can exist at the nenory node 1 is Ilimted by the

extent of V, bl ocki ng regi,opof the tunnel barrier configuration
2. Thus, tvtﬁgg €°ﬂlg§gﬁ§ta f%g Yoage g‘é‘ﬁﬁ’&tlsemle@dovbc blitriirEisgglrﬁz(BSﬁ)A a

bi nary datrgqlidmant ofkBack gsented by a positively charged state 11.(a
short age &?q ee}r%%ntjtro(glrrg 5 g’ﬁ thi th@‘rﬁg‘rey migsgevarlapfeeraame oI I chis exapplesent ed

by a negatyw@Ehy. r tate,12 excess of electrons) on the node 1.
In this exdhple, 1???@ %%ﬁy%-ﬁgdﬁlég‘rra’é&sepn the "1" and "0" states are +
0.4V and -0.4V respectively. The process to wite a "0" onto the node 1
wi Il now be described with reference to Figures 8(a) - (d) where VSy-VS Wy

and bl ackRdfersing epFhgeas, e hng romn state which occurs in each
st ep. W]eﬂr’nti 4%3 %hovm%%i n Fi g(l?r"lé111 8 éﬁf%ie?%ggﬁﬁ%\%n 7ot %fggevwmry(qqc&\z)isi s

applied o by the lekteas oSgheandra¥d blddiénd Moicst 12 nove to point
13 (1.6V) corft rgspecti véeill‘?l, aﬁﬁ%‘%eﬁgg"’bﬁf const ant

r ol n% (]:‘:[.41_1(0.8\/)
el ectron numser- o1 th “r?‘e?hﬁr‘splﬁéelé'-',tlwumdetCMot\éxcee(ngN%E)In #e 0D (1)
where C2 Blﬁawatggha.h"ca aci tané%ryon the nenory node, Cg is the c%@éci t ance
t

bet ween e’‘menory nolfet “BRECRY e“r!?ﬁsﬁé‘feiyWllargcdjst&hlla(athQag'eSoft he nmenory
node vol tdgerondhen thSher - V i s_tje. nunber of excess electrons on
tH6R e ther gn otgr & elhceéﬁeé"ﬁ?asy’sd'ﬁ&‘ic@%)t?d by atniegativeds ent

t he ms*rmr;il node, where q

enbodi nerfhargeg staty 12 (5 exdbsvf aldaaaal) e -1.2V) is applied
on the vvorglﬁl i hown in Fi g)udrégtﬁlég{)%&?herngﬁg‘%éélpieeékx%ﬁ‘ewrk’hi fts

e Xl § I L aYi)
as shown, 2884 °Ftﬁ%esé’c‘ gﬁ"e Y'and\E stares st a4 T4nd -0,4V respectively. The process
to write 2 "0" onto the node 1 will now be described with reference to Figures 8(a) -
(d) where Vgy =Vgm Vy and black dots represent the final electron state which
occurs in each step. When, as shown in Figure 8(a), positive voltage Vy (W) (1.8V) is
applied on the bit lines $1 and Y1, the two states 11 and 12 move to point 13 (1.6V)

and point 14 (0.8V) respectively, along a line of constant electron number on the

memory node, such that
V= (Cg/Cs) Vsy + Vo ¢y

where C;is the rotal capacitance on the memory node, Cg is the capacitance between
the memory node and the terminals Y1 and Sy, and Vg is the memory node voltage
when Vgy = 0 (-Cy Vo/q is the number of excess electrons on the memory node,

where q is the elementary charge). In the present embodiment, C;/Cg = 1.5.

When a negative voltage V(W) (-1.2V) is applied on the word line X1 as shown in
Figure 12b, the blocked region VR shifts as shown, and the state 13 moves to state 14

because the state 13 is outside the blocked region and cannot exist there, -~



because the state 13 is outside the bl ocked region and cannot exist there.
22 AUG 2005 -13 When positive voltage VX(R) (1.2V) is applied 2 AHE 205 d
line . X1)as shown in Figure 12c; this state is retained. The word line and
bit ‘I'ines are then grounded as shown in Figure 12d and the state 14 noves
to the "0" state 12 along a line of cgz;t_ant el ectron. nunber on the
menory node 1. It is to be noted that y electron state between the "0"
and "1" states 11, 12 is refreshed by the process to becone a "0" state.
The correspondi ng process for witing a "1" state 11 is shown in Figures
8e-h. In this sequence, any state between the "0" and "1" state is changed
to a refreshed "1" state. It, will be seen that the witing process requires
si mul tanewenvprdsitévevs@kegdﬁ/géwyél.bﬁ) isappliecbadn tloe whed bint X seshoamdinwor d | i ne
associated with a particular nmenory cell. Thus, the nenory cells can be
addr essedFigadi 12ql claib bgte iDuetaimgdt Adrevwordiling qndddekises arbeherbgroakded aegi on is
shifted sgquentially and down so as to force the electron states at the
node to ag“gﬁf“é} igure &%a}.” the swte Ht mpxpy e G| Qcstatee} 3 alopg rof cppstantar i t e

signal is I rd lin 1 but not to the bit lines S1 and Y1,
or wite gf%ﬁ%'gsg’rbé‘poaag% %@ot%ntoa%¥bit | ines but not the word line, no

witing wll take place and the existing states on the node 1 wll be
retained._ To read the stored information, a positive gate voltage VX(r) is
appl i ed o¥t is tecbawnetwdd thitneyXiectnod st4te bewwweeanhe '®yardet Wesearestil, 48ds Y1 i s.

det ect ed. shoawn ,in Figure, 9, thg threshgld voltage.of the transistor is
gi ven by Rﬁﬁmx%% ffPh‘Eﬁ?@’elai Sf%&gaﬂ%‘?ve%ﬂ?&ﬁg&P@%%)f?r and by VT-
OVT when LRei aamary 004¢ il siRsid ] gh qde, ol d

vol t ages VT 15‘%% VT-scAVT, 1are posrflt:%églée?é sseq01' ?hgggﬁgq&aer%cg’cat i cﬁgt&?%g%?‘ fl ows
bet ween Sharfd" ¥nd N1'wse iedisagedmmrafreshed 41 "(state.. 0) . The gate voltage VX(r)
at selected word line is chosen between VT- VT and LVT. Thus ISy> 0 for "1"
and 1Sy-0 for "0". Thus, a current detector (not shown) can be used to

detect t G rresng fl owi n iltai%tweecn the bit .i tes S1, Y1 (an other-b
cor respo Imgbf E I'Aibé[ I gpro ess requu‘es sllmu aneous write waveiorms to be

applied to the bit lines and word line associated with a particular memory cell. Thus,
the memory cells can be addressed individually. During the writing process, the |
blocked region is shifted sequentially up and down so as to force the electron states at
the node to adopt either a "1" or 2 "0" value selectively. However, if a write signal is

applied to the word line X1 but not to the bit lines S1 and Y1, or write signals are

applied to the bit lines but not the word line, no writing will take place and the

existing states on the node 1 will be retained.

To read the stored information, a positive gate voltage Vx(f) is applied on the word
line X1 and the current Igy between Sy and Y1 is detected. As shown in Figure 9,
the threshold voltage of the transistor is given by VT when the memory node 1 is
negatively charged ("0"), and by V- AVT when the memory node is positively
cha;gec;l ("1"). These threshold voltages VT and V- AV, are positive, so that no

electric current flows between S and Y in unselected memory cells (Vx=0). The gate
voltage Vx(t) at selected word line is chosen between V- Vo and AVT. Thus

Isy>0for "1" and Igy =0 for "0". Thus, a current detector (not shown) can be used

to detect the current flowing between the bit lines S1, Y1 (and other corresponding



-14 pairs of bit lines in the array) when the gate voltage VX(:T‘)g I s applied
to the word line Xl1. In order to read data fromthe entire ne ri/AHPr ]
the protess is repeated for the other word lines X of the array
sequentially. In the present enbodinent, VX(r) 0.8V, VI- OVT - 0.4V and VT
- 1.2V. In accordance with the inventign, the tunnel barrier configuration
2 gives rise to inproved storage tines and read/ wite performance. The
storage tine of the node 1 is determned by the ability of the tunnel

barrier configuration 2 to suppress electron_flaw in the bl ocked.region VB
of the quinsehbitlines iy wwﬁ&@e@ thegage Fiﬁﬁvfl}ﬁ F’FQBPI"&I&Z? %’m@‘?ﬂtﬂ‘age tinme
isis approximafely given by is - tw exp(-qVc/ kT, 2) where k,is the

Bol t zmannXtoHsPEgdsr t0 F’idsde‘f’rgm&ﬁgbf‘l}tré "Eeé‘-ﬁwgéfa&’r E@e éf#"és PRePeRTed At ar y
charge, and t, is the wite tine. If it is desired, for exanple, (to provide
a st or ageshe othar werddlines hof g peray sequenyiallyn Ina bﬁé“éﬁfﬁcfél'}b"g‘dmrﬁﬁ's\?xg | ar ger
than 1V for ogperation at roo terrpervat res. éf t he ,si ngrlle el ectron ,
char gi ng =&t VEeAYT o GtY asedT rHE - WafQr ’é’(iﬁi“f“éh?hﬁ BRHPBEPE st ruct ure
2 to be formed of, rretafllic. pait.icles of a si%e of | ess ah%gé%r}ev\hich
cannot betunaslRArjien EORIENEIQR; 4 VS ITEE EnimpRYes SRFIREHT B FBEhRb ogi es. A
nmet hod by l ' I né‘cﬁﬂyﬂfbﬁnh' gvegd, is to use
a band b%%gqr%g&ng?'f ?(1}'? %g%qttﬁgp?ﬁgggg&ﬁgs??ger&gani gur at i ojr’l.Z, whi ch has
been di sciimmelbartiar cafipmeition2 w supptesspdlecttomfhesy in thecblodied pegios ¥pigf K.
Nakazato and H. Ahned in Applied Physics Letters, 5 June 1995, Vol. 66,
No. 23, prhe cBifc-3oktage chamctecibtia showarindtigurs 2r difisi stem@ss bmetdte t unnel
junction for the storing and wite cycles can be considered separately.
For the sapprbwaiyloflm‘{ert hei'ght and width of the tunnel junction can be
denoted by ~ s, and dscgr mtivel_y, and 4w and dw for (2j1e wite cycle. To

retain the stofsedw o n for longer than 10 years,’the barrier height

4s shoul d be higher than 1.8eV to suppress thermally activated Pool - Frenkel
emssion current and the tunnel barrier thickness ds shoul'd be thicker than
snm x {~ sheM} istRhe Mdhza0AR constant, T is the absolute temperature, q is the elementary

charge, and ty is the write time. If it is desired, for example, to provide a storage
time tg of ten years and ty ten nanoseconds, V¢ must be larger than 1V for operation
at room temperatures. If the single electron charging effect were to be used, this
would require the barrier structure 2 to be formed of metallic particles of a size of less
than 1nm which cannot be readily achieved with present da}; fabrication

technologies.

