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iMenory Device Field of the invention This invention relates to awgrj’?ofr/?}m
devi ce capable of very large scale integration to provide a nmenory cell

array. Background I n conventional sem conductor nenories, one bit of
information is represented by electrons stored in a static capacitor in
each menory cell. The_ binary nunber "1" -ils represented by a deficit of N

el ectrons and "0" is represented by a neutral charge state. In a typical 16
Moit dynam c¢ random access nenory (DRAM the nunber of electrons Nis

around 800, to increase the nmenory capacity, the individual
menory cel Igg%g@cﬂ't?eg&?‘mde smal ler, but this cannot be achi eved sinply by
scal ing down the conventional nenory cell because there is a lower |imt to
the value of N. The nunber of electrons Nis limted by the need to
acconmodat eFjetdlofigke fventioh fromthe cell, internal noise and the effect of

i nci dent al %ha particles, and these factors do not reduce conmensurately
with a redudhisanvemionwelatesae aohempry device capable of very large scale integration to

- provide a memory cell array.

Background

In conventional semiconductor memories, one bit of information is represented by
electrons stored in a static capacitor in each memory cell. The binary number "1" is
represented by a deficit of N electrons and "0" is represented by a neutral charge state.
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. Tt can be estimated that N must be in excess of 130,000 in'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 consequently, 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.
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high electric field is applied during the erase and write cycles and as a result the SiO;

film is degraded, limiting the life of the memory to a predetermined number of

erase/write cycles, typically of the order of 105 cycles. Furthermore, the erase/write
times are typically several milliseconds, four orders of magnitude slower than that of
a conventional DRAM. Such poor performance limits the application of flash

memory devices.

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



current flowin a source-drain path. Charge is either witten to or erased
fromthe floating gate by application of an electric field through a
control gate. Arelatively high electric field is applied during the erase
and wite cycles and as a result the Si qaerr] filmis degraded, limting
the life of the menory to a predeterm ned-nunber of erase/wite cycles,
typically of the order of 10[err] cycles. Furthernore, the erase/wite

times are typically several mlliseconds, four orders of magnitude sl ower
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F. Murai and K Seki ih I EEE Transactions on El ectron Devices, Septenber
1994, Vol. 41, No. 9, pp. 1628-1638, and by K Yano, T. Ishii, T. Sano, T.
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t he pol ycr yr37aH3V9\ebys3. Ti%at, F. Rana, K. Chan, L. Shi and H. Hanafi in Applied Physics
Letters, 26 August 1996, Vol 69, No. 9, pp. 1232-1234, and H. I. Hanafi, S. Tiwari
and L. Khan in IEEE Transactions on Electron Devices, 9 September 1996, Vol 43,
No. 9, pp 1553-1558. This memory device utilises silicon-crystals that underlie the
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 th.c;= 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



fiilm .The nmenory size is relatively small as conpared with the structure in
- 3- PCT/ GB93/ 02581 supra and is operable at room tenperature.
Furthernore, the nenory shows several advantages as conpared with
conventional flash nmenory, wth a fasted-erase/wite tinme due to the snal
nunber of stored electrons, and the operational lifetime is inproved
because | ow vol tage tunnel injection is utilised rather than high-field
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Summary of the invention

With a view to overcoming these problems and disadvantages the invention provides
a memory device comprising a path for charge carriers, a node for storing charge to
produce a field which alters the conductivity of the path, and a tunnel barrier
configuration through which charge carriers tunnel in response to a given voltage so

as to become stored on the node, the tunnel barrier configuration exhibiting 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.

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 pr.ofile 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



No. 9, pp 1553-1558. This nenory device utilises silicon-crystals that
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semiconductor material.

The charge storage node may comprise a layer of electrically conductive material
between the barrier configuration and the path. The node may comprise a plurality
of conductive islands. In an alternative arrangement, the islands 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 5nm 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;I
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.



floating gate through a tunnelling barrier froma gate el ectrode. However,
di sadvantages of this device are that it has a slow witing/erasing tineg,

of the order of mlliseconds, and that the |ife of the_tunnel bar_rier
limted because Fow er- Nordheimhigh field injection is used as in a

is

conventional flash nmenory. A simlar defice is described in US Patent No 3
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the states to exist at the node.

Alternatively, the control means may be operative to vary the width of the voltage

blocking range.

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

The



barrier conponent so as to be witten onto or erased fromthe node. The
conponent of the energy band profile that has a relatively high barrier

hei ght nay be provided by an element with a width of 3nmor less. A
plurality of the relatively high barrier, conponents may be included and
may conveniently provide a nultiple t urikel junction configuration. The
barrier configuration nmay be fabricated in a nunber of different ways. It
may include alternate layers of relatively electrically conductive and

i nsul ating herekof woltageé on the data line after operation of the read/write circuit in response - 5-

which the layers qollectively provjde the relatively wide, [ow barrier

hei ght conpbhiput Ftattﬂgeé‘ﬁéﬁtﬂ}/l%aﬁlﬁ‘- ‘ﬁﬁlloﬂchéﬁaté & 19y datadis Tyritten ta theelht | ng
| ayers provide the relatively high barrier conponents. The alternate |ayers
may conprise polysilicon and silicon nitride respectively although ot her

materi al s nR¥ripRertb@fbuits for the array may formed on a common substrate with the
memory cells, and the source and drains of transistors in the peripheral circuits may
be formed by the same process steps that are used to form source and drain regions in

the cells of the array.

The invention also includes a method of fabricating a memory device which includes
a path for charge carriers, a node for storing charge that alters the conductivity of the
path, and a tunnel barrier configuration through 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,
in 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 4 s a schematic plan view of the structural configuration of the memory array

circuit shown in Figure 3;



Alternatively, the barrier configuration may conprise a Schottky barrier
configuration with alternate |ayers of electrically conductive material and
sem conductor nateri al . The charge storage node may conprise a |ayer of
electrically conductive material between the barrier configuration and the
pat h. The node may conprise a pIuraIity‘§f conductive islands. In an
~alternative arrangenent, the islands are distributed in the barrier
configuration and may give rise to the relatively |ow barrier conponents of
t he ener gy Figmet Pisafcrose séxyional #iew takert iieh%tlféiﬁfe%@g of Rigare 4, tireugle| ands may
have a diameter of Snmor |less. They may be arranged in |ayers separated by
i nsul ating memery e8ll M11;The i sl ands may be forned ijn a number of I di fferent
ways. They may conprise nano- crystals of sem conductor material .

Al %ler nat i zeﬁlﬁ‘xﬂ{b‘; amlqgé%r@pgme@pll A1 of Figare ‘bﬁdwpﬁong/h@pﬁ-ﬁ;lerl _ng,h SO as
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di sposed be 4 lﬁ%""path and a control electrode so that by changing the
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writing of a binary "0" (%igures 8a-d) and the writing of a binary "1" (Figures 8e-h);

Figure 9 is a graph of the drain-source current Isy plotted against control gate voltage
Vx for a binary "1" and a "0" stored on the memory node 1;

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 ene;'gy 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,
illustrating the various fabrication steps for manufacturing the memory device;
Figure 13 is a schematic cross section of a 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 memory device in
accordance with the invention in which nanometre scale silicon crystals are

distributed throughout a SiO9;

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;



tunnelling to the node. o
- 6- The anobunt of charge that can be stored at the node may be |imted by

the Coul onb bl ockade effect, to a discrete nunber of electrons. _In use,
the tunnel barrier configuration exhi bi tg a bl ocking voltage range in which
charge carrier tunnelling to the node i$“bl ocked, and control neans may be
provided to increase and decrease the bl ocking voltage range to control

t he amount of charge stored in the node. The ampunt of charge that can be
stored at tFigured¥ds asghenearicl diggramcoftasecorm typalof mensdrydevize éih acookdaice on
states. The pﬁngerpl ngans may be operative -to raise and |lower the blocking
vol t age ranyendpe BWeRWOKernit only a sel ected one of the states to exist

at the nodes: ter i vel th ont r ol ans be.operativ o vary
the width Elg\xﬁg%%ﬂd; b arsl%%[:thsr? thie,iyzent IThFough the barrier structure of
Figure 17 as a function of the voltage Vy applied to terminal Y in the presence ("on"

state) of a voltage applied to terminal X and the absence of such a voltage ("off" state);
Figure 19 is an enlarged schematic cross section through the barrier structure shown
in Figure 17;

Figure 20 is a conduction band energy diagram for the barrier structure shown in
Figure 19;

Figure 21 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 illustrating a process for reading information from

the memory cell M14;

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

cell M11;

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.



The nenory device according to the invention is suited to be manufactured
as a plurality of menory cells in an array of rows and colums in a conmon

substrat e. Data may be selectively read fromeach cell individually, and
new data may be witten to the cell or e stored data nmay be refreshed.
The menmory cell array may include sensing |lines for detecting current

flowng in the paths of respective colums of the nmenory cells, word
lines, data lines for controlling the barrier configurations of the menory
cel I's of aDesfleddescriptivnuinn t hereof, a precharge circuit for precharging

the sensing ljn t.he sensing lines taking yp a charge |evel  depepdent
upon the sﬁaﬁéa?@mlgs descripgione r%&%‘ﬁ@ﬁ&ﬁ@%mom deyigsaceqrdingto thee of
the cells i: : CO J{ i to a read voltage applied
to a correslg%%alloglgéa\%org%cfgag%ﬁg%dlg?%égga{ﬂ%?%ggiﬁ%sUit for transferring the
voltage | evel of the sensing line to the corresponding word line for the

colum, a data output responsive to the voltage level on the data line for
provi di ng AKR&k data corresponding to the stored data in the read cell,

hi f. | yi it t to,th dli f
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i ncl ude nmeans tor changi ng
integrated within a control electrode of a field effect transistor having source and

drain connections S, Y and a control electrode connection X. When information is
stored, charge carriers tunnel through the barrier structure 2, to the memory node 1
and the device acts as a storage capacitor, so that the charge is held on the node 1. In
order to read information, the conductivity of the source/drain path S, 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 Vt 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 2 memory cell in an array of
such dévices, arranged in rows and columns as shown in Figure 3, with associated
word lines X1 , X etc and bit lines S1, Y1; Sp, Y2 etc. The array thus includes
memory cells M@, where m and n represent the row and column numbers

respectively.



+7 - . level of voltage on the data line after operation of the read/wite
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 fornmed on a common substrate with thi menory cells, and the source and
drains of transistors in the peripheral” Yicuits may be forned by the sane
process steps that are used to formsource and drain regions in the cells
of the array. The invention also includes a nmethod of fabricating a _
menory deviFiestembodiomentudes a path for charge carriers, a node for storing

h t hat, al t the conductivity of the pat and tunnel barrier
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relatively ﬂaqfeeﬁvelja@feéllaMdﬁonponent -with a relatively high barrier height. -
Brief description of the drawings In order that the invention may be nore

fully understood, enbodinments thereof will now be described by way of

exanple with reference to the acconmpanying drawings, . ==
w Referring to Figure 5, the device is formed in a substrate 3 which in this example

comprises a p-type semiconductor substrate in which a conductive path 4 extends
between n+ source and drain regions 5, 6. A SiO; insulator region 7 isolates the cell
from the next cell in the array. The substrate is overlaid by an insulating $iO5 layer

~ 8. The memory node 1 and overlying tunnel barrier configuration 2 are formed in a
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 S,
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 M will now
be described with reference to Figures 7 and 8. In this process, the word line X1 and
the bit lines S1, Y1 associated with the memory cell M11 are activated and the other

word and bit lines are grounded. When information is written into My 1, a voltage
pulse waveform with positive peak V(%) and negative peak x(®) is applied to the
word line X1. When "0" is written, a positive voltage pulse with a height Vy(®) is

applieci to the bit lines Yy and Sy. On the other hand, when a "1" is wfitten, a



_in which: Figure 1 is a schematic diagramof a first type of nenory
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 diagramof an array of the nenory
devices shown in Figure 1; Figure 4 is a.grhematic plan view of the
structural configuration of the nenory array circuit shown in Figure 3;
- 8- Figure 5 is a cross sectional view taken along the line A-A of
Figure 4, through nenory cell err]; Fiure 6 is section through the
cell Merr] mltagﬁgu}semyhaméw’r\émﬁgVYEﬁ%s ppplied tpithb@ lmes WigpodiSat &b a
met hod of reading and witing data tQ an individual cell of_ the nenory
array; requirement of these pulses 1s that they must overlap for a time T. In this example,

Vx(W) = 1.2V, Vy(") = 1.8V, and T = 10 nsec.