A method by which an enhanced blocking voltage V¢ can be achieved, is to use 2
band bending effect for the charge barrier configuration 2, which has been discussed
in resbect of a multiple tunnel junction per se by K. Nakazato and H. Ahmed in
Applied Physics Letters, 5 June 1995, Vol. 66, No. 23, pp. 3170-3172, The
characteristics required for the tunnel junction for the storing and write cycles can be
considered separately.. For the storing cycle, the height and width of the tunnel

junction can be denoted by ¢ 5 and d respectively, and ¢ and dy, for the write

cycle. To retain the stored information for longer than 10 years, the barrier height

¢ should be higher than 1.8¢V to suppress thermally activated Pool-Frenkel emssion

current and the tunnel barrier thickness dg should be thicker than 8am x {9 5(eV)}"



-15 1/2 in order to control tunnel |eakage current. However to obfajin
short wite tinme of for exanple 10 nanoseconds, the w dth dw of He Uﬁdﬂﬁl
barpter)should be less than 2nm x {c W(eV)}-1/'2 where 4w is the barrier
height for wite cycle. A barrier configuration 2 which can satisfy these
criteria is shown in Figure 10 and conprises a nultiple tunnel barrier
consisting of layers 15, 16 of insul atildg and non- insul ating materi al
respectively. In this exanple, the insulating |ayers 15 conprise 1- 3nm

t hi ckness Si 3Nd and t he non-insul ating Iayers 16 conprlse pol ysilicon of

3-10nm tMQQ}me@é} ener nd di agram,for the
barri er conf i gurattl0 Er?ﬁtzx%?%ﬁvéqél Mkﬁg@}}% T ow%ve?¥? Bgf"r‘%f‘ég Ot Wiiedime 11

and conpraféesexaniple 40 napbsetondy, uhwmd&tm; rgfehe tfsy th a width
BwW corresponding to the conbi ned width of al t?tof %FE%Q}‘EIH%‘}M\ME%& 516 that .

make up tthen Dednrd -tz t he |nsu ating layers
15 each give ri seg{o gwg}espe%?l:e&;(PWe’]sA??%H 8p%§ﬂg¥5§§’rbﬁflfﬁ @’r‘: %onmponent 18a,
b etc each having a width Bw2 spaced apart from one another by virtue of
the depletjion regions that in use are formed in the polysilicon layers 16.
The rel ath b@rsﬁrmuéguxbaom?ewhmhrmﬁ)@ﬁm‘y Wesbaﬁte@arxggmw,\{% Flgél?é("l(?Q crll er
hei ght Bhl wher eas barri conponents_18a, etc provi gh
barriers %Wfé‘ses%’%‘ “ raunggl %éb" NFeapisEng af lﬁsermfISI h@of)ﬂfsﬂlaahgaﬁdfn@hm

di fferen nd h _baryie opents 18 act as tunnel
barriers ﬁ%&ﬁ%ﬂ%ﬁﬁé&%&éo tgl éPFbﬁﬁxa@P; ‘el §m5H glaxesehd spmpuise 1-

t unnel | i Bgmt dhickigks 1IN 4Qindrehe @ ohURAAL I 1se GUANL UM hani cal
effect, so that el ecg\lrwgns mveothroué;h%?éﬁg%ecgé %#SF%O yfglczgflng% %R and

st ay fortlaclpeqssod of tinme in the region between them Buring the stay, the
el ectrons are scattered inelastically towards a |ocal equilibriumstate
governed by the energy of the w de barrier conponent 17. Thus, electron

t ranspor af.f ect ed r rier conponent 17. The width
and hei EhE %ﬁktﬁg]%rydﬁ '‘REFPoR %&F{F&le @Fa@gﬁﬁ gen gonfigwnaioh2 sdmnged by
exter naI anxgﬁﬁsld;)Q@ﬂMS@aﬁeH%{ Fh&ell1 %ﬁd%yﬁpgggs a first relatively wide barrier

component 17, with a width By corresponding to the combined width of all of the

er

layers 15, 16 that make up the barrier corifiguration 2. Additionally, the insulating
layers 15 each give rise to a respective relatively narrow barrier component 18a, b etc

each having a width By spaced apart from one another by virtue of the depletion

regions that in use are formed in the polysilicon layers 16. The relatively wide

barrier component 17 has a relatively low barrier height B},1 whereas the barrier

components 182, b etc provide much higher barriers Bh2a, Bhob.

The two components 17,18 of the barrier perform _different roles. The narrow and
high .barrier components 18 act as tunnel barriers which suppress co-tunnelling
effects, namely spontaneous tunnelling through two or more tunnel barriers by a
quantum mechanical effect, so that electrons move through only one barrier 18 at a
time and stay for a period of time in the region between them. During the stay, the
electrons are scattered inelastically towards a local equilibrium state governed by the
energy of the wide barrier component 17, Thus, electron transport is strongly
affected by the wide barrier component 17, The width and height of the high, narrow

barrier components 18 cannot be changed by external biases because they are



“16 det er ni ned by the materials which make up the barrier configggﬁkb@qmﬁ.
However the wide, Iow barrier 17 conponent can be nodul ated by the
ext@rnaj bi ases. Figure | | a illustrates the band diagramin the absence
of an applied voltage VX. It will be seen that when no voltage is applied
to the control electrode 9, electron 2? on the charge storage node 1 needs
to tunnel through the entire width of” %é relatively wde barrier
conponent 17 |f | eakage fromthe node 1 is to occur, with the result that
charge | eakage is strongly inhibited. However, when a voltage is applied to

the el ederesména b)hd'lednatd:nhisimhichnailgyuﬁ)di%ad}iagé&iﬁgh%ti&f@ HeHEV&! 2

changes Eg thcf configurzyion shown ip Figure 11b fromwhich it cah be seen
that the 2ppl e PV bRt g/ omperentisan pemadulastd byithiectsarmal biassorponent 17

to forma downwardly inclined slope towards the charge storage node 1 with
the result that an electron 20 needs only to tunnel through the relatively

narrow bigurellziihprarstise Béhd diagfaein (e dbsach SEQ‘E g;raélrlé%( ‘?bq%(g?m?%%ém—rhus’ the

barrier configuration provides arelatively w I er 17 for

| ong t er milbesegethat wihiag mel wslidzeiSadlied 6 tRO ' requirement
for extrenely high voltages .afc);plliae teo tF\e éetﬁléé‘)tlreyﬁ%gg?hélg&(ﬁ%’}E@B“cause

iIGecE L on °c‘3‘af Sj’rrﬁfﬁ‘élraglf éoﬂflé nngdiiﬁolt%uclijthgod%’tah\ﬁ/rvc\:gtieehﬁ'!idlthﬁtff%? l'élatmf;y | ayers

: e qn . olysili ve i ameter which is nearly as l|‘arge as
the thi c%%’lsgﬁ-ﬁlg %ﬁ@? éﬂ?mﬂ&g‘?&r‘g?&e é?‘i‘é%ie modpd inmeegurnwith the canltkad ar ger

t han t hath leh H _ ' t I hat  he .el egtr,ons, can be
stored stab y eorg%[eﬁ?tﬁ% I%Snmﬁg%cel' ???vgg%?’o‘%b%%a V%lltt?sfdf épﬁjt? *2th&n. I'n the
ar r angeneleetrede Fthpmoadierion brergpriany didpedf fdr RDaRrib N Efﬂh%gémgnfhe& 30nm and
is formed of polysilicop. Jn a nodification, the node 1 may be doped in

or der tocqrﬁﬁ“g’if@/‘%ihé’d‘f 1 11 Jiigyre { He fremewhichnit simbeseeatthttuhe nppltied véltnm t he

f or egoi NEhusdstt v : hat when infarmation i,;s stored, the polysilicon
| ayers 17 K égrt%%éel%ﬁlgeﬁ gﬁgggél{}geﬁscog}ﬂ? nteﬂhg} f%éotr B dowawardly dadined slaps writ e

process, tawueds theyohasge kfordge AOde BHitlRghedaE]E L3 {9 arrangement
provi des a po%gnt [ aIﬁg ar aﬁ? ent V\/nilch aeccel e%?gggg#egé?rzg%geés&@mg t he node
1 from tHen eugludiegelapivelynarpowibat e coafpchentsi 18 indbrdér @ RGEH @as onto the
node. ZZSt@ng 20&)5. Th . i . ) . ‘ o
fiode. us, the barrier configuration provides a relatively wide barrier
component 17 for long term storage of the electrons on the node 1, without the

requirement for extremely high voltages applied to the electrode 9 in order to cause

electrons to tunnel to the node 1 during the write process.

In the layers 16, the grains of polysilicon have a diameter which is nearly as large as |
the thickness dimension. The grain size in the memory node 1 can be larger than that
of the layers 16 with the result that the electrons can be stored stably on the memory
node 1 to provide reliable operation. In the arrangement of Figure 10, the memory
node 1 has a thickness of 5-30nm and is formed of polysilicon. Ina modification, the
node 1 may be doped in order to improve stability of the electron states at the node.
From the foregoing, it will be seen that when information is stored, the polysilicon

layers 17 form depletion regions and thus increase ds whereas in the write process, the

layers 16 do not act as barriers and instead, the arrangement provides a potential

gradient which accelerates electrons towards the node 1 from the electrode 9, which

promotes rapid writing of electrons onto the node.



~17 An exanple of fabrication of the device will now be described IanT(PrZ&
detail- wwth reference to Figure 12. A p-type silicon wafer vm'thga 5.
resi“_stil/ity of 10S2cmis used for the substrate 3. Initially, the
isolation region 7 is forned, of insulating Si02 with a thickness of
500nm After formng the isolation regigon 7, a gate oxide film 21 of

t hi ckness 10nmis grown by thernal oxI'él?Sation on the top of the p-type
silicon substrate 3. The layer which is to formthe nmenory node 1 is then
deposited, The |ayer 1 conprises n-type Si deposited to a thickness of

10nm havifg examplenffdrecatioarof eht deviteowl]l hbfda dakdlt Le i : here of
NH3 at a t&g eratlﬁ'e of _900C. The 1thi ckness o%&%%%egﬁgsu?r?{aﬁgﬁﬁﬁﬁcon

; he.
nitride i'S$SHIF PPiigred2e & Poipe stisos wafer withandsistivicy bhE0(Nirh i d@dlgyer 15a
shown i n (Ej : The l.ayer. of non:doped silicon is deposited to a
t hi ckness E%?wajﬁrr#‘g% Iﬁlsh@g ’ %’ﬁ&é%%&@‘?‘}/?hb&rwér ofligsuledingy8i, witha which
i s then shikaeds JfG00uh! AGRE EStni he next -2nmthick silicon nitride
| ayer 15p, . The process is"f@ﬁ%&l?é{ﬁ@%mﬁhﬂ eregR /1 P &R qxf‘iﬁéﬁﬁbm Pg build up

t he barritgkknésﬁrlgumjsgrQWn‘BhehemalmxiddmidﬂW?Qw&b io‘fQFé‘e f,ﬁrl{se %@c of thickness
20nmisg§§%sitgdg%\‘éﬁ{ th .bgtriefr sgructurela rs 2. | Fiim23is
deposite 42 £ fayes WhyCh 15 9i ferra e mem@ymmde loiy thercdwpasicad. ‘YRpoOUr
deposi ti ¢ . T L oys | rs of. silicon fjilmare deposited
in an am‘l’f}’gh%& t attﬂgew%(ﬁe gtfdeelsgét)eﬁ&grat%%c%“ﬁfl@8@5‘!‘&98 theurdicei con during
t he nitricdavdrted tarsilidoRhenicledSint a4 47 VD depos] 02 |ayer
23. The top Si 02 fi I1 m 2?i I's then %ﬁ%ﬁgglﬁgg(a:_%)%geemnﬁrﬁtr‘féé)ofﬁq‘%ggrsggﬁy

t echni quélickmes pEdetieudringsilies s Rithde i s e-pf-  CHE3 and argon
gas. Then using fhe gﬁ%ttegnleld Si 02 féysee?ﬂgg&ga;%?%élﬁuf ﬁ%"ffé’f’ﬁaf 19 con and

sili cogF TR favary shown in Eigulrelloarﬁm,?_ﬂ@drby pbﬁ@{%gd/gﬁgﬁmset chi E_g

usi ng : roduce a gate configyration as shown in Figure
12b. Thede adtsre%"%g% ?laég%ﬁ%f 8ﬁy’é‘2i‘ SPfﬁig%gq"W ahager'fﬂngémnéa(&igu@.m m 22 AUG
2005 - 1&hich is then subject to nitridation to form the next 2nm thick silicon nitride layer

15b. The process is repeated a number of times in order to bujld up the barrier

structure 2.