Referring to Figure 8, the number of electrons that can exist at the memory node 1 is
limited by the extent of the voltage blocking region of the tunnel barrier

configuration 2. Thus, the voltage at the node cannot exceed + V. In Figure 8(a), a

binary data bit "1" is represented by a positively charged state 11 (a shortage of
electrons) on the memory node 1, whereas a "0" is represented by a negatively
charged state 12 (an excess of electrons) on the node 1. In this example, the memory
node voltages in the "1" and "0" states are +0.4V and -0.4V respectively. The process
to write a "0" onto the node 1 will now be described with reference to Figures 8(a) -
(d) where Vgy=Vg= Vvy and black dots represent the final electron state which
occurs in each step. When, as shown in Figure 8(a), a positive voltage Vy(W) (1.8V)is
applied on the bit lines S1 and Y7, 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 )

where Cz’ is the total capacitance on the memory node, Cg is the capacitance between
the memory node and the terminals Y and Sy, and V{ is the memory node voltage
when Vgy = 0 (-Cy Vp/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 -Vx (%) (-1.2V) is applied on the word line X3 as shown in
Figure 12b, the blocked region Vg shifts as shown, and the state 13 moves to state 14

because the state 13 is outside the blocked region and cannot exist there.



_Figure 8 is a graph of the voltage V of the nenory node 1 of the nenory
devi‘ce plotted against the .voltage V[err], at the source and drain of the
device during the witing of a binary "0", (Figures 8a-d) and the witing of

a binary "1" (Figures 8e-h); Figure 9is¥%§graph of the drain-source

current Iferr] plotted against control gate voltage VX for a binary "1" and

a "0" stored on the nenory node 1; Figure 10 is a nore detailed sectional

view of the barrier structure 2 of the nenory device; Figure lla

illustrates the conduction energy band di agramfor the barrier

confi gur at i oONVRer/pesivivevoiage Ng{(ﬁ%/ 1.2Vis epplied extitlerwoRbline Xy ay shivee il |

Figure 11b illustrates a correspondi ng energy band di agram when charge

carriers ar eFiguré 12¢) thistsatd Beenindé. Thewdrddinelahd bix liniesniré tiengocinded as

el ectrode termnal X. Figures 12a-f are cross sectional views coresponding

to the |ine shownjimFruge ?lt{ and thejstats Fomowes torthe vaT statesi Zalong 2line ofconstant

for manuf act ing thelyennr devi ce; gi ure 13 is a schematic cross section

of a Schot t k§**F4 ?F@F‘SSRFF@%F&FFE%”P &t can alternatively be used in the

menory device; Figure 14 is a schematic cross section of an alternative

barrier structure that includes nanonetre scal e conductive islands, for a

t hi rd enbodi Besto bé nowdohyt ayvéleeronrstae bawadan the V0" tand: 'HE staresdids 12is; Fi gure

15 iIIustrate% a ;fgie of fabrjcation, steps f produci ng a nenogy devi ce
wsh

i n accordancE® ¥.&hg PRASESSto) eqqm%’i%ﬁt%noﬂéw%rr DgRrPESSHIAT yst al s

di b oy hout . L Tl
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coln}‘ i _ggr iat i Oilfhd;['_fﬂ'”ahde'i" &a&dgrehﬁge&e@i eefepched "Astdtel es deposited froma
- col |l oidal solution; ,

It will be seen that the writing process requires simultaneous write waveforms 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 a "0" value selectively. However, if a write signal is

applied to the word line X1 but not to the bit lines S1 and Y7, 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 () i§ applied on the word

| line X1 and the current Igy between Sq and Y 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- AV when the memory node is positively
charget:.i ("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 V(1) at selected word line is chosen between V1- VT 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



-9- _ Figure 17 is a schematic diagramof a second type of nenory device in
accordance with the invention; Figures 18a and 18b are graphs of the
current | through the barrier structure 2 of Figure 17 as a function of the
voltage Vy applied to termnal Y in the presence ("on" state) of a voltage
applied to termnal X and the absence of “d&ich a voltage ("off" state);
Figure 19 is an enlarged schematic cross section through the barrier
structure shown in Figure 17; Figure 20 is a conduction band energy diagram

for the barri epaisiof bitlinesirsthe wrray)wiich ghe gatdl Poleage Yye(® i2 applied eo thelvesrdline pl an
view of a nenory cell array, incorporating nenory devices of the second
type shown in Xj.gln erdé7to feaddate fr2th ths estire mossoryectaypths protessis tepkated fak ong
the line A-A" of Figure 21; Figure 23 is a cross sectional view taken al ong
the line B-B' thé offiegword2ihes Rioftheard$ siquentiaiyndmahé presérmembbdigieagivadrlof t he
menory cell configuration shown in Figures 21, 22 and 23, together with
on-chi p drivers 08\ Or+raYTpedid¥hod MT ddVi\Eedn adtioglange R4chi the maventionf tem
diagramillustrating a process for reading information fromthe nepory cell
Merr]; Figureunselibaroengontigusations? giyesaise to iraproved starpgs tises sedesad/vriver i t i ng
data to the rrF"lgr;-.nrfo\fmance. The storage time of the node 1 is determined by the ability of the

tunnel barrier configuration 2 to suppress electron flow in the blocked region Vg of
the current-voltage characteristic shown in Figure 2. The storage time tg is

approximately given by
ts=ty exp(-qV/kT) @

where k is the Boltzmann 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 t5 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 day fabrication

technologies.

A method by which an enhanced blocking voltage V. can be achieved, istouse a
band bending effect for the charge barrier configuration 2, which has been discussed
in res.pect 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 dg respectively, and ¢y and dy, for the write

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

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

current and the tunnel barrier thickness dg should be thicker than 8nm x {¢ {(eV)}



. cell Merr]; Figures 27a-e illustrate process steps for manufacturing the

menory device shown in Figures 21 to 23; Figure 28 is a schematic cross
section of a nodification to the nmenory device; Figure 29 is a schenmatic
cross section of a further nodification to the device; Figure 30 is a
schematic cross section through an alterymtive barrier structure for use in
the second type of nenory device according to the invention; Figure 31 is a
conduction energy band diagram corresponding to the barrier structure shown
in Figure ﬁﬁ, and Figure 32 is a_schematic cross section through a third
type of rre Aindedérte dontred tennth feskage currente However tqmbtam a short write time

-10- es tion In the,foll SCI’I |on di nent s
of nmenory o‘é{fgﬁéx’é?kcl |“ﬁ§°f°8°’f‘ ﬁyéﬁ%%é aé’(}ﬁ‘? ?lgoé’tlj‘f be $ three
di fferent types: ) . .

)ixan 2nmx {§ w(eV)}1/2 where ¢y is the barrier height for write cycle.

A barrier configuration 2 which can satisfy these criteria is shown in Figure 10 and
comprises a multiple tunne] barrier consisting of layers 15, 16 of insulating and non-
insulating material respectively. In this example, the insulating layers 15 comprise 1-

3nm thickness Si3N4 and the non-insulating layers 16 comprise polysilicon of 3-10nm

thickness.

The resulting conduction energy band diagram for the barrier configuration 2 shown
in Figure 10, is illustrated in Figure 11 and comprises a first relatively wide barrier

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

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 By,1 whereas the barrier

components 18a, b etc provide much higher barriers Byo,, 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 ata
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



. The general configuration of the first type of nmenory device according to
the invention is shown in Figure 1. A nenory node 1 and a barrier structure
2 are integrated within a control electrode of a field effect transistor
havi ng source and drain connections S, Y and a control electrode connection
X. When information is stored, charge caggiers tunnel through the barrier
structure 2, to the nenory node 1 and the device acts as a storage
capacitor, so that the charge is held on the node 1. In order to read

[ [ he. d f [ i h S .Y 4 ' d
and i & chanQtr BEEABRACT BATTUEr il BRE e Br BTtHiaf 2 3ARF Piebne
dependi ng Ofhel\pRle! BVEbarfier 7 @6191 oﬁ&xﬂ:r G Hmédiate8 BYtie BRdfhal biaseshe

current-vol tage characteristic fhe barrier strutture 2 is shown in
Figure 2 where V is the nmenory node voltage. Electron flow | through the

barrier structure fromthe c ction X i trongly suppressed in a

bl ocki ng r eligyre U[aeliqutram %%ﬂgmamé@ @E@aﬁas aaraapf e&ﬁmltagn NVashl d

vol t ages [erréﬂl V[errl1 I-gwe er, outside,of this voltage b oc ng range,
charge carrWal begegn t EFn‘M en ng vgltage is applid tog F9m‘1ﬁ ectrqdeJp glsrremdOmar r i er

structure, voI e d to
t he connect|H'l()'3lr[1)%§‘dg ‘P‘lfeeir)8 %f;s&é%’thr%el @}i%“g% ggvrlgl Mtllg?%ﬁnﬁ%l e
tunnel ju ncwld%drﬁemxﬁpoﬁem 191 Rk e fetin She héﬁhci isQB %cémewim%ﬁ% thi
seri es. The menory device shown inm Figure 1 can be used as a nenory cell

in an arr aychrirgsleekagddssstomngly anhibinerh dHiOWCIVQI\MJVand mlﬂagcmspg jedstoothe i n
Fi gure 3, vmlth 9(; i at e rdI|ne J’I’] £ %E{’ nd bit |ines
Sterr], Y[ ef FT‘”‘% &Hcon e 3%"{"55' 'as'iaay e ?’ﬁ{,eF $ERFRE cel | s
Merr], meé&f@uﬂ}%xﬂl{o‘aﬂ{ foFhed 1 £-0Mf WHRh GOLABE SBHTHEE The applied voltage
" causes the relatively wide barrier component 17 to form a downwardly inclined slope
towards the charge storage node 1 with the result that an electron 20 needs only to
tunnel through the relatively narrow barrier components 18 in order to reach the
storage node. Thus, the barrier configuration provides a relatively wide barrier
component 17 for long term storage of thie 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. In a 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 dg 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.



respectively. First enbodi nent The structure of a first

enbodi nent of menory cell Mm will now be described with reference to
Figures 4, 5, and 6 in which Figure 4 is a plan view of the cell array, and
Figures 5 and 6 are transverse sections taken along the lines A-A" and B-B
of Figure 4 respectively of cell Merr]-17-Referring to Figure 5, the
device is fornmed in a substrate 3 which in this exanple conprises a p-type
sem conductor substrate in which a conductive path 4 extends between n[err]

source, and Aol RObPRRriRcidh ofphSEhiEL b BRI ATy Hork el 1N

cell fromt e afray. The su ate’1's ‘over _
i nsul ating RiftRatANEFighre 1A PRIPY dlieva00afbr Hich LAEIEIViLSE 10MUe s iad forer

configuration 2 are forned in a region surrounded by t'he |ayer 8. A
conduct i ve dmrsubsdrate3ehtitialiie, the tobationarsgiphd is formed, obinsileting 8i03;i withat i on 2.
e ConLr o A A S S L £ S g o o
thicknéss 10nm is grown by thermal oxidisation on the top of the p-type silicon
substrate 3. The layer which is to form the memory node 1 is then deposited. The
layer 1 comprises n-type Si deposited to a thickness of 10nm having its surface

converted to silicon nitride in an atmosphere of NH3 at a temperature of 900°C. The

thickness of the resulting silicon nitride is self-limited to 2nm. This corresponds to
the nitride layer 15a shown in Figure 10. Then, alayer of non-doped silicon is
deposited to a thickness of 5nm so as to form an overlying layer 16a (Figure 10),
which 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 build up the barrier

structure 2.

Then an n-type doped silicon film 22 of thickness 20nm is deposited over the barrier

structure layers 2. A SiO2 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 SiO7 layer 23. The top SiO3 film 23 is then patterned by

conventional lithography techniques and reactive ion etching in an atmosphere of

CHF, and argon gas.

Then using the patterned SiO3 layer 23 as a mask, the polysilicon and silicon nitride
layers 22, 2 and 1 are etched by reactive ion etching using CF 4 in order to producea
gate configuration 24 as shown in Figure 12b. The gate configuration 24 typically has
alength10f0.15 um. |



Y[err] which extend along a colum of the array shown in Figure 4. It wll
be understood that other cells in the array have corresponding word and bit
| i nes. The nenory node 1 consists of nanonetre scale dots or grains which
limt the nunber of electrons that can be stored by charging through the
barrier configuration 2 so as to providejfgor a uniformfield laterally
across the node. A process of selectively witing and readi ng data for
the nenory cell Merr] mﬁll now be described with reference to Figures 7

$[“S(rj?j :";‘QE oC hEpBleE i ey ﬁa%?rg%'rvrmb%ﬁl &k f&eiqraédoﬁﬂﬁﬂb%mﬂri@ﬂ% S¥fner
vol tage p ‘@W% Botse PR AR Y WERR Ve poakc
-V[err](w) uﬁgaﬂﬁhbﬁ@vﬁlﬁ’afs rd line X[err]. \Wen "0" |s vvrltten a

positive vo ge pulse wth a el ght V[err](w) S applled to the b|t i nes
Y[err] and S[err]. On the other hand, when a "1" is witten, a

Then, as shown in Figure 12d, 2 100nm SiO 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 in this example. The photoresist 27 is then
etched back until the top of the SiO7 layer 26 protrudes through the surface. The

etching is carried out by a sputtering method in an O atmosphere. The resulting

configuration is shown in Figure 12e.

The top 26a of the SiO7 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 X 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.



.-12- voltage.pulse wth a peak voltage -V[err](w) is applied to the bit
‘lines Y[err] and S[err]. A requirenment of these pulses is that they nust
overlap for atime T. In this exanple, Verr](W = 1.2V, Verr](w = 1.8V,
and T = 10 nsec. Referring to Figure 8, ffge nunber.of electrons that can
exist at the nenory node 1 is limted by the extent of the voltage bl ocking
region of the tunnel barrier configuration 2. Thus, the voltage at the node
cannot exceed er Flgure 8(a), a binary data bit "1" is represented
by a positivel Q‘gfll (a shortage of electrons) on the menory
node 1, wher easipd mBdificatis€RheBatieLdnityure 28RE%H iN Figaré DA cAet repladed bya (an
excess of el ectrons}( on the node 1. In this exanple, the nmenory nodée

vol tages in t heSchortkybdrrig copfigurasomasshegnivFiguge 13, divthie sasedniteadiof nsifipe

t ite 3 “0".onto the nod m descri bed with,ref
e eros. o ool Bh bl BT i PN P8 SR Rk L onee
the final el ecthgRiphd éérﬁi%dﬁdtfdh of‘S@Hdtﬂ?r V&!)iac(iai%g\b/) o¥éding YREEhe 2 ST IRMA Layfers

e
igure 8(a), a positive vo tagfe V[err] Is applied on the bit" |1nes
S[err] and Y[ er28may hefarmedsy

MW e ntay camprisesiliodefilros puhrs CoSip(forded and

poi nt 14 (0.8V), respecti velgl, along a |ine of constant el ectron nunber on

'E r11§a menory nodebetwerntheinon-doped POIYCWﬂm(C@@rlﬁ] ICferr] ) V[err] + V[err]
Further embodiments of memory device according to the invention will now be
described in which the tunnel barrier configuration 2 consists of nanometre-scale
islands distributed in a matrix of electrically insulating material. In the following
examples, the nano-scale islands have a diameter of 5nm or less and are separated by
nanometre scale thicknesses of electrically insulating material in the matrix, for
example 3nm or less, which gives rise to the narrow, high barrier components of the
tunnel barrier configuration . The charge storage node may be formed by the
conductive islands, 5o 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 SiO 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, a 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. 40204025, and



.wWhere Cis the total capacitance on the nenory node, Clerr] is the

capaci tance between the nenory node and the term naI s Y[err] and S[err],
and V[err] is the nmenory node voltage when V[err] =0 (-(err] V[err] is

t he nunber of excess el ectrons on the nmenmuryg.node, where g is the

el ementary charge). In the present enbodinent, Cerr] /Cferr] = 1.5. When
a negative voltage -V[err](w) (-1.2V) is applied on the word line Xerr] as

State 13 noves W EaRuds K NAGESE stk WL KRRk FrBRi BiRe Y 0R0°
region and canfgierfiXionht G&?ﬂaﬁnce on Sohd State Devices and Matenals Yokohama, 1996
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node 1. overlymg the layer 30. The self-capacitance of the 3nm Si crystals gives a charging
enefgy of about 100 meV, which is enough to limit by Coulomb blockade the
electron number inside each nano-crystal, at room temperature. The deposition.of
layer 29 followed by the rapid thermal oxidisation and crystallisation process are
repeated a number of times in order to build up a sufficieﬁtly thick composite layer.
In this embodiment, the process was repeated five times in order to provide a
composite layer thickness of 20nm, containing five nano-crystal layers 30 within its
thickness. Thereafter, a contact layer of n-type silicon 32 is formed on the top
surface. It will be appreciated that the resulting gate structure can be incorporated
into the memory device 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 layer 30
provide sites for electron storage distributed in the insulating oxide layers 29, 31.

th 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

$iO; layers are formed by using porous Si films. Referring to Figure 153, 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, diluied. by

ethanol, with a DC anodic current of 10mA/cm? for five seconds. This results in the
- formation of a composite film containing 4 ~ 5nm nano-crystalline Si embedded in a

SiO9 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



It is.to be noted that any el ectron 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 shovvn in Figures 8e-h. In this
sequence, any state between the "0" and "1" state is changed to a refreshed
"1" state. It wll be seen that the wr121|-ng process requires sinultaneous
wite waveforns to be applied to the bit lines and word |ine associ ated
with a particular menory cell. Thus, the nmenory cells can be addressed
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Thereafter, the top oxide layer 35 is removed and a gate 32 of polysilicon material is
deposited as described previously. Using the polysilicon gate 32 as a mask, the
composite film 36 and the underlying gate oxide 34 are removed by conventional
etching techniques and thereafter, the sotirce 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 vo 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 Embodi
Composite materials of nano-cfystals 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 AlyO3 matrix can be used to replace the porous silicon layer shown
in Figure 15. A 30nm thick composite film of Au and AlO3 can be formed by co-

sputtering gold and aluminium onto silicon oxide la}'er of thickness 5Snm 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 pamcles are obtained in the composite film which
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Composite films of other noble metals such as Ag, Pt, with some othér metal oxide

matrix such as SiO7 or CryO3 can be formed by this co-sputtering method.

A metal island-oxide matrix composite film can also be formed by thermal
decomposition of precursor metal oxides. For example, gold oxide, x:vhich isa
precursor metal oxide, can be generated by reactive sputtering of an Au-5i alloy target
in an oxygen plasma, as described in L. Maya et al in J.Vac. Sci. Technol. Vol. B14,
1996, pp. 15-21.

Sixth Embod;
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 5102 léyer 21. Asdescribed 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 SiO5 layer 21, was immersed in 2 1mM 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 SiO9 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 hjrdroﬂuoric 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



time t[err] of ten years and t[err] ten nanoseconds, V[err] nust be |arger
than 1V for operation at roomtenperatures. If the single electron charging
effect were to be used, this would require-the barrier structure 2 to be
formed of netallic particles of a size ofqqess t han’ 1nm whi ch cannot be
readily achieved with present day fabrication technol ogi es. A et hod by
whi ch an enhanced bl ocki ng voltage Vc can be achieved, is to use a band
bendi ng effect for the charge baryier copfiguration, 2, i ch has, been
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- 15- Subsequently, the substrate with its patterned OTS monolayer 37, is placed in a dilute

(0.05%) dry toluene solution of (3-Mercatopropyl) trimethoxysilane in a reflux
condition (i.e. heated to approximately 110°C) for ten minutes. Afterwards, the

substrate was placed in an oven at 105°C for 30 minutes to cure the siloxane bonds.
The result is shown in Figure 16b. The procedure yields an alkane thiol monolayer

41 on the SiO7 layer 21 in the region of the window 38. The structure of the

individual molecules 42 which make up the alkane thiol monolayer consist of a
siloxane bond at one end of an alkane chain with a mercaptan group at the other.
This p:"ocess is described in more detail in A. Doron, et al., Langmuir, Vol. 11, 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 (CoH50)3Si-).

The substrate is then immersed in a gold colloid solution for at least five hours at

room temper.ature 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



.1/2 in order to control tunnel |eakage current. However to obtain a short
wite time of for exanple 10 nanoseconds, the width d[err] of the tunnel
barrier should be less than 2nmx {[err](eV)}[err] where [err] is the
barrier height for wite cycle. A barrier configuration 2 which can
satisfy these criteria is shown in Figur@410 and conprises a nultiple
tunnel barrier consisting of |ayers 15, 16 of insulating and non-
insulating material respectively. In this exanple, the insulating |ayers 15
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conponent 17 has relatively low barrier height Blerr] whereas the barrier
conponent s swdacetot shesyhstrated Fanacmore dnailedishscnssian; refpranes is difested]to our

EP 96300779.4 filed on 6 February 1996. Colloidal suspensions of such particles can

be purchased commercially, with predetermined mean particle sizes and diameter

range distributions, from Nanoprobes Inc, 25E Loop Road Ste 124, Stony Brook NY
11790-3350 USA. The particles are supplied in an aqueous suspension. Adsorbed

citrate ions give a negative charge to the Au particles.

Then, the substrate is immersed in a 5mM ethanolic solution of dithiol (namely 1, 6-
héxanedithiol) 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.



The two conponents 17,18 of the barrier performdifferent roles. The narrow
and high barrier conponents 18 act as tunnel barriers which suppress
co-tunnelling effects, nanely spontaneous tunnelling through two or nore
tunnel barriers by a quantum nechani cal effect, so that el ectrons nove

t hrough only one barrier 18 at a tinme ar@5stay for a period of tine in the
regi on between them During the stay, the electrons are scattered
inelastically towards a | ocal equilibriumstate governed by the energy of
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applied to the control electrode 9, electron 20 on the charge, storage node
1 needs to t censequentlymiestronronduetionshypughithe compesite dayer 5 exlybits an ohmic

character, unlike the smaller particles that form the layer 49, which exhibit

conduction characteristics dominated by the Coulomb blockade effect. Therefore,
the large particle gold composite 50 works as an ordinary metal layer and hence
performs the function of a gate in the same manner as for example the polysilicon

gate 22.described in the previous embodiments.

Thereafter, the gold composite layer 50 is used as a mask for dry etching the OTS
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
VRB. Asshown in Figure 18a, 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 18a, the blocking voltage VB extends from -V, to + VL, whereas for the



.wi de barrier conponent 17 if |eakage fromthe node 1 is to occur, wth the
result that charge | eakage is strongly inhibited. However, when a voltage
is applied to the el ectrode 9 the conduction energy band di agram for the
barrier 2 changes to the configuration shown in Figure 11b from which it
can be seen that the applied voltage causpg-the relatively wi de barrier
conponent 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
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will now be explained in more detail with reference to Figures 19 and 20. Figure 19

illustrates a section through the memory node 1, the tunnel barrier configuration 2
and the connection Y. The gate 51 is omitted from Figure 19 but will be described
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 layer 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 diﬁgram 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.



- 17- . An exanple of fabrication of the device will now be described in
nore detail with reference to Figure 12. A p-type silicon wafer with a
resistivity of 10[err]Jcmis used for the substrate 3. Initially, the
isolation region 7 is fornmed, of insulating SiO2 with a thickness of 500nm
After formng the isolation region 7, a‘@a‘te oxide film 21 of thickness
10nmis grown by thernal oxidisation on the top of the p-type silicon
substrate 3. The layer which is to formthe nmenory node 1 is then

deposi t ed. Thfike waite prdceGptiy voltge Vst ¥psliedi todennimul X(Figura12)Hs sdsbea write 10nm
having its surface converted to silicon nitride in an atnosphere of NH3 at
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memory node 1.

Stored charge on the node 1 can be retained by raising the voltage VX to a standby
voltage Vgp, in this example -5V. This raises the overall height of the relatively wide

barrier component 17 to the level 17b, which in this example is of the order 3V. The
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, V 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::y 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 17c 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 parts 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



structure layers 2. A SiJerr] film23 is deposited on the film22 to a

t hi ckness of 20nm by a chem cal vapour deposition (CVD) nethod. The
various |ayers of silicon filmare deposited in an anorphous state but are
converted to polycrystalline silicon duripg.the nitridation and the

densi fying process of the CVD deposited SIQ2 layer 23. The top SiQ2 film 23
I's then patterned by conventional |ithography techniques and reactive ion
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Sigerr] as lavenh4. The bit line 54 is covered by electrically insulating CVD SiO; 55 and SiO,

walls 56, as will be explained in more detail hereinafter. The side gate 51 for the cell
consists of a 100nm thick layer of n-doped polysilicon which extends transversely of

the bit line and overlies side edges 57 of the barrier structure 2.