Then an n-type doped silicon film 22 of thickness 20nm s deposited over the barrier
structure layers 2. A SiO; film 23 is deposited on the film 22 to a thickness of 20nm,
by a chemical vapour deposition (CVD) method.

The various layers of silicon film are deposited in an amorphous state but are
converted to polycrystalline silicon during the nitridation and the densifying process
of the CVD deposited SiO; layer 23. The top SiOy film 23 is then patterned by

conventional lithography techniques and reactive ion etching in an atmosphere of

CHEF; and argon gas.

Then using the patterned $i0 layer 23 as a mask, the polysilicon and silicon nitride

layers 22, 2 and 1 are etched by reactive ion etching using CF , in order to produce a

gate configuration 24 as shown in Figure 12b, The gate configuration 24 typically has
alength 1 of 0.15 um. |



The wafer is then oxidised to forman outer layer 25 of 30nm thergrgl Alﬁ ?@é
as showmn in Figure 12c. Then, the source and drain regions 5, 6 are 10 d
by ion Jinplantation with arsenic ions. Then, as shown in Figure 12d, a
100nm Si2 film 26 is deposited, which is covered by a layer of optical
photoresist 27 that is applied in sufficient thickness to obtain a flat
upper surface, of thickness 1500nm i n-thi s exanpl e. The photoresist 27 is
then etched back until the top of the SiQ2 |ayer 26 protrudes through the
surface. The etching is carried out by a sputtering nmethod in an 02

at nospherlhe vifer isakeh bicitisedeo féirg dh@ubdtlay & BInhHel QU §OPR shdBg ¢ OP
26a of the SI2 film26 is renoved by readctive ion etching irfan atiiosphere

of . W6 gam Figure 12¢.hEhemphetouroeandysh régions §,d 4Pe 28rrh&l E}meed, as shown in
Figure 12f. After repoval ,of the optical photoresist 27,” netal is deposited

on the r&3plPfRPHithaseeniaioaspat t erned by conventional |ithography
techniques in order to provide the control electrode 9 which forns the
word line X1 described previously. It will be appreciated that the nmenory

he ofeetraatly conmuat e ey e 26 B BATE, Shichi chebreacr | bec

the electrically conduclive |ayers scri bed

value of bpamydfapriliiotoretisl 17 GPRSHAd IOUROLAL BB IR o

satisfactory. The fhickness of the I nsalfatrng Tayers

from t hetlaprner sudfase, dbstuckired1 S00nueiofhiammsle. The phokfeiift A71gkange of
satisfactory narrow, high barrier conponents

3nmor |es 0,as t,0, produce

18, alt h%ﬁﬁg‘ﬁd Bt reilthe Beg OP?C*&&*O@&Bmﬂwr@é@@ss theough the surface.i The cont r ol
of the tgj %<ness of deach Ia?/er 16 so Eh t it _beconmes of the order of 2nm
Al so, thecﬁdﬁ%z‘ef’“&r" S8E by grsperering pasthod &1 an © yuagnasphereaihedesultng t he

descri begd. le of ,seven,..as l.oqng as there are sufficient nunbers to . _
pr oduce gonggt%:;%o& 5P9W\ﬁ18<.f,‘g‘ff5r1§5w barrier conponent 17 across the barrier
configuration 2. 22 AUG 2005 } -19 Second Enbodi nent

The top 26a of the SiO; film 26 is removed by reactive ion etching in an atmosphere

of WF, gas until the top of the polysilicon film 22 is exposed, as shown in Figure 12f.

After removal of the optical photoresist 27, metal is deposited on the resulting surface

and patterned by conventional lithography techniques in order to provide the control

electrode 9 which forms the word line Xy described previously.

It will be appreciated that the memory dévice may be modified in a number of ways.
For example, the thickness of the electrically conductive layers 15 may be different
from the described value of 5nm and generally, a thickness of 10nm or less would be
satisfactory. The thickness of the insulating layers 16 may be modified from the
previously described value of 2nm, so as to be in the range of 3nm or less, so as to

- produce satisfactory narrow, high barrier components 18, although the described
fabrication process results in a tight control of the thickness of each layer 16 so that it
becomes of the order of 2nm. Also, the number of sets of the layers 15, 16 may be
varied from the described example of seven, as long as there are sufficient numbers to
produce a satisfactory wide, narrow barrier component 17 across the barrier.

configuration 2.



In a modification, the barrier structure 2 shown in Figure 10 car BeAUG s
replaced by a Schottky barrier configuration as shown in Figure 13. In
this cake, instead of using insulating silicon nitride layers 15, netallic
| ayers 28 are used so as to provide a multiple configuration of Schottky
di odes one overlying the other. The netaf 1?ayers' 28 may be formed of Wor
may conprise silicide filnms such as CoSi 2, fornmed between the non-doped

pol ycrystal | iﬁe fii! E&GI, Furt her enbodi ments of nenory device according to
the inventio escribed in which the tunnel barrier
configurationp? 4 .Sk anonetre-scal e ‘i sl ands distributed in a
matrix of el egita ri Egﬁcéﬁ%g%ﬁ girflﬁ@s’:ﬁ&f‘gt‘ ?almwn an Efgure 30 cavbawpplacadaiypl es, t he
nano-scal e i skhouky baneteraoffi RS 2sQfowhE L& nd, are separated, by
nanonetre scal e, thi cknesses_ of el ect r?ch’} gfquﬁ%z?s‘a?mb‘sﬁﬁﬁéf‘f‘aﬁd 9fysinge

matrix, for ‘RELHABS!EHNMmtridedurrs nehalli Mpers 2B S & RdEH8s B o O
barrier corrpmgb%c% fiw%t'otu?SﬁLo ?&r .ier configuration . e charge

stor e node, ) B VEPRIPHS oSy orcevurapts ok sl
istribute mieef Wb e : i &N r r..than ing a
separate |layer 1, as previously d%éﬁ@?%éé%% ee\/fglf‘?ﬂs“&ﬁﬁ gP@at*%rm rication

processes caheqm.eusbdnbmdppéd\/;idlﬁrmﬁuﬁ@ﬁh% #{ng mul tiple tunnel barrier
configuration, as will. now be descri bed. i rd Enbodi nent Figure 14
illustrates a schematic cross section through another enbodi mrent of nenory

device in acperHaANGHELIM; i nventjan. In this enmbodi nent, the nenory
node 1 and the barri e&lé{lpé&?lﬂeénwgfyé‘c"r@&P‘icé’éﬁt%‘)heantmcwiﬂmowbe

nano- scal e cdesetibddsin whichbhatu@neli kst ' surr.ounding Si 02 matri x.
Referring tao Figuce 14, the sSbst?gérte&H%Rg’!sA%?%\%i 88ﬂ“\7\n°?ﬁ RftesHhd dr ai n

regions 5, 61 fistibyse nA mesrixed nlectrivelly indulgeihg s la, Igyﬁgf&%“m{grl i es
n

the path 4 ahldnhas @.tL,ckness, of ,.5nm fornmed by a thernmal oxidati
process on the £ubst rearitl ESK%S lésleaagfe}ﬁtvml,dmgmlf%{ﬁrh&f oglesy andrarosepataiddigness

6nm i s depodianethelry sedle chitlatesde afelaBnRall, $aL) ; which is then
subj ected to r_aBi t hermal oxi di sation gzlgilg:a?{glgﬁéﬁéfg%%%%ﬁ‘?“fﬁﬁ'§°’process is
descri bed i F*BP'H{RIPE bish vltichnpittesirise Y the rhrroApritigh BAser c¥@boneils 04393 PP-

4020- 4025, 38hel barrier configuration . The charge storage node may be formed by the
conductive islands, so as to be distributed throughout the barrier configuration,
rather than being a separate layer 1, as previously described. Several different

fabrication processes can be used to provide the resulting multiple tunnel barrier

configuration, as will now be described.

Figure 14 illustrates a schematic cross section through another embodiment of
memory device in accordance with the invention. In this embodiment, the memory
node 1 and the barrier structure 2 are realised by a composite of nano-scale crystals

which are distributed in a surrounding SiOZ matrix. Referring to Figure 14, the
substrate 3 is provided with source and drain regions 5, 6, with a path 4 between
them. A gate oxide layer 29 overlies the path 4 and has a thickness of 5nm, formed
by a thermal oxidation process on the substrate. Subsequently, 2 layer of silicon of
thickness 6nm is deposited by electron beam vaporisation or by CVD, which is then
subjected to rapid thermal oxidisation and crystallisation. ‘This process is described in

E. H. Nicollian and R. Tsu, J. Appl. Phys. vol. 74, 1993, pp. 40204023, and



22 AUG 2005 -20 M Fukuda, K. Nakagawa, S. Myazaki, and M Hiros ,25@ ended
abstracts of 1996 International Conference on Solid State Devices 2005
Material s, Yokohama, 1996, pp. 175-178. This yields islands in the form of
Si nano-crystals with an average dianmeter of 3nmconfigured in a |ayer 30
with a tunnelling oxide layer 31 of 2nm2frckness overlying the |ayer 30.
The sel f-capacitance of the 3nmSi crystals gives a charging energy of
about 100 neV, which is enough to |imt by Coul onb bl ockade the el ectron

nurmber i nsi 8 Fehata, Fardaleigyea,8. Migrhzalkd,amdMHE084, Fx@endE eb@@PRDE éggn Of
| ayer 29 fo&l owed, by, the, rapid t hernmal oxidisation and crﬁ/stal |'isation
process ar e InteEpsonaCanisrense ongolidiSease Denicer sk Materialsi ¥ okolmm, $356f ppi ent | y

t hi ck conposit e-4d a o -t hi,s. enbedi ment, the prqcess was repeated five
tinmes in or E?r ﬁéd %ﬁ%\nlﬂggfﬁg%%%@?‘?rén Pgéﬂa“PWFQﬁEﬁég’éa’&lﬂ L g’é@ﬁieéi ni ng
five nano- cof3imlcd Fedl 13 Q Idrdr30ORYil e _ f : nt act

| ayer of n-type .Sci In?%gn ?:2 i??gpﬁgﬂiﬁuéaﬁgm{%{%&&slag aclgoizk'?{t’v}\]ﬁlﬁ%lng%e

appr eci at edoverbring ke lagend Q. Flye spifw@psitnct oftbe 3am Sierysdogiparahesing nto the

Frour e 1o, FOEL8t o0t SRR Rihet Siyah e Hite D Contareh plonde 8 1 o
| onger  pr ovlege8n AGnibes ARMAdaeh h@y&a’:leéat, at Pt Bl pdilifc 0200z GLopsiliah ¢ Of Med

in each layer 30 provide sites for ectron storage di
i nsul ati ng bewdd follesred Ipothezapidrbenndl oBiiatdbmend chisgllisatiddpidckasate at es

process steps fon form ng.another enbodi gent of .t he nmpry device. In this
embodi nent , R ‘iPﬁ%“é&rﬁ%iS‘%r%? g’fé'rm%‘i'f‘ i°6‘§“ﬁ ‘ﬂgﬁggé*?mﬁf%cr’é&&h&g@mmmbyera 02
layers are [PHPemBYdisSdROHRYrOLSs Whs el iR gkl | F 15a, a
porous Si film 33 of1 261n% t ircknséséslfegg#gdrfrlrg%a%ggnnn&g%gt iﬁcrgg{%{?ai sation of
p-type Si. Fmpoureddysahickneisof génhocarealning fivefadio aepsed s efydrwithidgssi ¢ aci d
sol ution, dj I.Li%‘%d b.r ethanol, wth a anodhc current of 1QmA/cnR for
five seconddHe 5y Thergrlres ® RORAE layes ofRrtyBns! $°na37c’é§96§th@? ielte® cont ai ni ng
4 -- 5nm naggfeey sl b bciga® b lBing ! ,g&t.,r' 0 B
known per se and descriﬂ%ﬁi% ,m?gﬂgg?gﬁg?ﬁflﬁé%%t anéénéqfnsbtfphé?rgg{ap%hdys.
Rev. vol. B#89 th_@@@;nopyzlgzﬁe fabrication process previously described with reference to

Figure 12, However, it will be understood that the memory node 1 is no longer

provided as a separate layer but instead, the nano-crystals formed in each laye.r 30

provide sites for electron storage distributed in the insulating oxide layers 29, 31.