Referring again to Figure 21, it can be seen that the drains 6 for adjacent memory cells
in a particular row make use of a common drain region 6, which reduces the memory

- cell size.

Information can be written to a particular cell e.g. memory cell M1 shown in Figure
- 21, by applying a write vd]tage Vyy to word line X1 (51) and an appropriate voltage
to bit line Y1 (54) depending on binary c-t;de "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 Y1. The data is not written to the other
memory cells in the column because the other cells receive the standby voltage Vsp
on their word lines X, etc. Thereafter, a standby voltage Vgp is applied to the word
line X1 to retain the data on the node 1 of the cell M11. No voltage needs to be
applied to the bit line. When it is desired to read the stored data from cell M11, a
read voltage VR, lower than the standby voltage Vp is applied to word line X;.
Peripheral circuits (not shown) sense the source/drain conductance of the cell M1 by
sensing the current flow between lines Sy 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 My 1.

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

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



.in Figure 12c. Then, the source and drain regions 5, 6 are formed by ion
I npl antation with arsenic ions. Then, as shown in Figure 12d, a 100nm
Sigerr] film26 is deposited, which is covered by a | ayer of optical
photoresist 27 that is applied in sufficient thickness to obtain a flat
upper surface, of thickness 1500nmin th'i7s9'exarrpl e. - The photoresist 27 is
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VcH> VH > VL> VL and it is not actually necessary to specify the values.

This wide design tolerance makes it possible to integrate 2 large number of memory

cells in a chip. _ s

The details of this method of operation will now be described with reference to
Figures 24 to 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 - M, corresponds to 2 memory

device of the second type, as previously described, although the circuit is represented
by an equivalent circuit consisting of two transistors QR and Q. The memory
node 1 is represented by N. The configuration is shown for memory cell My1 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 Vi,

which in this example is 2 5V supply. Each column of memory 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.



produce satisfactory narrow, high barrier conponents 18, although the
descri bed fabrication process results in a tight control of the thickness
of each layer 16 so that it becones of the order of 2nm Al so, the nunber
of sets of the layers 15, 16 may be varied fromthe descri bed exanpl e of
seven, as long as there are sufficient nuwidfers to produce a satisfactory

w de, narrow barrier conmponent 17 across the barrier configuration 2.

-19- Second Enbodi nment In a nodification, the barrier structure 2 shown
in Figure 10 can be replaced by a Schottky barrier configuration as shown
in Figure 13. In this case, instead of using insulating silicon nitride

| ayers 15, netHidnomémiatus dfshavaios egndsg laes tnd proponkatsausedin Fighes 24, 25
configuration of gchottky.diode e overlying the other. The netal |ayers
28 may be for e 264 ma ‘Eéﬁb&ﬂgﬁf"&tﬁlﬂ&‘i de filnms such as CoSi[err],
formed betweenrgBegnon-doped pol ycrystalline film16. Furt her enbodi nents

of menory device according to the invention will now be
Item Name
My ~M,., | memory cells
m memory cell array row
n memory cell array column
$1~S, sense lines
Y, ~Y, . data input lines
X, ~Xn, word lines
by1~ byn column selection signals
/O ' common data input/output
PC precharge circuit
b, | p:jecharge signal
RWC read/write circuit
;b,w read/write signal
ay row address signals
ay; column address signals
CE chip enable signal
D;, data input
D, ' data output
WE ' write enable signal
vC on-chip voltage converter
Vr read power supply voltage
Vw write power supply voltage
v, precharge power supply voltage
Vg voltage standby power supply
vcc externally applied voltage
IOC ' data input/output circuit




descrjbed in which the tunnel barrier configuration 2 consists of
nanonetre-scale islands distributed in a matrix of electrically insulating
material. In the foll ow ng exanpl es, the nano-scal e islands have a di aneter
of 5nmor |ess and are separated by nanopetre scal e thi cknesses of
electrically insulating material in the-fgtrix, for exanple 3nmor |ess,
which gives rise to the narrow, high barrier conponents of the tunne
barrier configuration. The charge storage node may be fornmed by the
conductive islands, so as to be distributed throughout the barrier
configuration, rather than being a separate |ayer 1, as previousl

descr igbed. Acdata reading operasion w&gmvc £ dewngﬂéwi‘s@&rem todigare St 6% hemvi de

tocor Fooc (L bRl Rt isBP b Pl RS Bt Rl e Eabe

i h h h di f . [ €Emi- d ith the
Tventron. FHBEHRASR R ChssehaER: RisrBrEee fibed b I hieha SBEST rebmet} vt ur e
2 lised b ' f - scal t ich. i stri but ed
e surr ouar Y KRB TRk o RS VB P Pt B G ef '

i ded wikh. ' ' 54 i th h_4 them A
Drre oo, G SPAETBR G s Bt AHARh e o bl i RPN RET BRI BT
by a ther mat|og), dRd tiips PEcBRRSE. Then PP BeéHR& "ISWDE6 au@thk Yrandistory6f  Of

silicon of thi cL’.ness gs_nm i's deposited by el ectron beam vaporisation or by
CVD, whi ch PE 401" S TihieR th&toldbes 8Plisks! SHELITY, YEX.L.CY 5.2flost) késHing the voltage

crystallisation. This process is described in H N collian and R Tsu,

J. Appl. Phygue Vpl A %brd 1i883s sehiRtedd324pphHdp rowabdress signals (ay;) to the row

driver 59. When a read voltage VR is applied on X4, the information from a first row

of memory cells M11 ... M1y is read, and the output signals appear on the
corresponding sense lines, Sq ... S,;. Considering, as an example, memory cell M1,
when the voltage on the memory node N is Vp, the transistor QR is in an "on" state,
and the corresponding sense line, Sy, is di.i';charged to OV. Alternatively, when the
voltage on the memory node is OV, Sy is kept to Vp because the transistor QR is in
an "off" state. After the voltage on Sy has settled to OV or Vp, the read/write signal
¢rw becomes "high", and the information of Sy is transferred to Y1 through RWC
61. That is, when Sq is OV, Y7 is kept to Vp because Qp is in its "off" state.
Howe\;er, when S 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 (ay;), so that Qyy is turned "on". Thus, the voltage change of
Y 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 X is changed to write
voltage Vyy, so that the transistor Qvy is turned "on" and the voltage of Y 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, M13 ... M1y, but the read-out information is not transferred to I/O



~20 -. M Fukuda, K Nakagawa, S. Myazaki, and M Hi rose, Extended
abstracts of 1996 International Conference on Solid State Devices and

Mat eri al s, Yokohama, 1996, pp. 175-178. This yields islands in the form of
Si nano-crystals with an average di ameter-82-3nm configured in a |ayer 30
with a tunnelling oxide layer 31 of 2nmthickness overlying the |ayer 30.
The sel f-capacitance of the 3nmSi crystals gives a charging energy of

about 100 eV gt beih dhd ARG #, | Wheh el P RO G AN Midh] €51 O

nunber inside eaCh nano-cryst t roomtenperature. epo on of

layer 29 fol | oyRemeyhigheXy 3Piettd H1dBy!voRt) ba®thedl Pe¥sth@/Higtsat | on
process are repeated ;aghhurlrber of tidr%syoi néor%r to blr}?Pgi up a sl%}?flm ently
thick conposite layer. In this enbodi nent, the process was repeated five

[ ' dery,t i.d osite | r thickness of ,20nm .contaj ning
five nanos cr y REFs PARHEE o e s ralfiaed |t udp iBe it operakon Banthe

I f n-t bk :d rs h fﬂg&. '

agﬁsrec?at ed %/%?ﬁ%) t%@?s’ﬁ?t‘% s?llggglalte t?a%'t§¥gpégsaa§*%g |né%rlr%o%+g’agﬁfﬁh8 t he
merory devi ce Je@@bb&_ﬁiib&&h@Et%?&ﬁﬁfo?ﬁﬁﬁbﬂUﬁ'Mgfﬁ%ﬁahkﬁﬁ@d%tsﬂ ag&ﬁﬂir §hegal ©
Figure 12. However, it w |l be understood that the menory node I'S Nno

| onger provi deglfage corz&pahding td Mpat dithD; ], mSdpphied oh fRe DADQurdrthe tals for med

in each |layer 30 provide sites for electfon Storage distributed in the
i nsul ating oxiidforhayien®n?P; istplaced by this voltage. This is then stored on the memory

node N by applying the write voltage Vyy on the word line X1. The other cells in
the same row, M13 ... My, can be refreshed during the same operation. It will be

understood that this process is repeated sequentially, row by row in order to write

data to all the cells of the memory array.

An example 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 27a, the 10Qcm p-type silicon substrate wafer 3 is thermally

oxidised to form the 5nm thickness SiO; layer 21. Then a 10nm thick n-type doped

silicon film 1, which forms the memory node, is deposited on the layer 21. This is
overlaid by a 30nm thick non-doped silicon film 52. The surface of the film 52 is

converted to a 1nm 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 growth temperature,
from 2.5nm at 1000°C to inm at 700°C. 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 Si3N4 film 63 that is deposited for masking purposes, and is
patterned by lithography and dry etching in an atmosphere of CHF, and argon gas.



Fourth Enbodi ment Figure 15 illustrates process steps for form ng another
enbodi nent of the nenory device. In this enbodi nent, the conposite of
silicon nano-crystals and surrounding SiJerr] |ayers are formed by using
porous Si films. Referring to Figure 15a, -33porous Si film 33 of 20nm
thickness is formed by an anodi ¢ oxidi sation of p-type Si. The anodi sation
Is perforned in a 25% aqueous hydrofluoric acid solution, diluted by
ethanol, wth ie8osh &Esi f Faek b '
Fesal T’ i 1 her o e P neat Lare e AP by Lo
nano- cryst al | iandrySitching entobot well knSwfpenmt ri x. This nethod is known per se
and described in npre detail in Y. Kanemtsu, et al Phys. Rev. vol. B48,
1993, p 2827. Then, the porous silicon film33 is thermally oxidised to
forma gate oxggde. fd f ' etheg. wth at oxide | ayer
35 of about 7;%}3?%{& fr?efgg?&azgﬁgﬁg'svéﬁicg ‘6?8%%&9915 oxidised tor}orm a%enmt c?mess
-21- in Fi g8i©dbwithide @tlgec@Ronahe OerkRAWdes of thebuiprl EdHiguidiion Sl NkS
the di ameter of each of the nano-crystals in the porous Si fiflm as we as
the thi ckness thé Si3INy filin 682s a mask. Arsenic ions are implanted to form the source and drain

regions 5, 6.

Then, as shown in Figure 27c, the Si3Ny film 63 is removed and the 30nm thickness
n-type doped silicon film 54 is deposited, followed by a 50nm thickness $iO5 film 55,

by a conventional CVD process. Then, the layer 55 is patterned by conventional
lithography and dry etching methods. The width of the bit line, i.e. the width of line
Y1 (54) shown in Figure 21, is selected to be 60nm, which provides good

- controllability of the internal electrostatic potential of the device. The thickness of
the various layers in the bit line Yy can.b'e 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 SiO3 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 SiO3 layer is deposited and dry

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

Referring to Figure 27e, 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



tayer.33 itself. After the annealing process, the porous Si |ayer 33
becones 14 ~ 16nmin thickness, and the average particle dianmeter decreases
down to about 3nm The corresponding charging energy for the _
nano-crystalline silicon particles is abquyt 100 neV which, as previously
explained, results in a limtation on the ' nunber of electrons which can
enter the node, due to Coul omb bl ockade. The resulting filmis referenced
36 in Figure 15b and contains approximtely 3 to 4 nano-crystalline

particl es aat thesamegimpasthedabricabon of phanoowiedindgirains b 6;] phthe ;ncnr:ogilf cdllsnct i on
MIJ) when nsi deking, el ectron transport vertically through the |ayer.
gl'herZaafter , i\g 8 esﬁ‘%’?ﬁiewft 9’5@”3’8”% ‘rgléfﬁﬁ@d and a gate 32 of polysilicon
material is deposited as described previously. Using the polysilicon gate
32 as a mask, the conposite film 36 and the underlying gate oxide 34 are

j | ' £l ce and
G n 1 eg) on s erbefinety 1 Bkl Y8 dHA%s AASLYVIRE VR of 38 oRill i i
reference t QydiddiHes uiLgx;dg%rPé fnal bR G & |aﬁﬁﬁrﬁﬁﬁeﬁ€&2ﬁ€g§f%\é

nmet hod described with erence to Figure _ nnel
junction i s oodesvkdThis can b aghievedwhirsihicidevicoisaetmhied 65%5%56%5.&%%@“ of
Si depositign and oxidi,sation steps, that are required. Fi fth Enbodi nent

Conposi t e NRABEIYrCapreitosn Beeause na significant qwerent tsrdyaweti exsept neglibiasmald

by £ Bar - Siotpetfotens, HBlvly noR VBl Hei disfancanty oltabed ol “pp
8961-8964. ibdifikationtdesaibeddateARE u of A e&&rrrﬁil%&fxgiyéel—r &gﬁé&&fﬂ Ldiged by

matri x can be used to replace t'he porous silicon own 1 n Flgure 15.

A 30nm t hi ckhiftingaltof ehefvoltagestupiardiy byt 5¥r rinGhisrcade, dersthaibiyorolrage by co-

becomes OV and thus an external battery is not needed.

Eishth Embodi
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 SiO9 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 roon'l temperature. In this structure there is another advantage 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 um 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



sputtering gold and alum niumonto silicon oxide |ayer of thickness 5nm
that has been forned by thermal oxidisation of the substrate 3. The
subsequent device fabrication is the same as that of the fourth embodi nent.
The sputtering condition for the conpongE_flln)fornat!on i's chosen so as
to realise a gold volune fraction of 0.47"In this condition, isolated Au

- particles are obtained in the conposite film which .
-22 - are of dianeters of the order of 3 ~ 5nm Therefore, the 30nmfilm

contains 5 of Fgure2hean bedomsideradase medificirioniofabar shomm ingFigured8t iSueh pMIJ.
Si 11 con | ay BIPEGRU P e Pafomeb s Re GeRastiEgvee Scon FUBHOEARITRI o of
s 51 Of orr] Poonaope R RRrdiald sagtib il Bare MhoRL BlorB PR e e "
A netal i sl pspdaved idepositint metliadrp Toi redudel diffusienobbsionbehe PypRUopyd Lyes mal

66 is sandwiched by thin tunnel barriers 15 in Figure 19. In this case the word line

voltage directly controls the internal electrostatic potential, hence conduction energy

band edge. This reduces the voltage difference on the word line between stand-by

and write cycles. In this structure, Vgg = -2V, VR = -1V, and Vy = 1V.

Tenth Embodiment

In this embodiment, a thicker tunnel barrier, of the order of 5nm is used, as shown in
Figure 30. The configuration of Figure 30 can be considered as a modification of that
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 Vyyr= 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



deconposition of precursor netal oxides. For exanple, gold oxide, which is
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. Sci. Technol. Vol. Bl4, 1996, pp.-365- 21. Si-xt h Enbodi ment Fi gure
16 shows a nethod of form ng conposite nano-crystals and insulating tunnel
barriers by a chem cal deposition nethod fron1a col | oi dal sol ution.

Referring t QLY RIBEY AL OV iflch Al BTl cohbe kR %h'u%el%'ino by a

t her mal oxi on P S Onh a ayer

37 of d
ayer 21. aA?‘?%*a%é pF PhitbPRoRP it fé&’%@y oA PR afilied 18 B o gl * .
Technol vol. Bl11, 1993, p.2823-2828. In nore detail, the substrate 3 with

the SiJerr] layer 21, was imersed in a 1nmM hexadecane sol ution of OTS for
nmore than 12I¥pRds. This resulted in a spontaneous formation of the OIS

nmonol ayer 37:gl O'I'glfgl ECHL es_can be renoved fromthe Sigerr] surface 21 by
i rradi ation ron beam In this way, w ndow patterns in the
oo €, feneAbatls fybe SFipBRORY AkRte iH SoldIRAMCRhCRNAISA AfbyRl o1 T O

beam i t hograp e tion of a wndow in the OIS, the substrate was

i mrersed in mhéx%maﬂgané’-‘xgn‘el}m OFhodevigeds géderally similar do tler eBbodimennds,

rinsing out the, residues of the_electron-bea rradi at ed | eavi ng a
wi ndow 38. cribpgewith gefsrense t@ Figuresiirnd 2 %ngi\%mnmwsﬁn@'g wbthe same

w thin hatcheg outld 28hed: 1 heRiB¥ ey oﬁﬂg&ﬁ%Z the barrier structure consists of

an array of lateral dots 68. The dots can be fabricated by a number of different ways
such as an ionised beam deposition method as described in W. Chen, H. Ahmed and
K. Nakazato, Applied Physics Letters, 12 June 1995, Vol. 66, No. 24, pp. 3383-3384
or by single atom lithography as described by H. Ahmed, Third International
Symposium on New Phenomena in Mesoscopic Structures, December 1995.
Furthermore, the lateral dots 68 could bé 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



<23 - . nolecule 40 is shown. It consists of an al kane chain having a

sil oxane bond at one end and a nethyl group at the other. As shown in the
enl arged area 39, the nolecules 40 forma sil oxane bond with the SiQ2 |ayer
21 and form densely packed coval ently bonded network. The methyl group at
the upper end is essentially inert and hence is highly resistive to

chem cal attack during substrate processrﬁ@ Subsequently, the substrate
with its patterned OIS nonol ayer 37, is placed in a dilute (0.05% dry

t ol uene solution of (3- I\/brcatopropyl) trimethoxysilane in a refl ux

condi tion (i wdcth dside ostetsd. A

Afterwards, the subs?r atsg was %?%%?eﬁfsﬁc%%gg etnb]tg%Séc%?fltt?Ei%nf orlﬁé‘é n nut es
to cure the fon wm&mahsmda paey arswith aifixed lvolumge applied us ehelside gatd)€o as to
procedure yields an ane thi ol nol e; 41 on the Si Q2 Iayer 21 in the
regi on of th& %aFFo‘if\‘RP ng Fhne g, ?frcéag‘F ¥HEPHdi vi dual nol ecul es 42 whi ch
make up the al kane thiol nonol ayer consist of a siloxane bond at one end of
an al kane chain with a nmercaptan group at the other. This process is
described in nore detail in A Doron, et al., Langmuir, Vol. 11, 1995, pp.
1313-1317. The OIS nol ecul es remai n unaffected outside of the w ndow region
38. The alignnent of the nolecules 37, 42 can be seen nore clearly fromthe
enl arged vi ew of the edge of the w ndow shown wi thin hatched outline 43. In
principle, this surface nodification can be carried out with other al kane
thiols termnnated at one end



by an.al koxy silane ((CHerr]OfJerr]Si-, or (Cerr]J]Herr]Oferr]Si-). The
substrate is then immersed in a gold colloid solution for at |east five
hours at roomtenperature with the result that a nonol ayer of coll oi dal
gold particles 44 becones attached to th_938V\_/i ndow regi on 38. Thi S 0CCuUrs
only in the wi ndow regi on where the surfdce is termn nat tm‘“m’l"muﬂﬂtﬂﬂmg
groups (-SH) because of the strong affinity of sulfur t e
di ameter of the gold colloid particles is 2nm It is w8ll “knbwn" t Hat *
col | oi dal paﬁ?-la'nmses of gold can be prepared chem cally, which have average
dianeters in the range of 2 ~ 5nmwth a well defined size distribution,
typically wwth a standard devi ation of 10% Such nano particles deposit on
t he : ‘o 5 = t roup
Lermi nated sirf acd P Suiss SR8 AR frsborsed lrp IR TR R0
substrat e ant)fhestoring chirgetoprdduee gfikld which altersphe tondwretivity bt patljeind

particle deposition autonmatically, stops when the |ayer, approximtes to a
monol ayer’, pcampekbarrier configuration (2) through which charge carriers tunnel in response to

a given voltage so as to become stored on the node, the tunnel barrier configuration
exhibiting an energy band profile that comprises a dimensionally relatively wide
barrier component (17) with a relatively low barrier height, and at least one

dimensionally relatively narrow barrier component (18) with a relatively high barrier
height.

2. A memory device according to claim 1 wherein the component (18) of the
energy band profile of relatively high barrier height is provided by an element of a

width of 3nm or less.

3. A memory device according to claim 1 or 2 wherein the energy band profile
of the tunnel barrier configuration includes a plurality of said relatively high barrier

height components (18).

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

configiration comprises a multiple tunnel junction configuration (15, 16).

5. A memory device according to claim 3 or 4 wherein the configuration (15, 16)
includes alternate layers of relatively electrically conductive and insulating material
wherein the layers collectively provide said relatively low barrier height component
of the energy band profile, and the individual insulating layers provide the relatively

high barrier components.

6. A me:hory device according to claim 5 wherein the alternate layers (15, 16)

comprise polysilicon and silicon nitride respectively.
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el ectrostatic rface charge of the gold particles, which

are-provided by the io i-s j adsorbates on the gold colloid particles
prevent anot her Hﬂl ulﬂL “i fromsitting on top of or very close to an
al ready deposited} i surface of the substrate. For a nore

detail ed discussion, reference is direct8%8-to our EP 96300779.4 filed on 6
February 1996. Col |l oi dal suspensions of such particles can be purchased
commercially, with predeternm ned nmean particle sizes and di aneter range

distributiops, fr mmmemacéo@&inﬁg&pﬁa}e@%ﬁ%ﬂe@ﬁ&tﬂé&mﬁwﬁy_ Brook NY

11790- 3350 USA. e particles are s I N an aqueous suspensi on.

Adsor bed ci icoadectiverisyegs ¥charaefyathickmessivilgs than 10wemAthdoke insulating layefhen,
the substrate is imersed in a Srgl et hanolic solution of dithiol (namely 1,
6- hexanedi ®ré of 3 thigkness ofithe prdariodsmy descri bed deposition of gol d
particles fromthe colloid solution. One of the two sulfur atons in the
dithiol forns Au-S bonds with the gold colloid surface, replacing the

surface adsg bat%nsﬁmé&ed&mquaﬁ%%ﬁwﬁimzboybgwﬂékmﬂ{e%arm le the other

end of the sulfur atomi'n the dit is oriented away fromthe gold
surface in thafifuwarivoitomptisesa Sohouhkp barriggrconfigurition (86,/28hgement i's shown in
Figure 16d, with the dithiol nolecules being referenced 45. Consequently,
the gold particle surface is converted to a nmercaptan-group coated surface

whi ch i s cagabl e &&1&3&? JeuRid -a@chang hg éla#rﬁ%&%%girpﬁe%ogﬁg%%ﬁ{olﬁgncludeNeXt :

the dithiol freated surface i's I nmmePse collol u nagginto

deposit a f ultbhfite lagyer(16, 18) 6f sliRilly donducbeahadribl #fl éenilesndudtaRr der to
build up five layers of 2nm gold particles which are connected by al kane

chai ns of dimatewadl: Two of the gold |ayers, 46, 47 are shown in the enlarged
section 48 in Figure 16d. The resulting five

10. A memory device according to any preceding claim wherein the charge
storage node comprises a layer (1) of electrically conductive material between the

barrier configuration and said path.

11. A memory device according to claim 10 wherein the layer (1) comprises doped

semiconductor material.

12. A memory device according to any preceding claim wherein the charge

~ storage node comprises a plurality of conductive islands (30, 36, 44, 68).

13. A memory device according to claim 12 wherein the islands (30, 36, 44) are

distributed in the barrier configuration.

14. A memory device according to claim 13 wherein the islands have a diameter

of 5 nm or less.

15. A memory device according to claim 13 or 14 wherein the islands give rise to
relatively narrow, low barrier components of said energy band profile between said

relatively high components.



_layer gold structure is referenced 49 in Figure 16d, which has a thickness
“of the order of 10nm — - -25

- Thereafter, as shown in Figure 16e, the gold deposijtg [
repeated five nore tinmes with a gold colloid solution \M'““ﬂmmmu“ﬂd
particles of a larger dianeter e.g. 40nm40Fhi s. procedure* fdrnd a"150nm
thick 40nm gold particle conposite |ayer 50 on top of the |ayer 49. Because
the particles that formthe | ayer 50 are of a nmuch |arger dianeter, they
exhibit a neglibl i Of

consequent | §g el e‘)c(tn?goﬂr%&%o% ug%c%%d%%%ﬂt #érig’oirlr{p%gst %hﬁgﬁeﬁﬁgga%é(shﬁr%i ts
an ohm ¢ chairpgiged in Wpkds (30,484 A KBbdraved becldctdi@lytinadariny nderial (2 . 49,
whi ch exhi bit conduction characteristics dom nated by the Coul onb bl ockade
effect. Therefore, the large particle gold conposite 50 works as an

ordi nary net | ayer and hence per, orns,t.he cti.on, of a. gatee, i n the same
manlner gs f of - ex emoydeyigaactording foslzim gzu ‘I’C‘Pit %?#W%t%éhé)ggﬁsdﬁs

embodi MeNt S.jess than 3 nm.