Fourth Embodiment

Figure 15 illustrates process steps for forming another embodiment of the memory
device. In this embodiment, the composite of silicon nano-crystals and surrounding
5i07 layers are formed by using porous Si films. Referring to Figure 15a, a porous Si
film 33 of 20nm thickness is formed by an anodic oxidisation of p-type Si. The
anodisation is performed in a 25% aqueous hydrofluoric acid solution, diluted by
ethanol, with a DC anodic current of 10mA/cm?2 for five seconds. This results in the
formation of a composite film containing 4 ~ 5nm nano-crystalline Si embedded in a

SiO2 matrix. This method is known per se and described in more detail in Y.

Kanemitsu, et al Phys. Rev. vol. B48, 1993, p 2827.

Then, the porous silicon film 33 is thermally oxidised to form a gate oxide film 34 of

5 nm thickness together with a top oxide layer 35 of about 7nm thickness, as shown



Then, the porous silicon film33 is thermally oxidised to forma ggtﬁ{ﬁo?@ﬁ]e
film34 of 5 nmthickness together with a top oxide |ayer 35 of ou
thickne)ss, as shown 22 AUG 2005 } -21 in Figure 15b. This process al so
results in annealing, which shrinks the dianeter of each of the
nano-crystals in the porous Si film agwell as the thickness of the porous
| ayer 33 itself. After the annealing process, the porous Si |ayer 33
beconmes 14 --16nm in thickness, and the average particle dianeter

d .d t 1 3 h . di [ f th
decr casos gL sl SO The, SErT SeROR T Rt peuenar e Ty (he
expl ai ned g dtesttht aah&cﬁsla'lsﬁhtégé B?r{)bu?ﬂi filne 9rEek tll?é t,hi&irﬁ&%tdeHe.spm&(} h can

enter the node, due to’Coulo ckade. The resulting filmis" referenced
36 in Fi glayer 35ksdfhdA&entleiansedimgpoudesptied yordus 8i ldyerdiddbecomes H + Il érem

particles, acr.oss its thickness thereby praoviding,a nultiple tu | junction
(MIJ) whé teigrResyand ﬁge SYecage poFTIaG %ﬁ%‘ﬁ%‘%e‘%}'é?sﬁ da¥ R §o fbﬁf%ﬁaﬁl-?ﬁﬁe | ayer .
Thereafter ' | > : ‘ silicon
e al careiRny dklfe LAHE folthd Rl EEpNEhRR BRI Foub I 0L T SO0
32 as a masdy whivh, acprephsislyexplained3feseledintHiemitilet by kigngabe ofxi de 34 are
renmoved by, conventional etching, technigues thereafter, ,the. source and
drain regieagons whi "é‘“ieﬁfﬂfég‘t aere, que o owﬁﬂﬁ\o@w{ﬁ Irsudareckilmisd wi t h
ref erence Fi . 1 ic$ far [ M@Q} e over the
met hod degé@{:ﬁéﬁf‘é\ﬁrﬁﬁ;@{ﬂ%ﬁgg ctGgEaE?gggg&f@qu#‘?ﬁ%%bﬁﬁ%g mu l??pl e tunnel
junction ipartiddesneebsbits ehiskmegd thepsbgydirsaidimg pohipdssynmebpnciorg(MB§ nunber of
Si deposition and .oxi disation steps thg’gl a[ie nggqgi iPS(d- Fi ft h Enbodi nent
Conposi tewpé}ldsﬂﬁselﬁﬁﬁ@lﬁﬁywéqg"% VTTRECUSHABLAYET-ng matri x can be
formed in other ways, using different materials. One exanple is described

by E. Bar-Sadeh et al in Physical Review vol. B50, No. 12, 1994, pp

8961- 8964 THepeattai, 2hovdhegide Riyk8¥Els rehoed 41id gatd BBof polasihdorOaardial isx can be
used to repl ace the paorous silicon_layer shown in Figure 15, A 30nmthick
conposi t e deposised s desceihed preypuslya tsing themebesilispngate 32 as a mask, the

composite film 36 and the underlying gate oxide 34 are removed by conventional
etching techniques and thereafter, the soiirc.e and drain regions 5, 6 are implanted in
the manner previously described with reference to Figure 12. This formation method
has the advantage over the method described with reference to Figure 14 in that the
multiple tunnel junction is formed by a single anodisation process, reducing the

number of Si deposition and oxidisation steps that are required.

Fifth Embod;
Composite materials of nano-crystals and the surrounding matrix can be formed in

other ways, using different materials. One example is described by E. Bar-Sadeh et al
in Physical Review vol. B50, No. 12, 1994, pp 8961-8964. In this method, a layer of

Au particles in a AloO3 matrix can be used to replace the porous silicon layer shown
in Figure 15, A 30nm thick composite film of Au and AlyO3 can be formed by co-

sputtering gold and aluminium onto silicon oxide layer of thickness 5nm that has
been formed by thermal oxidisation of the substrate 3. The subsequent device
fabrication is the same as that of the fourth embodiment. The sputtering condition
for the composite film formation is chosen so as to realise a gold volume fraction of

0.4. In this condition, isolated Au particles are obtained in the composite film which



sputtering. gold and alum niumonto silicon oxide |ayer of thickness 5nm

that has been fornmed by thernal oxidisation of the substrate 3. Z12eAUG 2005
subsequ)ent device fabrication is the sane as that of the fourth

enbodi ment. The sputtering condition for the conposite filmformation is

chosen so as to realise a gold volune.pgaction of 0.4. In this condition,
I sol ated Au particles are obtained in the conposite filmwhich 22 AUG 2005
-22 are of diameters of the order of 3 --- 5nm Therefore, the 30nmfilm

contains 5 - .10 Au rticles ross itLs thickpe forMmng a. vertjcal MIJ.
It will bRFesd hensrart BETha@ideE A 5*‘%'@@*‘ 561 Te Jqnay G Faniginsper 16 Ay
orous silj | aver [ ' t i det

Pl e or BATiERs iR IBRAERIRaiade JELEUMIT, (8 will Ml rdcteeed IR ORI €
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metal island-oxide matrix conposite filmcan also be formed by thernal
deconposi Figore tf. precursor netal oxides. For exanple, gold oxide, whichis
a precursor netal oxide, can be generated by reactive sputtering of an
Au-Si alloy target in an oxygen plasma, as described in L. Maya et al in

J. Vac. S%Pﬁx}ggxg{'mﬁns éfpétgexgééble njtf?tgﬁ sud@Pas A2 Pl wich QQJK'? Egﬁ&?%&ﬁrgmgé gulr e 16

shows a ormn nMposi f e nano-crystals an ating tunne

barriers Byrix afthnk Si, deiCrs 03 @n kefohndd biyehis2osplitreridgimehbdit i on.
Referring to Figure 16a, an oxide |ayer 21 of thickness 5nmis fornmed by a

thermal oxidisation process on a p-type Si substrate 3. Then, a nonol ayer
37 of octadecyltrichlorosilane (OTS) is produced on the surface of Si02
| ayer 21. Armetdbishniiositleimatriy eordposateifilmncam alsajbe fosmed|by thermpl | 3. vac.

Sci. Technol vol., Bl1l, 1993, lgh.eré?ZB.- 82@. I n rﬁire g%t a#g, %lh « Substrate 3
with the SFOPHOR 3 Preqrises B nt A TR EnEL02 CEIfS: ¥ f%ﬁsén of OIS
for nore sda TR ' ; t%é'!%?é’ H efrobhe OIS
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1996, pp. 15-21.

Sixth Embodi
Figure 16 shows a method of forming composite nano-crystals and insulating tunnel
barriers by a chemical deposition method from a colloidal solution. Referringto |
Figure 16a, an oxide layer 21 of thickness 5nm is formed by a thermal oxidisation
process on a p-type Si substrate 3. Then, a monolayer 37 of octadecyltrichlorosilane

(OTS) is produced on the surface of SiO7 layer 21, As described in more detail in M.
J. Lercel, et al,, J. Vac. Sci. Technol vol. B11, 1993, p.2823-2828. In more detail, the

substrate 3 with the SiO layer 21, was immersed in a ImM hexadecane solution of

OTS for more than 12 hours. This resulted in a spontaneous formation of the OTS

monolayer 37. OTS molecules can be removed from the SiO3 surface 21 by

irradiation with a 60kV electron beam. In this way, window patterns in the OTS are
generated on the monolayer 37 by means of conventional electron beam lithography.
After formation of a window in the OTS, the substrate was immersed in a 1%
aqueous solution of hydrofluoric acid for 30 seconds, rinsing out the residues of the
electron-beam irradiated OTS, leaving a window 38. The edge region of the window

is shown in an enlarged view, within hatched outline 39. An example of an OTS



generated on the monol ayer 37 by means of conventional electron heam
Igithography. After formation of a windowin the OIS, the substr?t%%!ﬁs?ﬂﬂﬁ
inmerseld in a 1% aqueous solution of hydrofluoric acid for 30 seconds,
rinsing out the residues of the electron-beamirradiated OlTS, Igav! ng a

wi ndow 38. The edge region of the winde2-is shown in an enlarged view,
within hatched outline 39. An exanple of an OIS 22 AUG 2005 -23 nol ecul e 40
is shown. It consists of an al kane chain having a sil oxane bond at one end
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is shown in Figure 16b. The procedure yields an al kane thiol nonolayer 41
on the Si Othlyayergqluhi n l;mhe re ihgn of the w ndow 38..T;e strrcture of 72?
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siloxane bond at one end of an alkane chain with a mercaptan group at the other.
This pz:ocess is described in more detail in A. Doron, et al., Langmuir, Vol. 1I, 1995,
Pp- 1313-1317. The OTS molecules remain unaffected outside of the window region
38. The alignment of the molecules 37, 42 can be seen more clearly from the enlarged
view of the edge of the window shown within hatched outline 43. In principle, this
surface modification can be carried out with other alkane thiols terminated at one end

by an alkoxy silane ((CH30)3Si-, or (C2H50)3S1-).

The substrate is then immersed in a gold colloid solution for at least five hours at
room temperature with the result that a monolayer of colloidal gold particles 44
becomes attached to the window region 38. This occurs only in the window region
where the surface is terminated with mercaptan groups (-SH) because of the strong

affinity of sulfur to gold. The average diameter of the gold colloid particles is 2nm.