18. A memory device according to claim 17 wherein the islands have a diameter

of the order of 3nm and the spacing of the .layers is of the order of 2nm.

19. A memory device according to any one of claims 12 to 18 wherein the islands

comprise nano-crystals of semiconductor material.

20. A memory device according to any one of claims 12 to 18 wherein the islands

are formed of a metal.

21. A memory device according to claim 20 wherein the metallic islands have

been formed by sputtering and are distributed in an insulating metallic oxide.

22. A memory device according to any one of claims 12 to 20 wherein the islands

comprise particles deposited from a liquid suspension.

23. A memory device according to any preceding claim wherein the tunnel barrier
configuration exhibits a blocking voltage range (VB) in which charge carrier
tunnelling to the node is blocked, and including control means (9, 51, 59 - 61)
operative to increase and decrease the blocking voltage range to control the amount

of charge stored in the node.

24. A memory device according to claim 23 wherein the charge storage node (1)

is configured to store charge in a plurality of discrete states.



“Thereafter, the gold conposite layer 50 is used as a mask for dry etching
‘the OTS | ayer 37 and the gate exide |ayer 21 so as to pernmit the source and

drain regions 5, ' d in the substrate 3 by conventional ion
beam t echni ques. H l!tgm EH mﬁer al configuration of another type of
menory device in the inuggption is shown in Figure 17. The

device is simlar to that shown in Figure 1 and |like parts are marked with
the sane reference nunbers. The device of Figure 17 additionally includes a

bar 1 E'Qh%ﬁ}%?ﬁéﬁr rsmery 4 Vize esprdingep Slais 2Averingay FoRPoLmarns bl <t | os.
barr i 4 POy S P _ :
Lorm nal x, CPRAPERT i ARoWEEI LA, OPhort raihe 10 BNk BELY PROGHTL®

fi el d causesntbf thdustates toexistiaetheaimdeact eri stics of the barrier 2 to be

changed. The effect of the field applied by gate 51 can be seen fromthe
graphs of Figure 18. The voltage on gate 51 can be used to swtch the

devi ce bet n "on" and "off" states. il]ustyat i Bigure 18a, and

ospect fvel 0 Thek ppibty dfikics aFeRAing o sl 2y U operFigdHG Sod Bl 5D

bl ocki ng VO'iJ@;Sb?atWeﬂtUda ﬁ&ﬁm;%f'tﬁbfdl&géﬁlq%ﬁﬁxg n a "on" voltage V[err]
Is applied to gate 51, pﬁe bl ocking voltdge is relatively small and in sone

ci rcunst ances does not exist. In Figure 18a, the blocking voltage V[err]

extends from-Vierr] to +V[err ereas for t . .
27. [ A rrlemory dew[ngce a!:cor ing to any one o Jlaims 23 to 26 wherein the control

means (59-61) is operative to lower the height of the relatively wide barrier
component (17) so that charge tunnels through the or each said relatively narrow
barrier component (18) to become stored in the node, and the control means is
operative to raise height of the relatively wide barrier component (17) so that charge

stored in the node is inhibited from tunnelling through the barrier configuration (2).

28. A memory device according to claim 27 wherein the control means (59-61) is

operative to apply to the barrier configuration (2) a write voltage (V) for causing
charge tunnelling to the node, a read voltage (VR) greater than the write voltage
(V) for permitting data to be read from the device selectively, and a standby voltage
(Vsg) greater than the read voltage (VR), for inhibiting charge tunnelling from the

node.

29. A memory device according to any preceding claim including a control
electrode (9) from which chai'ge carriers tunnel through the barrier configuration to

. the node in response to a given voltage applied thereto.

30. A memory device according to a claim 1 or 2 including a single one of said

relatively narrow barrier components (67) with a width wider than 3 nm.



-26 -, other "off" voltage on gate 51, the bl ocking region assunes its

w der range extending from-V[err] to +V[err]. Thus, when the device is
switched to the "on" state charge can tunnel onto the”lll'mlﬂ lw(ﬂlll Eabe
stored during the "off" state. During the "off" state

be applied to the gate 51 in order to emi2ance V[err] substanti a Iy, as
described in K Nakazato and H Ahned in Applied Physics Letters, 5 June
1995, Vol. 66, No. 23, pp. 3170-3172. The field produced by the voltage
Vlerr] appliged tg 464 ddtide! a@gorﬁfh 'e8 cPih I0°WhirRid Qfd LiHPRPardd’ i er

conflguratlon 2,7 SO as‘to squeeze fon-conduct I on regi on®as can be seen by
conpari ng RicgiscnehBis fpihéd B)‘Bb layer 6hSi3My67piandwichied toewaca lapgs (33, 68)ding
range for the tunnel barrier 2 by the gate 51 will now be explained in nore
detail withaiddpedShce to Figures 19 and 20. Figure 19 illustrates a section
t hrough the nmenory node 1, the tunnel barrier configuration 2 and the
connection Y. The gate 51 is omtted fromFigure 19 but will be described

of non-  dop pohRRRPRTIFGR EHIHiERse R PTORHERE PebBiRER Bue fliSpde 10
thi ckness 1(?2)‘(6%”%%1%“0 4 drleléBfic KBIAE thél Gfel B&‘r‘i’xe%@%ﬁg %ggéxéfn \2)1tB alt€f @le€NCE tO

Fi gure 10. e 1 consists of a n-type pol'ysilicon layer

with thi ckr‘hzmeﬁcé}ﬁfynramiuhwebﬁerl aid by a non-doped polysilicon |ayer 52
of 30nm thi ckness. A correspondi ng non-doped | ayer 53 is disposed on the
ot her side of the barrier configuration, beneath an n-type doped

polysilicons ayeg rgélmgxty Ay ac@orﬁm%eto any preceding claim wherein the amount of
charge that can be stored on the charge storage node (1) is limited by the Coulomb
blockade effect.

34, A memory device according to any preceding claim including source and

drain regions (5, 6) coupled to the path.

35. A plurality of memory devices according to any preceding claim formed as an

array of memory cells (M) in rows (m) and columns (n) in a common substrate.

36. A memory device according to claim 35 including source and drain lines (S, Y,
5, 6) coupled to the respective paths (4) of the columns of cells, and word lines
extending along the rows of the cells for controlling the tunnelling of charge through

the barrier configurations of the cells (M)

37. A memory device according to claim 35 or 36 including means (58, 59, 60, 61,
62) for selectively reading stored data from the cells individually, and for refreshing

the stored data.

38. A memory device according to claim 37 including data writing means (58, 59,
60, 61, 62) for selectively storing data in the cells individually.



As can be semmd di agram of Figure 20, the seven _

I nsul ating sil m‘lmlnrs 15 give rise to corresponding relatively
narrow and rel 11“““““‘ “IE rier conponents 18 in a simlar manner to
that described with reféeterice *t.o Figure 1; 3 together with a relatively w de

but | ow barrier conponent 17. The effect of applying a voltage to gate 51
Is to raise and |l ower the barrier conponent 17 sel ectlvely together with

' h dra dingly.
R el e e
(Figure 17) EtSanerieWchh aYr?éxftﬂQ@Jixyéﬁv\# 8& Y of § nﬂec?i'%eg?l{xﬁliybf pphe

hei ght of the arrier c nponent an |n er nal

el ectrostatic Rahent detls &MHH}) heomme K159 5%9%%*]99’1 ' Lot oroh&bihk Vil ¥

| ow val ue of the order 2Viin t trons can®tunnel
through the nadjarQy dafighRtioAOEPONAR ks A &raere?&td/éwa‘ﬁg tyedihe | ow
wi de barrier conponent 17a, so that electrons tun fromthe termnal Y
onto the nmenmompyedhsigs circuit (60) for precharging the sensing lines, the sensing lines taking up a
charge level dependent upon the stored charge at the charge storage node (N) of a

particular one of the cells in a column thereof read in response to a read voltage (VR)

applied to a corresponding word line, a read/write circuit (61) for transferring the
volrage level of the sensing line to the corresponding word line for the column, data

output means (Qy1, 62) responsive to the voltage level on the data line for providing
a data output (Dgyy) corresponding to the stored dara in the read cell, and data
refreshing means (59) for applying a write voltage(Vyy) 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.

40. A memory device according to claim 39 including means (Qy1, 62) for

changing the level of voltage on the data line after operation of the read/write circuit

(61) in response to input data (Djp) to be written into the cell, whereby the write

voltage causes the input data to be written to the cell.

4. A memory device according to any one of claims 35 to 40 wherein the array

includes peripheral circuits (59-61) formed on 2 common substrate with the memory

cells Mpp).

42. A memory device according to claim 41 wherein the peripheral circuits (59-61)
include transistors that include regions formed by the same process steps that are used

to form corresponding regions (5, €) in the cells of the array.

43, A method of fabricating a memory device which includes a path for charge

carriers, a node for storing charge that alters the conductivity of the path, and a
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‘Stored charge on the node 1 can be retained by raising the voltage V[err]
to a'standby voltage V[err], in this exanple -5V. This ”ﬂlmﬁwlmﬁumlu
hei ght of the relatively wi de barrier conponent 17 to tHel h
in this exanple is of the order 3V. The rggulting increased ‘heitght' of the
barrier conponent 17 inhibits charge carrier tunnelling fromthe nenory

node 1 so that information can be retained on the node for |ong periods of
time ~ 10 years.

In ordegr ta re}?d i nfor ion, Verr] is.set to a read
vol t age VR whHkl parriesicontiguranipnt rough wich cagfiers zynnel i gesponsg to a
expl ai ned hergj [ t . ut
al Ioows I nfor h‘g)tefl}(?%lt? %e %oégrtéyégﬁg%%ﬁ?e&{s%?%gﬁ ’ rgﬁﬂgg%‘ W%‘%@gg{#a}%
during a rel innekbyrridt@ohfig@atios yedhahat it ediibits i endrgy basd pestilptipent 17

assunes the shape 17c_shown in Figure 20 Sevent h Enbodi ment A nore
detai | ed st r cemprisess dimenaionally relativelyrwite\barrer cpnponsowwih awebaivelydawwi t h

plan view L BRERGEEI IRt Renmosd el ple P bee i cotipongn
t hrough one WitHi‘Fel&i}Jéglf%xi E&?Hertﬂk% ;ines A-A' and B-B' of Figure 21

I
respectively. Referrin Figure , the general structure of each nmenory
cell is simlar to that of the first type as shown in Figure 5 but with the
addi ti on of d¢éte 5A methddabeordmgro phirh43andudiag fexningithe turmekbareier ef er ence

nunbers. Referrjng to Eigure, k22, a p-type substrate, 3 jncludes,a conductive
path 4 bet weé‘hmééﬂf?'é‘én P HRELQTH qfé?;}?%_ 9?“‘@‘,“‘1’63%‘?%141%5#“&%3 nsul ati ng

45. A method according to claim 44 including forming said regions as overlying

layers.

46. A method according to claim 45 including forming an insulating layer with a
thickness of 3nm or less.

47. A method according to claim 45 or 46 including forming a conductive layer

with a thickness of 10nm or less.

48. A method according to claim 45, 46 or 47 including providing a layer of
silicon to form the conductive layer and treating the surface thereof to form the

insulating layer

49. A method according to claim 48 including nitriding the surface of the silicon

layer to form the insulating layer. -

50. A method according to any one of claims 43 to 49 including forming the node

as a layer of conductive material.

51. A method according to any one of claims 43 to 49 including forming the node

as a of plurality of conductive islands.

52. A method according to claim 51 including distributing the islands in the

barrier configuration.
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-28 - region 7 to isolate one cell fromthe next. The device includes a

menory node 1ﬂnd—a|ﬁ—ﬁver1—yrng’ﬁarr|er structure 2 formed as shown in
Figure 19, with doped polysilicon layer 53 and a bit |ine
fornmed by the n- lmMHMJmﬂﬂulml i con | ayer 54. The bit line 54 is

covered by electrtcally imsufFattng CV Stid err] 55 and Sierr] walls 56,
as will be explained in nore detail here| nafter. The side gate 51 for the
cell consists of a 100nmthick |ayer of n-doped polysilicon which extends
transverselgs of AtI?E‘thBHtacédrHngacB‘ilﬁ’x‘ﬁeﬁ' 52 lau@au@cfgﬁﬁl £h€{sldnds opar ri er
structure 2. erring agaln to Figure 21, can seen that the
drains 6 f oendchmduerdr mmerialy cells in a partlcul ar row nake use of a
comon drain region 6, which reduces the nenDry cell size. I nf or mati on

can be vvrlttent articular ce in Figure
21, by appl3f gwq%pé amrslagéovkvémrﬁl L dmgrfjerrx{%rtiif 154@%;&%1 an
appropri at & \l/lg g to bit line Y[err] (54) depending on binary code "0"
or "1". Thi¥® s charge to be

55. A method according to claim 51 or 52 including depositing the islands from a

liquid suspension.

56. A method according to any one of claims 43 to 55 including forming a gate
electrode for applying an electric field to the tunnel barrier configuration to control

the barrier configuration thereof.

57. A method according to any one of claims 43 to 56 including forming source

and drain regions coupled to the path.

58. A method according to any one of claims 43 to 56 including forming a

plurality of the memory devices in an array in a common substrate.

59. A method according to claim 58 including forming peripheral circuits for

reading and writing data to and from the array in said common substrate.

60. A memory device fabricated by a method as claimed in any one of claims 43
to 59.

61.  Anarray of memory devices formed on a common substrate by a method in

accordance with any one of claims 43 to 59.
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written on the nenory node 1 of menory cell Merr] corresponding to binary
"0" or "1" depending on the voltage of the bit line Y[err]. The data is
not witten to the other nenory cells in the colum because the other
cells receive the standby voltage VSB on their word lines X2, etc.
Thereafter, a standby voltage VSB is appt#fed to the word line Xerr] to
retain the data on the node 1 of the cell Merr]. No voltage needs to be
applied to the hit line. When it is desired to read the stored data from
cell M err]Abstraétead vol tage VR, |ower than the standby voltage VSB is
applied to word Iine X[err]. Peripheral circuits (not shown) sense the
source/draianm-chevdee_of the cell Merr] by sensing the current flow
between lines S[err] and G (lines 5, 6). OQher nenory cells in colum are
bi assed off by the standby voltage VSB applied to their word lines X err]
etc, and s these gel.ls, aye not addressed by the reading of Merr].

Fur t her nor & BFHBPHEREVIER 106 dG?*‘E}féPQﬂ'inezﬁéOGi’hlé@Fhaf%ﬁ Wattesehrough ai | ar

: Aot . i e oy ;
20 1 Vi e PRReP BARRAN (A fon € BN RGeSt

replaced byeffeett the conductivity of a source/drain path (4) and data is read by monitoring the

conductivity of the path. The charge barrier configuration comprises a multiple
tunnel barrier configuration, which may comprise alternating layers (16) of

polysilicon of 3nm thickness and layers (15) of Si3Ny of 1nm thickness, overlying

polycrystalline layer of silicon (1) which forms the memory node. Alternative
barrier configurations (2) are described, including a Schottky barrier configuration,
and conductive nanometre scale conductive islands (30, 36, 44), which act as the

memory node, distributed in an electrically insulating matrix.

Figure 10
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information which is witten to each nenory node. This nmethod has the
advantage of permtting a wide tolerance in the design value of the voltage
bl ocki ng region V[err] which thereby permts significant variations in the
val ues of V[err] and V[err] to occur fromcell to cell. Binary "1" is
represented by a nenory node voltage V[err] and binary "0" is represented
by a nmenory node voltage VL. The only,r irement for the circuit is that
Vlerr] is larger than V[err] and that]ﬂ& r] is smaller than VL, that is
Vlerr]> V[err] > V[err]> V[err] and it is not actually necessary to specify
the values. This w de design tolerance nakes it possible to integrate a

| ar ge nunber of nenory cells in a chip. The details of this nethod of
operation will now be described with reference to Figures 24 to 26. Figure
24 illustrates schematically the cirogit diagramof the nmenory cell array,

corresponding to Figure 21 and additi‘Onally show ng the peripheral circuits
whi ch are incorporated on the same sefn conductor substrate 3 as the nenory
cell array. Each nmenory cell Merr]_-|Mm corresponds to a nenory device of
the second type, as previously degcribed,| although the circuit is
represented by an equival ent circf@it—TOMS| S\i : sistors Qerr]
and Qerr]. The nmenory node 1 is & e gg‘.’%‘%ﬁ@’%ﬁi guration is
shown for nenory cell Merr] in Flgure 24 Jthe chip includes a col umm
decoder and driver 58, a row decofler and _driver 59, an on-chip voltage
converter VC which produces a nunber—ef—contr gl meméggrledescri bed in nore
detail hereinafter, froman exterfpal voltlhge supply V[err], which in this
exanple is a 5V supply. A—eottfm of newe+y—e€ arrays has an associ at ed
precharge circuit 60 (PC) and a read/re-wite circuit 61 (RAC). PC 60 and
RWC 61 are shown in detail for the columm n = 1 of the nenory cell array
and t he correspondi ng circuits1%F:f€Bun1 n are shown in hatched outline

> V-V
0 Ve X

blocked region >|

ka

FIG. 2



.A data input/output circuit 62 receives data froman external source and
tranSmits data out fromthe nenory array in a manner to be described in
nore detail hereinafter. -30
- The nonencl ature of the various signals, |ines and conponents used in
Figures 24, 25 and 26 is summarised in the follow ng table: TABLE .

I'tem Nane Z/ZMerr] ~ Merr]

menory cells m g : Y mem)ry céf[é array row

n 1 menory ¢ el | arr%y colu Slerr] ~
Slerr] sanse |ines Y[err]] ~ Y[err] dat a
I nput |ines

M21 M22
FIG. 3
S Y4 S, Y,
4 B M M N\ O\
~151 46
2 &
4 \
X1 ARTISEE FESSTNSYRINE SO LN SO A

FIC. 4




X[err]. ~ Xerr]
columm sel ection signals

word |ines
/O

[err]
comon dat a

I nput / out put PC precharge circuit
prechar ge signal RWC read/wite circuit
read/ wite signal alerr] row address signals
aferr] . col unf§ /a@ress signal s CE
chi p enabl e signal Derr] 9 data i nput
Derr] : dat a out put VEE |
write enable signal V. ,,/2 A" on-chip vol tage
converter VR 7 read ppwer supply voltage
V[err] _ age V[err]
precharge power supply V°|t§§§\ 8 st andby
power supply Vierr] N _ sthal |y appli ed
vol t age \ /l.]d ta in Jt/output circuit
— % 5
(
\
3
~
| )
B 7 '
N
N
L | -7
7 /[
\
3
(W)
(I') Vx ----------------------------- Tt T .
Vy, 1 Vo R SR z
A 0 ................. -
time
_V(W)
X - A U
. AT AT
f— |
V, V V¢m """" Vs Vs
Y, S,t N A
o H H H \:
time \\Q V§
L S 1 1
Yy
: read"O": write "1" : read'ﬁ“{

write "0”

FIG. 7



-31 - . A data reading operation will now be described with reference to
Figure 25. When the chip enable signal CEis at the voltage of V[err],
herei nafter denoted as "high", the chip is inactive. In this condition,
precharge signal [err]p is "high", and S[err] ... Slerr], Y[err] ... Y[err]
and 1/O are precharged to a voltage V[err] because the transistors of PC 60
are in an "on" state. Wien CE is changed from"high" to zero voltage
(hereinafter denoted as "low'), the Z’hi Qszpbecoma active. Then [err] p
becones "low' to turn the transistor 6 C 60 "off". Then the vol tages of
lines S[err]... S[err], Y[err] ... Y[err], float, keeping the voltage val ue
Vp. Awrd line is selected by applying row address signals (a[ferr]) to the
row driver 59. When a read voltage VR is applied on Xerr], the information
froma first rovﬁof menory cells %[err] ... Merr] \iés read, and thevoutput
0 g

si gnal s appear t he correspondi sense lines, S[err] ... Ylerr].
Consi dering, as #&an exanple, nenorg cell Merr]w whelh the voltage or#
menory node N is|Vp, the transist¢r Q[err]Vci xi pran-tom* state, and the

correspondi ng sepse line, S[err], |is discharged OV. Alternativelly, when
t he vol t age he_nmenory node is|0V, S[err] is t to V[er r\p. use..t.he
transi st or arid'of " state. Aiger the valliage on Sl errf<has| settled

to OV or Vel € read/ wiij e sitgnaly [err] bhedemes "high", anpg)
information ¢&|'S ﬁs rensyer ex:l--t;SH%[ err]'Bt{81ough RAC 61. |1 : 14
when S[err] vr] is_Kept Yto Mp, because|QDYs ipyts "o LALe,,
However, whena|SPk sy V[ err | ].o|¢ . st di schafgald t o: 0\FYbecalskogbt hi sy
transi stor , are in amn st at > er.r-.]....beconey gh{<12 !
sel ectivel pSponse to app colium addr'ess s gnal s (aNBer 2] ,] so that
Qerr] is tyined "on!'. Thus, 2l Yol t dge change of [Y[err] is ansflerred to
dat a out putVdout|THiough i nFYBt @uiput iline 1/0 and fthe | OC 62Ve '
TR v W
1 (w) (W) {w) (W)
Vy Vi Y Vy

@ ® © (@

Vv Y v v
A A - A A
Vc +VX N ...............
V C‘/Y .......... -
g W
2 V-V, e
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After .Y[err] has settled to OV or. Vp, the voltage on word line Xerr] is
changed to wite voltage V[err], so that the transistor Qerr] is turned
"on" and the voltage of Y[err] is restored to the nmenory node N. In this
way, even if there are any disturbances to the nmenory node vol tage during
the read operation, the information is refreshed to OV or Vp. The read and
re-wite operations are al so perfornsﬁéglrzn;he other cells in the sane row,
Merr] ... Merr], but the read-out i tion is not transferred to I/0O
-32 - line, as in the case pf cell Meaifsh. Weainihe read and re-wite
operations finish, CE becorressﬁ(igh, Xerr}t is setMto standby vol tage VSB
and then [err] becones high. A Next, the ite operation is explained. As
an exanple, the wite operatiof for the ell Merr] is shown in
Figure 26. By the same operati ¢n as desScgfibed if the read operation, the
stored information on Merr] i$ transfeg 1 and Y[err]. Then a

vol tage corresponding to inputjdata Dify is appfied on the I/O and the read
information on Y1 is replaced by this/voltage/ This is then stored on the
menory node N by applying thejwite/vbltage/V[err] on the word |ine
Xerr]. The other cells in '

L VX

FIG. 9
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the sanme row, Merr] ... Merr], can be refreshed during the sane
operation. It will be understood that this process is repeated
sequentially, row by rowin order to wite data to all the cells of the
menory array. An exanpl e. of method of fabricating a nmenory cell according
to the enbodi mrent of shown in Figures 21 to 23 will now be described with
reference to Figure 27. Referring ? ygure 27a, the 10[err]cm p-type
silicon substrate wafer 3 is therwmlﬁl idised to formthe 5nmthickness
SiJerr] layer 21. Then a 10nmthick n-type doped silicon film1, which
forms the nmenory node, is deposited on the layer 21. This ismégqarlaid by a
30nm t hi ck non-doped diTTcon 111 mbZ. The surface of the 11l 2 1s
converted to a lnm t hifckmess—siticommtrdetayerTm N erT 2N ent at a
tenperature of 700[ erlgdfess gbigyers 15,
shown in Figure 19. The— er can be
controll ed by controll at 1000[err]C

to 1Inmat 700[epr]C 1 /] i dejposi ted and
nitrided to for ot I ‘ 15. This
process i s repeated si tipl e tunnel
junction 2, conprisirg sevel_sets of ov hown i n nore
detail in Figure 19. |[Then, a 3Dnmthickness non-doped si filmb3 is

deposited, which in tyrnis overlaid by a 20nm Si[err]Nerr]jfilm®63 that
i s deposited for maskijng purposes, and is patterned by |ithogfaphy and dry
et ching in an at nosphé~e—ef—CHrlerid—and—ar-gon—gas- -

B—F -

7~

(b) ~

N 23
== _»

FIG. 12
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then etched out by using
Referring to Figure 27b,

30nm t hi ckness

barrier configuration 2 using

in Figure 27c,

doped silicon filmb54 i

filmb55,
conventi onal
line, i.e.

in the bit
menory cel
Usi ng resist
selectively et

known per
i s oxidised

regions 5, 6.