It is well known that colloidal particles of gold can be prepared chemically, which
have average diameters in the range of 2~ 5nm with a well defined size distribution,

typically with a standard deviation of 10%. Such nano particles deposit on the



where the surface is termnated with nercaptan groups (SH) becau§% §ﬁ65ﬂﬁ
strong  affinity of sulfur to gold. The average di aneter of the gdl

eohlgi& particles is 2nm It is well known that colloidal particles of gold
can 'be prepared chem cally, which have average dianeters in the range of 2
5nmwith a well defined size distributign, typically with a standard

devi ati on of 10% Such nano particles'a posit on the 22 AUG 2005 -24

mer capt an group term nated surface form ng coval ent bonds between the

sul fur atom on the substrate and the gold atomon the gold colloid
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the gold | Qi dasurfa repl aci he face adsorbates of_ the gold
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surface is converted to a nercaptan-group coated surface which is capable
of receiving a further layer of gold particles. Next, the dithiol treated

surface MhehMHR' a4l 192 Hes00 b0k 430 letLl';[aing ic 9oqgtiign to? dgtgﬁ'»??ximtmely 1, 6-
hexanedithiol) after the previously described deposition of gold particles from the
colloid solution. One of the two sulfur atoms in the dithiol forms Au-S bonds with
the gold colloid surface, replacing the surface adsorbates of the gold particles with the
dithiols, while the other end of the sulfur atom in the dithiol is oriented away from
the gold surface in the form of a free mercaptan group. This arrangement is shown in
Figure 16d, with the dithiol molecules being referenced 45. Consequently, the gold
particle surface is converted to a mercaptan-group coated surface which is capable of

receiving a further layer of gold particles.

Next, the dithiol treated surface is immersed in gold colloid solution again to deposit
a further layer. This process is repeated five times in order to build up five layers of
2nm gold particles which are connected by alkane chains of dithiol. Two of the gold
layers, 46, 47 are shown in the enlarged section 48 in Figure 16d. The resulting five

layer gold structure is referenced 49 in Figure 16d, which has a thickness of the order

of 10nm.



a further layer. This process is repeated five tines in order to build up
five layers of 2nmgold particles which are connected by al kane chai AG @805
dithiol) Two of the gold |layers, 46, 47 are shown in the enl arged section
48 in Figure 16d. The resulting five layer gold structure is referenced 49
in Figure 16d, which has a thickness the order of 10nm 22 AUG 2005 -25
Thereafter, as shown in Figure 16e, t'He gold deposition process is repeated
five nore tinmes with a gold colloid solution which contains gold particles
of a larger diameter e.g. 40nm This procedure forns a 150nmthick 40nm
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.tunnel barrier characteristics. Thus, when a voltage is applied to

termnal Y, by changing the voltage at termnal X, the field on the gate 51
can be varhedafesipthagoll canpdsite lijhe 50 isalsed evirnek fohdry ehilg thaOTSr

layer 37 and the gate oxide layer 21 so as to permit the source and drain regions 5, 6

to be implanted in the substrate 3 by conventional ion beam techniques.

Type2

The general configuration of another type of memory device in accordance with the
invention is shown in Figure 17. The device is similar to that shown in Figure 1 and
like parts are marked with the same reference numbers. The device of Figure 17
additionally includes a control gate 51 which allows a field to be selectively applied to
the barrier configuration 2 so as to alter its tunnel barrier characteristics. Thus, when
a voltage is applied to terminal Y, by changing the voltage at terminal X, the field on
the gat; 51 can be varied and as a result, the field causes the tunnel barrier
characteristics of the barrier 2 to be changed. The effect of the field applied by gate 51
can be seen from the graphs of Figure 18. The voltage on gate 51 can be used to
switch the device between "on" and "off" states illustrated in Figure 18a and 18b
respectively. The voltage applied to gate 51 alters the width of the blocking voltage
VB. Asshown in Figure 182, when a “on” voltage V is applied to gate 51, the

blocking voltage is relatively small and in some circumstances does not exist. In

Figure 183, the blocking voltage Vp extends from -V, to + V1, whereas for the



Characteristics of the barrier 2 to be changed. The effect of t*m?E‘EQé‘ 5
applied by gate 51 can be seen fromthe graphs of Figure 18. The vol ag@
on gate 51 can be used to switch the device between "on" and "of f" states
illustrated in Figure 18a and 18b respectively. The voltage applied to
gate 51 alters the width of the blockiag voltage VB. As shown in Figure
18a, when a "on" voltage VX is applied“fo gate 51, the blocking voltage is
relatively small and in sonme circunstances does not exist. In Figure 18a,

t he bl ocking voltage VB extends from-VCL to +VCL whereas for the 22 AUG
2005 - 26 ahhefoffbirbltageairnt gageS hrnhebloekink, repivn dhrakd iBgwideirfipeaKtdH its
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barrier 2 by the gate 51 w Il now be explained Tn nore d
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the nmenory node 1, the tunnel Dbarrier configuration 2 “and the connection
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tunnel barrier configuration consists of alternate |ayers 15, 16 of non-

doped pol ysilicon of thickness 3-10nm and silicon nitride of thickness
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later. The tunnel barrier configuration consists of alternate layers 15, 16 of non-

doped polysilicon of thickness 3-10nm and silicon nitride of thickness 1-3nm formed
in the manner described previously with reference to Figure 10. The memory node 1
consists of a n-type doped polysilicon layer with thickness 5-30nm and is overlaid by
a non-doped polysilicon Iayer 52 of 30nm thickness. A corresponding non-doped
layer 53 is disposed on the other side of the barrier configuration, beneath an n-type

doped polysilicon layer 54 of 30nm thickness.

As can be seen in the energy band diagram of Figure 20, the seven insulating silicon
nitride layers 15 give rise to corresponding relatively narrow and relatively high:
barrier components 18 in a similar manner to that described with reference to Figure
11, together with a relatively wide but low barrier component 17. The effect of
applying a voltage to gate 51 is to raise and lower the barrier component 17
selectively, together with the barrier components 18, which are dragged up and down

accordingly.



nitride layers 15 give rise to corresponding relatively narrow ?g
relatively high' barrier conponents 18 in a simlar manner to AUG 2005
described with reference to Figure 11, together with a relatively w de but
| ow barrier conponent 17. The effect of applying a voltage to gate 51 is
to raise and lower the barrier conpangnt 17 selectively, together with the
barrier conponents 18, which are dragged up and down accordingly. 22 AUG
2005 -27 In the wite process, the voltage VX applied to term nal X (Figure
17) is set, to,a wite voltage VW (QV), and as a result the height ,of the
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peri ods Y Rede Ll 10 years. In order to read information, VX is set to a
read voltage VR which in this exanple is of the order. of -4V. As will be
expl ai ned hereinafter, this keeps the charge stored on nenory node 1 but
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during a relatively short read cycle --100ns. The barrier conponent 17
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detailed structure of an array of such devices will now be described with
r ef er enberrieg chinponenll7 whileHewdl dvib, whichdn ahigekampleris af thefordeti3Vedlhes i n
pl an vi ew,

resulting increased height of the barrier component 17 inhibits charge carrier
tunnelling from the memory node 1 so that information can be retained on the node

for long periods of time ~ 10 years.

In order to read information, VY is set to a read voltage VR which in this example is

of the order of -4V. As will be explained hereinafter, this keeps the charge stored on
memo:ly node 1 but allows information to be read from the source/drain path of the
device during a relatively short read cycle ~100ns. The barrier component 17

assumes the shape 17¢ shown in Figure 20.

Seventh Embodiment

A more detailed structure of an array of such devices will now be described with
reference to Figure 21 which shows a rectangular array of four cells in plan view,
together with Figures 22 and 23 which illustrate sections through one of the cells,
along the lines A-A' and B-B' of Figure 21 respectively. Referring to Figure 22, the
general structure of each memory cell is similar to that of the first type as shown in
Figure 5 but with the addition of gate 51, and the same parfs are marked with the
same reference numbers. Referring to Figure 22, a p-type substrate 3 includes a

conductive path 4 between source and drain regions 5, 6, together with an insulating



toget her with Figures 22 and 23 which illustrate sections through one of
the cells, along the lines A-A" and B-B' of Figure 21 respectlval&AUG 2005
Referrihg to Figure 22, the general structure of each nmenory cell is
simlar to that of the first type as shown in Figure 5 but with the
addition of gate 51, and the same part#8are marked with the sane reference
nunbers. Referring to Figure 22, a p-type substrate 3 includes a
conductive path 4 between source and drain regions 5, 6, together with an
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by applying a wite voltage VWto word line X1 (51) and an appropriate
voltage to bit line Y1 (54) depending on binary code "0" or "1". This

causes ¢ hRE@Bnﬁg)a%iﬁn td\ﬂgdr@m qe c:'lld"Be §ERARhY thedaiks Bifo e){t friendo rg/@é'i})s

correspondi ng to binary " dependi ng on the vo tage 0

line Y1. fﬂ?epmlarsowcnakwmiemém cpmmm dediheegionéporhicle pddusesithe ireehoipl umMm
because thil[ ot her cells receive the standby voltage VSB on their word
lines X2 ®Thereafter, a standby voltage VSB is applied to the word
line X1 to retain the data on the node 1 of the cell M. No vol t age needs
to be applied to the bit line. Wien it is desired to read the stored data

from cel | Infirpatéon el woitteage a\fRrtituluecelthgmenerp tehbiby shebhdgFidisB i s
applied to word Iine X1. Peripheral circuits (not shown) sense the
sour ce/ dr2ii, byapplitiag arvesteofoltabe Vae td stIriﬂ limg X1 (51) and an appropriate voltage
to bit line Y7 (54) depending on binary code "0" or "1". This causes charge to be
written on the memory node 1 of memory cell M1 1 corresponding to binary "0" or
"1" depending on the voltage of the bit line Y. The data is not written to the other
memory cells in the column because the other cells receive the standby voltage Vgg
on their word linés X9, etc. Thereafter, a standby voltage Vgp is applied to the word.
line X1 to retain the data on the node 1 of the cell M. No voltage needs to be
applied to the bit line. When it is desired to read the stored data from cell M1, a
read voltage VR, lower than the standby voltage Vgp is applied to word line Xl.
Peripheral circuits (not shown) sense the source/drain conductance of the cell M1 by
sensing the current flow between lines S§ and G (lines 5, 6). Other memory cells in

column are biassed off by the standby voltage Vgp applied to their word lines X; etc,

and so these cells are not addressed by the reading of M11.

Furthermore, another method of operating the circuit can be used, similar to the

usual method employed with a conventional DRAM, in which the stored



sensing the current flow between lines S1 and G (lines 5, 6). Cll‘?ag W&)g
cells in colum are biassed off by the standby voltage VSB applie

their wbrd lines X2 etc, and so these cells are not addressed by the
reading of ML1. Furthernore, another nethod of operating the circuit can be
used, simlar to the wusual nmethod enplygyed with a conventional DRAM in
which the stored 22 AUG 2005 -29 information is transferred to peripheral
citcuits and is then replaced by new information which is witten to each

menory node, ' has, t he. advant age f, germtfin avvidetoleranqe
in th)é des@éor\r-ﬁ\h)iéfotﬁlg@ g’lflggkﬁgeébq E‘éﬁ’i‘eﬁf Sgﬂﬂﬁd“aé?ﬁlfﬁ acqf%}’c’ﬁtﬁ her eby f
ermts siigformaion whizhiigktieds b Bache @xél&?osd 0 ogeur rom
Eell to cellg?. Bi, n‘ar‘;/r ".1"l isI re;t)'r escentegrg y aeneTn}g%ne%eh%‘ﬁ%&mW and

bi nary " 0°f Resmiingaswide soletapcainhadesigmodee ybitieaga blodiigg fuglon Vv _
requirenment, for th circuit is that VCH is larger than VH and that VCL is
smal | er th¥ 1anfbefieﬁmﬂ@lwm@caaﬁvwamm invehle abubsiof Viesy and Vags tirddeivr

ify.t . This wi de design tol erance makes it

possi bl ¢ (eomielar sfk At g nisppeenced bW@rmuyor}gmd:svognganu_ ilbitihe

[ e R th f ation W |1 now _he described with reference to
gle;ﬁlr la: gf4 O: 65| %gge%??tggbga OP’%WE"EQI é’&%ﬁ%‘éherﬁﬁ%@x Fsguinement foc thiet d: iagram
f the mesmLy; av,._coryq espondi to Figure 21 and additionally
ghowi ng the %elg?rlpa}%m’}cqaﬁfﬂﬁaé‘ 'ﬁ‘?‘?%‘é(&i@kﬁrgﬁ&#lﬁ ghanofL, thas 1Ssamsl -
N cor reseOhts (B 5 wEror el A RARER T e s b ous  y
d i bed, : ' [ ad d ..by.an equivalent circuit
Const Sti gt o o g Bece kel & pRIF Bl Mo el X Sohaft coent e
by N. The CthmiQthati on is shown for menory cell M1 in. Figure 24. The

chip includes a colum decoder and driver 58, a row decoder and driver 59,
an on-chip voltage converter VC which produces a nunmber of control

Supply VOO e o Lh FiReh SR eioPSH T B bEkere P OT A AT ooty
cel | arraysguras24io 26. Figure 24 illustrates schematically the circuit diagram-of the

memory cell array, corresponding to Figure 21 and additionally showing the

peripheral circuits which are incorporated on the same semiconductor substrate 3 as

the memory cell array. Each memory cell M1 - Mmn corresponds to a memory

device of the second type, as previously described, although the circuit is represehted

by an equivalent circuit consisting of two traasistors QR and Qyy. The memory
node 1 is represented by N. The configuration is shown for memory cell My in

Figure 24. The chip includes a column decoder and driver 58, a row decoder and
driver 59, an on-chip voltage converter VC which produces a number of control
voltages described in more detail hereinafter, from an external voltage supply Ve,
which in this example is a 5V supply. Each column of memc;)ry cell arrays has an
associated precharge circuit 60 (PC) and a read/re-write circuit 61 (RWC). PC 60 and
RWC 61 are shown in detail for the column n =1 of the memory cell array and the

corresponding circuits for column n are shown in hatched outline.

A data input/output circuit 62 receives data from an external source and transmits

data out from the memory array in a manner to be described in more detail

hereinafter.



associ ated precharge circuit 60 (PC) and a read/re-wite circuit 61
PC 60 and RWC 61 are shown in detai
cell arfay and the corresponding circuits for colum n are shown in
hat ched outline. A data input/output circuit 62 receives data from an
dat a out $r0n1the menory array in a manner
22 AUG 2005 -30 The
| i nes and conponents used in Figures
TABLE |temNane ML1
array colum Sl--
rd |ines ~yl ~yncol um
uPigpEey BoRse cPpoDen i g 24, 25

gggﬁb; ~rwead/wite signal aurow address
I'p enabl e signal D;,1.data input

ext er nal

~ppr echar ggng Qg'f@unﬁﬁ\gx
Dour dat a thPFMLE

source and transmts
to be described in nore detail
nonencl ature of the various signals,
24, 25 and 26 is summarised in the follow ng table:
- Mmnenory cel | s rrrrermry cell

S'sense |inRes data [
sel ection ?q"cj 610k Efﬁ%ﬂ

her ei na?

array row nrrermry cell
| i nes X1-

&adhhd fo"r’lo@«'

signal s ay; col um address signals

for the colum n Q 1 of t he

Item Name
My ~M_, memory cells
m memory cell array row
n memory cell array column
S;~S, sense lines
Yi~Y, data input lines
X ~X, word lines
by1~ Oyn column selection signals
/O common data input/output
PC precharge circuit
9p precharge signal
RWC read/write circuit
;b,,, ‘read/write signal
c row address signals
a; column address signals
CE chip enable signal
D, data input
Dou data output
WE write enable signal |
vC on-chip voltage converter
| V& read power supply voltage
Vw write power supply voltage
A | precharge power supply voltage
Vsp voltage standby power supply
'vcc externally applied voltage
10C data input/output circuit




VEMﬁite enabl e signal VCon-chip voltage converter VRread power zfpply

vol tage Vwwite power supply voltage VPprecharge power supply v @a@ﬂimﬁs
voltagehtandby power supply VCCexternally applied voltage | OCdata

i nput/out put circuit 22 AUG 2005 -31 A data reading operation will now be
described with reference to Figure 253;\Wen the chip enable signal CE is
at the voltage of VCC, hereinafter denoted as "high", the chipis ,
inactive. In this condition, precharge signal 4p is "high", and S1 ... Sn,
YL ... Yn, and I/O are precharged to a voltage Vp because the transistors
of PC 60 are in an "on" state. Wen CE is changed from"high" to zero

I ' &ﬂ@& N ! the chi ps became aciiye. Then ~ p
\t;gcf)ﬁgg ?Fg%?'r%‘agﬁr%q‘jépne‘ijt e tg}r;llé?lléiwsl#odr%\é\é%?ed%@-‘é%epe&cf't? %‘Wéﬁ%’h k’fiﬂ t ages of
| i nes Slthe chiSenabldsignal OB.is :fthhéli/oltigg%%' ot H@reﬁﬁ%ﬁe?g&o%@h}’%igﬁ',t , wor d
line is selected by applying row address ignalhs (ax) to 'oﬁS;rW ar:‘?“ra;t

, hiprie achcsivd, t iSVId nid$ei ' i "hifh®! e
rSgw V%Enrcrerlrjlr)lfy ggl I smli/l?i Ca $tll\/léﬁr%I@Jirzgéﬂrqreéggfg}galng’ﬁ?t ﬁeh%t’pu Elssll gné!’:rr?appear on

the cor fgspnd @ greprekargtdiesa véllage Vp Bitauledhs E%@%gﬁﬂ-ﬁlofgﬁb 'ﬁ?ﬁggrli €,

menory cell M1, when the voltage on“the nenory no

transi st den'GRatesWihen QE Isahiangédhfrem "h%ﬂ tblRr L RS SINALA NG SOG4 LOE: ST,
i s discharge ho QV. Alternatively, en the vol tage on the eIy node is
oV, S1 is°%'egtt ghipp becasag a@iven d hen o piberomeHowd tonurmtheteddsistotsate. Aft er

e ol BpRP e GeL(|o0 Ly W ghe Lol m gl
ctate,  HEHEY Y. A Yheibsolgsied Sy saing anaaddics o g0ul aghasshebronh
tstraﬁgzj[ ?t/g{i?lergg. %ge&f%éga[vglti 4 ?Ré;jg;;lie to%t}%i, t-ll;g?gfo;r{iti%ﬁcf?onxgz f?rlstg rhow
of memory cells My1 ... Mjp, is read, and the output signals appear on the
corresponding sense lines, Sy ... S;. Considering, as an example, memory cell M1,
when the voltage on the memory node N is Vp, the transistor QR isinan "on" state,
and the corresponding sense line, Sy, is di's.charged to OV. Alternatively, when the
voltage on the memory node is OV, Sy is kept to Vp because the transistor QR isin
an "off" state. After the voltage on $q has settled to OV or Vp, the read/write signal
¢w becomes "high", and the info'rr.nation of Sy is transferred to Y1 through RWC
61. Th_at is, when S1 is OV, Y is kept to Vp because Qp is in its "off" state.
However, when S1 is Vp, Y1 is discharged to OV because both transistors Qp and
QT arein an "on" state. Then ¢y1 becomes high selectively in response to applied
column address signals (ayj), so that Qyy is turned "on". Thus, the voltage change of
Y1 is transferred to data output Dy, through input/output line I/O and the IOC 62.
After Y1 has settled to OV or Vp, the voltage on word line X1 is changed to write
voltage Vyy, so that the transistor Qy is turned "on" and the voltage of Y1 is

restored to the memory node N. In this way, even if there are any disturbances to
the memory node voltage during the read operation, the information is refreshed to
OV or Vp. The read and re-write operations are also performed on the other cells in

the same row, Mj3 ... M1y, but the read-out information is not transferred to 1/O



col urm address si gnhals (ayj), so that Qyl is turned "on". Thus, %?eAqé)I éugge
change of Y1 is transferred to data output Dout through input/outpu ¥R e

1/0and the 10C 62. After Y1 has settled to OV or Vp, the voltage on word
line X1 is changed to wite voltage VW,,so that the transistor QVNis
turned "on" and.the voltage of Y1 is rdétored to.the menory node N. In
this way, even if there are any disturbances to the nenory node voltage
during the read operation, the information is refreshed to OV or Vp. The
read and rdingr asia thpcasstof oelb My eWelies shpemfl andwewaite operacibhefinislglCE in  t he
same row, I\éiz ,Mhn but the read-out information is not transferred to
110 22 AUGbzoomes bigh) Kids seaso standlyevalage Vap apditherMp 1, bedhmes high. read and
re-wite operations finish, CE beconmes high, X1 is'set to standby voltage
VSB and then 4) p becones high. Next, the wite operation is explained. As

an exanpl e Néhetherv ke e 9exslghed h calel ' . Figure
26. By the sarrgt operat?%ﬁ as d.esé:ri bedgﬁsﬁﬁ?ggﬁmf’eg{c? %}p\)%go te?%%?q?ﬂ%wstored

i nf or mat i omemnomaeli M1y isshofar indtigure 26i Barthe ¥ime dpentian avddstriigd in the
corresponding to input data Dinis applied on the 1/O and the read

i nf or mat i ofesshoperatien,thppracasinfarmarios ondyly adserambfirsed ® $inad Wit oFled 20n t he
menory node, N by applying the wite valtage VWon the word |ine X1. The

ot her cel | ¥oltAge €qfaespanding soanpwt data D;oNs applied onishe 140; anduhd readk i ng t he sane
operation. .If will be _understoqd that this_process is repeated

sequent i al |‘9‘f°’?‘6%°8f“r‘6w5ifﬁl°la?fd3?¥ “ﬁﬂ& YAlfege Thisdathed ssoned opghememeonof t he

. l. f th fi,fabricati . | 1 cor di
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thi ck non- daped a8l dhie cells dfithenfetorfagragur face of the film52 is converted
to a lnmthickness silicon nitride layer in NH3 anbient at a tenperature
of 700C in order to formthe first of the layers 15, shown in Figure 19.

The thi ckn@gSexample of method of fabricating a memory cell according to the embodiment of -

shown in Figures 21 to 23 will now be described with reference to Figure 27.

Referring to Figure 273, the 10Qcm p-type silicon substrate wafer 3 is thermally
oxidised to form the 5nm thickness SiO layer 21. Then a 10nim thick n-type doped
silicon film 1, which forms the memory node, is deposited on the layer 21. Thisis |
overlaid by a 30nm thick non-doped silicon film 52. The surface of the film 52 is

‘converted to a Inm thickness silicon nitride layer in NH3 ambient at a temperature

of 700°C in order to form the first of the layers 15, shown in Figure 19. The thickness
of the silicon nitride layer can be controlled by controlling the.gromh temperature,
from 2.5n0m at 1000°C to 1nm at 700°C.l Then a non-doped silicon layer 16 is
deposited and nitrided to form another 1nm thickness silicon nitride layer 15. This
process is repeated six times sequentially forming the multiple tunnel junction 2,
comprising seven sets of overlaid layers 15, 16 shown in more detail in Figure 19.
Then, a 30nm thickness non-doped silicon film 53 is deposited, which in turn is

overlaid by a 20nm Si3Ny film 63 that is deposited for masking purposes, and is
patterned by lithography and dry etching in an atmosphere of CHF; and argon gas.



of the silicon nitride |ayer can be controlled by controlling the ?rowth
tenperature, from2.5nmat 1000C to 1nm at 700C. Then a non-dop@d AUGI gopm
Jayer 16 is deposited and nitrided to form another 1nmthickness silicon
nitride layer 15. This process is repe?Sed six times sequentially formng
the multiple tunnel junction 2, conpri'si’ig seven sets of overlaid | ayers
15, 16 shown in nore detail in Figure 19. Then, a 30nmthi ckness non-doped
siticon film53 is deposited, which in turnis overlaid by a 20nm Si 3N4
film 63 thakhe slicepand silicor nitrideloyérm §3,015 p6,52andanreithen prehédesutels) din

| it hography and dr.y et chi ,n an at nosphere of CHF3 and argon gas. AUG
boon 2o Ty eiibe TG Rod el RaRonter pere |ayers 53, 15, 16, 52 and 1 are

then etched out -by using a dry etching nmethod well known per se. Referring
to Figure 27b, the surface of the wafer is oxidised to forma 30nm

t hi ckness Faifeirfpko Figfe 2bgtheaddec ke oafer heoMdlskd eators] H8hmRthitRBess

barrier co f,égurat I%ﬂqé usin the Si3N4 film63 as a mask. Arsenic 1ons
are i npl ante@2t&4, Farhiienedzsnbiacn e deniaal sidesafitbnbasier@onfipenions usingwn i n
Figure 27c,,the.Si filme63 is remved and the 30nmthickness n-type
doped si | i &Bf E’fﬁﬁaﬁgﬁ 63 as g@ski Aawnicions sssenpianted sofarm theskures sndidednf i | m
55, by a conven%i nal CVD process. Then, the |ayer 55 is patterned by
convent i ondfBOR} 'hggraphy and dry etching nethods. The width of the bit
line, i.e. the wwdth of Iine Y1 (54) shown in Figure 21, is selected to be
60nm which provides good controllability of the internal electrostatic

potential dfhenhas shewircin Fifhe 376] whis S84 fifm 68 herevasvedusidlthY $0rin tRickh&s bi t
line Y1 can be selected in dependence upon the size of the nenory celsl
array. The niypedspsdiiliteh film S dsedepbiieddefollosfediyde 50hitchickn@s sicbs kit 55 esi st
and the Si02 film55 as a mask, the |ayers 54 and 55 are selectTvely etched
in an at mbyphemnyentiosd £ GRpracess. | Thdnethid lapér 35 isipanerdedibyl @avémieal of the

tunnel bartgier onfigyration 2 i xposed,, Referring tg Figure 27d, a 30nm
t hi ckness éf}ﬁ’géf‘ Yf‘é‘gaﬂ' ?‘Shlé}éﬁ?)‘éﬁ?‘_gdqgﬁd"’dmﬂyOE ghedviefine.r.c. the veidebophee e of
CHF3 and ?'&%%4%&:&&:9?&8& flc,’isgrefg&'eg?o BL g@n?ﬁ?&'h%c}?gfovides good

controllability of the internal electrostatic potential of the device. The thickness of -

the various layers in the bit line Y1 can be selected in dependence upon the size of the

memory cell array. The layers should be made thicker for wider bit lines. Using

resist and the 51O film 55 as a mask, the layers 54 and 55 are selectively etched in an

atmosphere of Cl, gas until the first silicon nitride layer of the tunnel barrier

configuration 2 is exposed.

Referring to Figure 27d, a 30nm thickness CVD SiOj layer is deposited and dry

etched in an atmosphere of CHF; and argon gas in order to provide side walls 56.

Referring to Figure 27¢, the polycrystalline silicon layer 51 is thereafter deposited and
patterned by conventional lithography and dry etching methods, in order to define

the word line.

The n-type and p-type MOS transistors that are used in the peripheral circuits 60, 61
etc shown in Figure 24 can be fabricated in the same substrate 3 by conventional

methods. The source and drain regions for the n-type MOS transistors can be formed



Referring to Figure 27e, the polycrystalline silicon layer 51 is thereafter
deposited and .patterned by conventional |ithography and dry etcld AqUg 2005
met hods) in order to define the word line. The n-type and p-type MOS
transistors that are used in the peripheral circuits 60, 61 etc shown in
Figure 24 can be fabricated in the samg.substrate 3 by conventi onal

nmet hods. The source and drain regions for the n-type MOS transistors can be
formed 22 AUG 2005 -34 at the sane tine as the fabrication of the source.

and dr ai , f the Ly cell.s, Mm, as, descrjhe ith refergnce to
Fi gure Z%t.hgf%\rgf ﬁ%e %srﬁg‘gg%é IP“i%f‘h%s%E%%@agﬁ?lqsoi2&2I‘€4 BERAHEBYS vol t age
VSB of - NastdaScribd WithirPRedcR t O F bg, mai ntain the stored information
on the in |18i dual mam)rly rnodeg 1. %ﬁ?g g%n be achi eved when the device is
switched of f, by using an external. battery or capacitor. Because no
significant current is drawn, except a neglibly small |eakage current,

ef f ect i vt shinembeodinsrit) & icheesatyerd giply s seadbpeolkkiedV e of -5Momthe

modi fication described |ater, the use of an external battery or capacitor

i s avoi de@rdlinesin drdentp aaintain thestored irfomaatigmen dhe/individudYaerhonyt hi s case,
t he standby \vol.t.age ecqnes OV, and thus an external battery is not needed.
Ei ght h ERBGEiimehi @}fégﬁéf 6‘6th‘ﬁh§h31€t eVive isyvaipeiisg ofb byagmgian eswerwal i n

Figure 2 r -type region 65 i s f.orpmed under the.contact

regi ons gtté\ﬁg?’cﬁ%ﬁ? arfgeté.p' 'P%gﬂlgglr}? isb%grl‘fgcff”i)ﬂ“égﬁ 15 B VCh TEFWE A SGBHRY g™

nodi fi caleakuge @lirfehityteffobiively nBnNoluill€cl2actdifid ey BEoBARRM. T8QI ON 65 is
formed by i,on i.npl antation of boron ions using Si02 55-56 as a mask after

the proB@duicatiep desrsihedilaenitheres ofandicterfakbarsky ageamuitonisavbided biys
shifted [fe]""g] V. at roomt era e, Iln this,strugture there is
anot her gﬁ@%ﬁtailg%t ﬁé{f’ﬁf‘%"é “ipﬁfaéggfg?y +§'|€f;c{r} s %&’?’c‘hﬁétt“éalﬁ ¥pltageence

conduct i Bérof1e€ OWYarklbdhes 8HIRrer 3N | nore effectively. Due to
the effects of |ateral Sspree'iacxj-i ng a(%?r);i:frgrp g%teéqu boron ions and the resulting

‘built-in potential of the fornmed inplant p-i junction, the effective bit
l'ine .
Eighth Embodiment

One method to shift the standby voltage is shown in Figure 28, where p-type doped

region 65 is formed under the contact regions of word lines. The configuration can
be considered as a modification of that shown in Figure 22. The p-type doped region

65 is formed by ion implantation of boron ions using SiO 55-56 as a mask after the

process step shown in Figure 27(d). The voltage on word line is shifted by around 1V
at room temperature. In this structure there is another aanntage that the internal
electrostatic potential, hence conduction energy band edge, can be controlled more
effectively. Due to the effects of lateral spreading of implanted boron ions and the
resulting built-in potential of the formed implant p-i junction, the effective bit line
width can be much smaller than the real bit line width, so that even 1um bit line
width is enough to realise the present memory device, instead of 0.06 pm bit line

width in the seventh embodiment. In this structure, Vgg = 4V, VR = -3V, and Vyy
- 1V.

Ninth Embodi
Furthermore, a thin p-type doped layer 66 can be formed inside the barrier structure

as shown in Figure 29, resulting in even a larger built-in potential. The configuration



wi dth can be nmuch smaller than the real bit line width, so that e)‘,(?n &énbit
l'ine 1dth is enough to realise the present nenory device, instea 8Y6 3056
m bi t Mne width in the seventh enbodiment. In this structure, VSB - -4V,
VR - -3V, and VW - 1V. N nth Enbodinent Furthermore, a thin p-type doped
| ayer 66 can be fornmed inside the barBber structure as shown in Figure 29,
resulting in even a larger built-in potential. The configuration 22 AUG
2005 -35 of Figure 29 can be considered as a nodification of that shown in

[ Fi = cehe 1 e de |ting p-type
i [ con 17 pyte 2oan BeRBANA 53 AORHRIGPHIR: A PRETEE REhES: i ng
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Figure 30 qan be _considered as a npdification of that shown in Firgure 19
and the%ﬁﬁt‘gé‘i" I?‘fslféflﬁ?eé tg%lﬁo%ﬁeidiﬁpr@ﬁm@Wmd)hmthbetWGm gend-bpscri bed

with refer Figures 21 to ._Th ry de in Figure 30 is

over| ai cf%‘gsl’p’ﬁ%eéy%gﬁl g%;%@a S%ﬁf&”ﬁ’z‘?s&ﬁ' 'Ieié(ySrR Szlg‘?a%#ﬁaﬁ’t‘l‘li@kness, whi ch
itself is overlaid by a single barrier layer 67 of 5nmthickness, forned
of Si3N4 material. The Si3N4 filmcan be forned by plasma nitridation at a

t enper atDshEmbeOismedyd at a power |evel of 300-500W This is _overl aid by
a non-dopeﬁ, Si l'ayer 53 of 30nm thickness and a n-type doped Si |ayer 54.
of 30nmlfg ét@ﬁ&cgffme@vs@rthb:é@rmwﬂbmmy,Qﬁrhnordeefoéﬁemsmeﬂ,asgwmw. The

resul ti conducti on aener band. di am.for the harrier, .structure is
shown i nrl:qu‘ G %géc%ie % 535%!9%‘?}3;‘&” "’3&{ ke R?@F'gc{ﬁadé agpedifiggtionnfsbrfent 17
shown in Figure 19 and the barrier structure can be incorporated into the device
described with reference to Figures 21 to 23. The memory node 1 in Figure 30 is
overlaid by the non-doped polysilicon layer 52 of 30nm thickness, which itself is

overlaid by a single barrier layer 67 of 5nm thickness, formed of Si3Ny material. The

Si;N, film can be formed by plasma nitridation at a temperature of 550°C and at a
power level of 300-500W. This is overlaid by a non-doped Si layer 53 of 30nm
thickness and a n-type doped Si layer 54 of 30nm thickness, described previously with
reference to Figure 19. The resulting conduction energy band diagram for the barrier
structure is shown in Figure 31 and consists of a relatively wide barrier component 17
of relatively low barrier height together with a relatively narrow barrier component
18, produced by the layer 67, of relatively high barrier height. In this example, the
barrier height is of the order of 2 volts, produced by the 5nm thick layer of insulating

Si3N4. During a write operation, the write voltage is applied to the side gate 51 (not
shown) in Figure 30. In this example, the write voltage Vyy= 5V lowers the barrier

configuration in a transient state such that the relatively wide barrier component
assumes the configuration 17a shown in Figure 31. For reading data, the voltage

VR = 1V is applied to the gate 51 so that the barrier assumes configuration 17b. In

this arrangement, data can be read from the memory device. To store information, a



of relatively |ow barrier height together with a relatively narrqw barrier
conponent 18, produced by the |ayer 67, of relatively high barri ?’W@i@h&.
1n this)exanple, the barrier height is of the order of 2 volts, produced
by the 5nmthick |layer of insulating §i 3Md. During a wite operation, the
wite voltage is applied to the side ¢ fe 51 (not” shown) in Figure 30. In
this exanple, the wite voltage VW 5V lowers the barrier configuration in
a transient state such that the relatively wi de barrier conponent assunes
the confi$amehy voltaged/spre OV ismséd guechehaithe Eonfifiradomd7elpssitivel P BlogRd t age

VR- 1V is :l;F)pIied to the gate 51 so that the barrier assunes ‘configuration
17b. In ke ge@rfrcangerfmm,thdatemmmolde1rveiald0Vra;pFliealeo tierwed ldevikce. To
store information, a 22 AUG 2005 -36 standby voltage VSB - OV is used such
that the configuration 17c positively blocks |eakage of charge fromthe

menory n with OV applied to the word |ine X. Type3 Eleventh
Enbodi nent” ’Anot her type of nenory device in accordance with the invention
I s -shown rmE) ighen® Fi gure 32. The device is generally simlar to

the enmbodinent described with reference to Figures 4 and 5 and like parts
are nar kednafieR typrokmemory device rcaccordaber withithe imeneshddiboent of Fi gure

32, the Les ucGt.ur e consd st,s .of . an ray .of lateral dots 68. The
dot s canb%Pelg#‘g{%?aﬁ%P}ég%V % nihﬁgFVIB? S@eRed %ﬁ"t‘mi)@éﬁgt e gmRo@smesh i oni sed
beam depaddsérilesdl wthhef rasce 36 Fefirbesl o4 nd K. Nakazato,
Appl i ed Phé;ilcs Letters, 12 Juhe ﬁgag%wsvﬂo? mggf“ﬂéﬁe@g’?‘qgg‘ﬁ%ﬁéé@észx or
by si ngl ereterenmel nurhbeys.afi yheasnblediarenbefFigurd 32, Mrie?@ﬂrﬁﬁgfd’@cﬁrs@@tdfonal
Synposi um _on_Ne henopena_ i soscopi ¢ Structures, December 1995.
Fur t her noY & at}ﬁ‘\é\f ﬁfﬁf@rcgﬁs g%t ihg/g%‘cﬁ% efiebriqaead| byce numpeyebdifferenn vays
pol ycryst ' s Sield | far | e ,as _.descry b ano et, al, supra,
by nano- cs?%'?glﬁé I@SILA 3esg‘l;élhjﬂ;§a&%§l 'ﬁﬁ%‘gﬁﬁ ﬂlf)sﬁnsﬁ {’hygﬁl&%rﬁ ‘f\ﬁmcé,anfiourt h
and fi ft K aNblaiargm pplicdPhyRies 1eekisOl HalnePBHS i CLE desoil 9983 g4t he
met hod in the pr e‘senlfp_si xt h}aen‘oodi r?entﬁlnl\iany ’vaélieg?’?ﬁr?sﬁﬁyg' %@i [ éat I ons
fall wtH~ rb)‘t%%g1§ atgra lishogmphyredesotibedive it iAdmmed; &hird International

Symposium on New Phenomena in Mesoscopic Structures, December 1995.

Furthermore, the lateral dots 68 could be replaced by grains in a polycrystalline

silicon film for example as described by Yano et al supra, by nano-crystals as

described by the method in the present third, fourth and fifth embodiments, and by

colloidal particles as described by the method in the present sixth embodiment.

Many variations and modifications fall within the scope of the present invention. For
example, the various regions of n-type and p-type material could be exchanged with
one another to produce devices with complementary conduction characteristics to
those described hereinbefore. Also, the thickness of the different layers that make up
the described examples of layered tunnel barrier junctions may be altered from the
specific examples given hereinbefore, Also, different insulating materials could be
used. For example silicon oxide could be used instead of silicon nitride as a tunnel
barrier. Furthermore, other semiconductor fabrication systems could be used, with a
different basic substrate, such as silicon on insulator, SiGe, Ge, GaAs and others well
known to those in the art. Also, the various different embodiments of barrier
structure and the modifications thereof described for use in the first type of memory

device according to the invention, can be used in embodiments of the second type



exanpl e, the various regions of n-type and p-type material could be
exchanged with one another to produce devices with conpl ementary2 2 AUG 2005
conduct!on characteristics to those described herei nbefore. Al so, the

thi ckness of the different |ayers that nake up the described exanpl es of

| ayered tunnel barrier junctions may be altered fromthe specific exanples
gi ven herei nbefore. Al so, different i@gyLating material s could be used.

For exanple silicon oxide could be used instead of silicon nitride as a
tunnel barrier. Furthernore, other sem conductor fabrication systens could

be used, w%gp-a diffﬁr%gf bgsjc substrate, such as silicon on insulator,
SiGe, Ge, ™ A?s“%a‘615 el §fBPo lmﬁﬁ\mcqrdlnmtosréleisncqxﬁbty@ﬁtanbém,diﬁdde

various dif.f Le of [ rei_er tructyre and t.he nodifications
t her eof dferrcur%lg S}e}ﬂ“@gyggégg E%té‘t%rew?ﬁrag efiyﬁzt%‘faﬂt‘g’r?gr‘? tgﬁiﬁgi’ g¥eOEi ng to
the i nvenbperate azacrdig tsed princIBUtiHBRER (Phe t he second type 22 AUG 2005
-37 with a side gate 51, and enbodi nents actording to the second type can
be nodified for use without the side gate, or with a fixed voltage applied
to the side gate, so as to operate according to the principles of the
first type. 22 AUG 2005 - 38 Cains 1. A nenory device conprising a
substrate, an array of nenory cells configured on the substrate, 5 an
electrically insulating |layer on the substrate, a plurality of word |lines
and data |ines extending between the cells, each of the menory cells
conprising a barrier structure and a nenory node, the barrier structure
overlying the insulating |ayer and providing an internal electrostatic
barrier potential of a relatively high barrier height to keep voltage on
the nenory node, 1o the barrier being configurable selectively in response
to an external bias applied to one of the word lines to provide a
relatively |low barrier height whereby a current fl ows



reading circuitry to read the | evel of charge stored on the nenor

‘of the cells individually, and 15 witing circuitry to wite charge onto
the menory nodes of the cells individuggly. 2. A menory device according
to claim2 wherein the substrate is conprised of silicon, the insulating
| ayer conprises an oxide or a nitride of silicon. 20 3. A nenory device
according tg claiml1 or 2 wherein the nenory node is fornmed of a
conductive ‘s?#"P8on material. 4. A menory device according to any preceding
clai mwhergin the harsi Q{\n&?bﬁﬁg-ﬁh re is formed of polysilicon nmaterial.
5. A nenory device accg éing to receding claimincluding a control
gate confi gur ed atsmbsoate; ol t he barrler height presented by the barrier

structure to current that flows to i menory node. 30 22 AUG
2005 -39 6. A oAy st Cer b ise Fée‘éﬂmfg cl ai m wherein the

current ; that flLouwsedifca nmﬁBHh%Eﬁm?%ﬁQB¥sﬁgﬁﬁuef|0“5 vertically through
the barrier structure. device conprising a substrate, an
array of nenory acghtdity ohfwagdrleds candtdlam hmﬂ;sdmtatcbng batwednetdterdedal | y

i nsul ating | ayer he substr i of word |ines and data |ines
o ond o et wedAch ALE s Ro relcaomp Bt et SR i B Sflg

el ectrode, tﬁrﬂ@@ﬂ'ﬁ&’m@&?ﬁt Qﬁéfds@lﬁﬂn%%&éi%ﬂ eo&&hgeemtwﬁl ab&edstpde and
t he menory node, and a co § gate, the barpler tructure overlying the

i nsul ati ng Haatyﬁerpommﬂhabmfcmemumdy arghi barserihaighe teekdepositagd en herméenory node,

-through the barrier structure to change the voltage on the nenDryfpzd
dﬁ-@s 2005

10 the bartier being configurable selectively in response to an external bias applied to one
of the word lines to provide a relatively low bartier height whereby a current flows
through the barrier structure to change the voltage on the memory node,

reading circuitry to read the level of charge stored on the memory nodes
of the cells individually, and

writing circuitry to write charge onto the memory nodes of the cells

individually.

2. A memory device according to claim 2 wherein the substrate is comprised
of silicon, the insulating layer comprises an oxide or a nitride of silicon.

20
3. A memory device according to claim 1 or 2 wherein the memory node is

formed of a conductive silicon material.

4. A memory device according to any preceding claim wherein the barrier

25 structure is formed of polysilicon material.

5. A memory device according to any preceding claim including a control
gate configured to control the batrier height presented by the barrier structure to
current that flows to and from the memory node.

30



potential of a relatively high barrier height to keep voltage on ?gg Ugnnry
node, the control gate being operable to receive an external vol AUs); 2805
applied to one of the 15 word lines so as to apply a field to the barrier
structure resulting in a relatively Iom% barri er height whereby a current

fl ows through between the el ectrode and'?he menory node through the
barrier structure to change the voltage on the nenory node, and reading
circuitry to read the |level of charge stored on the nmenory nodes of the
cel I s i ndi i dual4 ynemorygdevicageorging ¢oiasg peetedtigselaign wheseibghe atgenn

hori zontal f{rapsistor fornmed,in the substrate, and erti.cal ly configured
Cont ror | abi BAEBRYE 16 e W itoe oS PR osBRiuf SEha e tERL or

conpri si ng safwcadectrode, a nenory node, a barrier structure between the
el ectrode and the menory node, and a control gate, the barrier structure
providing an internal electrostatic barrier potential of a relatively high

barrierjhehpht tgrkgggry kﬁqgetgnﬂnhe menory node, the control gate being
operabl € to receive an Yexternai™ve Pﬁge bi as whereby the barrier 30

structure presentsilawhel atively |ow barrier height and a current flows
between the electrode and the nenory node through the barrier structure so
as to change then &t ageespry kellheopfignradga the spbesra005 40 9. A net hod of

fabricating a sem - i . i.Si.ng.. providing a substrate,
provi di ng an eI2%%@?@gﬁﬁ@fﬁﬁgﬁﬁggﬁﬁﬁg?ﬁygf%gﬁg%ﬁg’substrate, fabricating

an array of nmenmoryluedith of visrdMirisngdalapd lified édtyndihgWetwledd thRscelied dat a
lines 5 extendi ng between the cells, each of the nmenory cells conprising a
barrier’0 struct uReh ghtheanempprspllhermprisinganeleqirade, amegoryredoedeiteing t he

75412170, it oA b ety L gl SLEACELAN. St Hhatongtent 2
barrier beismgpcannbiglyirgthe insulating layer and providing an internal electrostatic barrier
potential of a relatively high barrier height to keep voltage on the memory node, the
control gate being operable to receive an external voltage bias applied to one of the
75 word lines so as to apply a field to the barrier structure resulting in a relatively low
barrier height whereby a current flows through between the electrode and the memory
node through the barrier structure to change the voltage on the memory node, and
reading circuitry to read the level of charge stored on the memory nodes
of the cells individually.
20
8. A memory device comprising
a substrate,
a horizontal transistor formed in the substrate, and
a vertically configured controllable conduction device ovetlying the
25 hotizontal transistor, comprising an electrode, a memory node, a barrier
structure between the electrode and the memory node, and a control gate, the
barrier structure providing an internal electrostatic barrier potential of a
relatively high barrier height to keep voltage on the memory node, the control
gate being operable to receive an external voltage bias whereby the barrier
30 structure presents a relatively low barrier height and a current flows between the
electrode and the memory node through the barrier structure so as to change the

voltage on the memory node



selectively in response to an external bias applied to one of the word
lines to 10 provide a relatively low barrier height whereby a cu@raugt 2008
flows through the barrier structure to change the voltage on the nenory
node, providing reading circuitry to read the |evel of charge stored on
the menory nodes of the cells individually, and fabricating witing
circuitry to wite charge onto the nenory nodes of the cells individually.
15

9. A method of fabricating 2 semiconductor device, comprising: providing a
substrate, providing an electrically insulating layer on the substrate, fabricating
an array of memory cells, providing a plurality of word lines and data lines

5 extending between the cells, each of the memory cells comprising a barrier
structure and a memory node, the barrier structure overlying the insulating layer
and providing an internal electrostatic battier potential of a relatively high barrier
height to keep voltage on the memory node the barrier being configurable
selectively in response to an external bias applied to one of the word lines to

10 provide a relatively low barrier height whereby a current flows through the
barrier structure to change the voltage on the memory node, providing reading
circuitry to read the level of charge stored on the memory nodes of the cells
individually, and fabricating writing circuitry to write charge onto the memory
nodes of the cells individually.

15