Then,

The silicon and silicon nitride |ayers 53, 15, 16, 52 and 1 are

a dry etching nethod well
the surface of the wafer
Si2 64, with side edges 64a on the vertical

se.
to forma

si des of the
the Si3NA film 63 as a mask. Arsenic ions

are inplanted to formthe source and7qfr2ﬂn
the SI3NA film63 is remved. and the 30nm-thiel

as shown

ness n-type

i ne

the $i 2 film55

s deposited,
by a conventijonal CVD process.
lithography and dry e
the width of
to be 60nm which provi
el ectrostatic potenti al
line Y[err]

array. The

Y[ery] (54) sho
des good

can be sel ected
| ayers Shoubg~2%§
i

Then,
I ng netho

?$ inN Figure 21
cpntrollabil ity o
ce. The tid ckne

in deoeﬁgﬁhce upon t he
i

the interf

cker for wi der
®&0Re | ayers 54 and

foll owed by a 50nmthickngss Sierr]
the |l ayer 55 id
The width gf the bit

patterned by

i.s | ect ed
A

arious |layers
size of the

i 26! i nes.

5 are

in an at nos

nitride | ayer of the tynnel ba

(f)

_/

il the

first silicon

~7

22 27
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configuration 2 is exposed. Referring to Figure 27d, a 30nmthickness
CVD Si2 | ayer is deposited and dry etched in an atnosphere of CHF[ err]
and argon gas in order to provide side walls 56. Referring to Figure
27e, the polycrystalline silicon layer 51 is thereafter deposited and
patterned by conventional |ithography and dry etching nethods, in order to
define the word |ine. The n-type iﬂ? p-type MOS transistors that are
used in the peripheral circuits 60, 8 Ztc shown in Figure 24 can be
fabricated in the sane substrate 3 by conventional mnethods. The source and
drain regions for the n-type MOS transistors can be forned

-34 - at the sanme tine as the fabrication of the source and drains 5, 6
of the nmenory cells

FIG. 13




Mm, as described with reference to Figure 27b. In this enbodi ment, it
is necessary to apply a standby voltage VSB of -5V on the word lines in
order to maintain the stored information on the individual nmenory nodes 1.
This can be achi eved when the device is switched off, by using an external
battery or capacitor. Because no significant current is drawn, except a
neglibly small | eakage current, eff Qely non-vol atil e characteristics
can be obtained. In a nodification described |ater, the use of an external
battery or capacitor is avoided by shifting all of the voltages upwardly
by + 5V. In this case, the standby voltage becones 0V and thus an external
battery is not needed. Ei ght h Enbodi mnent One nethod to 3gift t he
standby voltage is shown in Figure 28, where p-type doped gion 65 is
formed under the contact regions of word |ines. The configufation can be
considered as a (ﬁ@ification of that shown in Figure 2% e p-type doped
region 65 is formed by ion inplantation of boron ion ‘S|ng Si 2 55-56 as
a mask after the process step {mTaIEraUTEesraeoke vol t age on word
line is shifted by around 1V af roomtenpeagure. In this structure there
i s another advantage that the ifternal elfettrostatic pofentd al, hence
conduction energy band edge, can be conirollTed nore effectively. Due to
the effects of |ateral spreading of inplanted boron ions and the resulting
built-in potential. of the fornmed inplant p-i junction, the ef&gctive bi t
line wdth can be nuch smaller than the real bit line width o that even
ferrlmbit line dth is enough to realise the present mengry device,

i nstead of 0.06 Kgﬁﬂ]n1b|t line width in the seventh eniyOul -rw33ﬁglthis
structure, V[err] = -4V, VR = -3V, and V|err
' %&2&%&%&%&%&%&%&%&%&2&7

(c)

34

p-Sub +—3

(d)

S

+<3
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= 1V. . Ni nt h Enbodi nent Furthernore, a thin p-type doped | ayer 66 can be

formed inside the barrier structure as shown in Figure 29,

even a larger built-in potential. The configuration

resulting in

-35 - of Figure 29 can be considered as a nodification of that shown in
Figure 28. Such p- type layer 66 can be forned easily be depositing p-type
silicon filmor inplanting boron |ﬂg(s{z the internedi ate stage formng

barrier structure because it is for

repeat ed deposition nethod. To

reduce diffusion of boron, the p-type doped |ayer 66 is sandw ched by thin

tunnel barriers 15 in Figure 19. In this case the word |ine

directly controls the internal electrostatic potential,

= -1V, and V[err] = 1V.

(a)

BBl/./

réee
H (]

vol t age

hence conducti on
energy band edge. This reduces the voltage difference on the word |ine
bet ween stand-by and wite cycles. In thigﬂsnlfucture, V[err] =

-2V, V|err]

SN SSSS
\IISIIIISII SIS -CH;: Methyl group

\ % Alkane chain
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3 -Si-O: Sioloxane bond

) A

NP TR RARAG RN,

Alkane thiol {
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AN IR 200N
PI777 77772277 7))

o

} Alkane chain

} OTS Monolayer

-SH: Mercaptan group

-Si-0O: Sioloxane bond



Tenth Enbodiment In this enbodi ment, a thicker tunnel barrier, of the
order of 5nmis used, as shown in Figure 30. The configuration of Figure
30 can be considered as a nodification of that shown in Figure 19 and the
barrier structure can be incorporated into the device described with
reference to Figures 21 to 23. The nenory node 1 in Figure 30 is overlaid
by the non-doped pol ysilicon |ayer Sé/)é 30nm t hi ckness, which itself is
overlaid by a single barrier |ayer 6i/o 25nmthi ckness, formed of
Si[err]NJerr] material. The Si3N4 filmcan be fornmed by plasma nitridation
~at a tenperature of 550[err]lfl, and at 4L power |evel of 300-500W This is
overlaid b &jnon-doped-- i< - =&t --30nm---t;hi ckne_§s;\ﬁ_r§ib&fdn-type doped.
Si |ayer 54 of 30nmt hi i bed prigviious|@ Wt re

Figure 19. The resultin ener gy band dijdgnam e barrier

I;or h
T 2 Vatrt 688 %8 e barri er
conponent 17 f regl t{ 3%
narrow barri e‘?‘ﬁ(@ﬂ%%b‘ﬁe ¢ ¥ K 5
/.

erence to

¥ : ) .

el D tog€ther with a relatively

£ S5 ‘f ayer -$70: Seloxanehande| y hi gh
barrier height. In this: 7 shei ght is of the order of 2
volts, produced by the fTatllng Si3N4. During a wite
operation, the wite vo¥¥#g ¢ i47e side gate 51 (not shown) in
Figure 30. In this exad@ e, the ite voltage V[err] = 5V lowers the
barrier configuration iy, a. tSient stae such tftSHRdercantan BT¥Py wi de
barrier conponent _\\u.-, “\\\\wg uration 1l7a 1 in Figure 31. For
readi ng data, 3y ‘;}}))};fllll\'&;’)i‘ /—_7% i s applied halkare ¢haBl so t hat
the barrier assung , guratfof 17b. In this arr@ngenent, data can be
read fromthe neffpry/de-Sub. To §rt)re i nfor mati on, aSi-O: Sioloxane bond

/ [
41 3

(d) T

: -S: Au-S bond

Q } Alkane chain

-S: Au-S bond

2
[}
.

L0 -SH: Mercaptan group

Alkane chain
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L/ 1 ‘
000000000 BRI ¥ aus one

L9 L{; ________ //55224 2
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--36 - - standby voltage V[err] = 0V is used such that the configuration 17c
positively bl ocks | eakage of charge fromthe nenory node 1 with OV applied
to the word line X Type 3 El eventh Enbodi nent Anot her type of nenory
device in accordance with the invention is shown schematically in Figure
32. The device is generally simlar to the enbodi ment described with
reference to Figures 4 and 5 and Iiﬁ?d??Ets are marked with the sane

ref erence nunbers. In the enbodi ment igure 32, the barrier structure
consists of an array of lateral dots 68. The dots can be fabricated by a
nunber of different ways such as an ioni sed beam deposition nethod as
described in W Chen, H Ahned and K Nakazato, Applied Physics Letters, 12
June 1995, Vol. 66, No. 24, pp. 3383-3384 or by single atomlithography as
described by H Ahned, Third International Synposium on New Phenonena in
Mesoscopi ¢ Structures, Decenber 1995. Furthernore, the lateral dots 68

coul d be repl aced bi(gpal ns in a polycrystalline silicon filmfor exanple
as described by Yan supra, by nano-crystals as described by the
method in the present third, fourth and fifth enbodi gents, and by col | oi dal
particles as described by the nethod in the present xt h enbodi nent .

Many variations and nodifi.cations fall within the Scope of the present

i nvention. For
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exanpl-e, the various regions of n-type and p-type material could be
exchanged with one another to produce devices with conplenentary conduction
characteristics to those descri bed herei nbefore. Al so, the thickness of the
different | ayers that make up the descri bed exanples of |ayered tunnel
barrier junctions nmay be altered fromthe specific exanples given

her ei nbefore. Al so, different insulating materials could be used. For
exanpl e silicon oxide could be used instead of silicon nitride as a tunnel
barrier. Furthernore, other sem conductor fabrication systens could be
used, with a different basic substrate uch as silicon on insulator, SiGe,
Ge, GaAs and others well known to tﬁEh@Z'n the art. Al so, the various

di fferent enmbodi nents of barrier structure and the nodifications thereof
described for use in the first type of nmenory device according to the

i nvention, can be used in enbodinents of the second type

-37- with a side gate 51, and enbodi nents according 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 accjrding to the principles of the first

t ype. 51

X | " 2, barrier structure

—

— 1, storage node
S-——-—I__—___-——--G
FIG.17
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-38 - . dains 1. A nmenory device conprising a path (4) for charge
carriers, a node (1, 30, 36, 44) for storing charge to produce a field
which alters the conductivity of the path, an electrode structure and a
tunnel barrier configuration (2) through which charge carriers tunnel from
the el ectrode structure to the node and vice versa in response to given

vol tages so as to becone stored on aﬁ.((:llgl charged fromthe node, the tunnel
barrier configuration exhibiting an e és band profile that conprises a
dimensionally relatively wide barrier conponent (17) with a relatively | ow
barrier height, and at |east one dinensionally relatively narrow barrier

conponent (18) with a relatively high & rier height. 2. A nmenory
device according to claim1 V\herﬂ—n—(—\gg—@e-mpeﬂe' nt (18) of the energy band
profile of relatively high barrier height is provided b n el ement of a
wi dth of 3nmor [ess. 5[,\) ( > )g?( ) ( ?ég/r?rﬁ)doa/edapolysel

non-doped poly Si
- (30nm)

SiaN4 (1nm)

(15)
non-doped poly Si
(30nm)

n-type doped poly Si
(5nm)

memory node

FIG. 19

store
/ A (vse=-5v)

!, a_.x[._d (V= 0V)
[1~0.2V
memo
Y 17c 17a node i

FIG. 20



3. A menory device according to claim1l or 2 wherein the energy band
profile of the tunnel barrier configuration includes a plurality of said
relatively high barrier height conponents (18). 4. A nmenory devi ce
according to any preceding claimwherein the barrier configuration
conprises a multiple tunnel junction configuration (15, 16). 5. A
menory device according to claim3 erein the configuration (15, 16)
i ncludes alternate |ayers of relati electrlcally conductive and
nsul ating material wherein the Iayers collectlvely provide said relatively
Iom1barrier hei ght conponent of the energy band profile, and the individual
I nsulating |layers provide the relatively high barrier conponents. 6. A
menory device according to claim5 wherein the alternate layers (15, 16)
conprise polysilicon and silicon nitride respectively.




- A nmenory device according to claim5 or 6 wherein the electrically
conductive | ayers each are of a thickness of |less than 10 nm and the
insulating layers are of a thickness of the order of 2nm 8. A nmenory
device according to claim1, 2 or 3 wherein the barrier configuration
conprises a Schottky barrier configuration (16, 28). 9. A nmenory

devi ce according to claim$8 mhereinéﬁhﬁ??onfiguration i ncludes alternate

| ayers (16, 18) of electrically conduc e material and sem conduct or

mat eri al . 10. A nenory device according to any preceding clai mwherein
t he charge storage node conprises a layer (1) of electrically conductive
mat eri al between the barrier configuration and said path. 11. A nmenory
devi ce according to claim10 wheggein the |ayer (1) conprises doped

sem conductor material. %ﬁ: fA nenory device according to any preceding
cl ai mwherein the charge ' ' '

A
(}
3
FIG. 23

FIG. 22




storage node conprises a plurality of conductive islands (30, 36, 44, 68).

13. A nmenory device according to claim 12 wherein the islands (30, 36,
44) are distributed in the barrier configuration. 14. A nenory device
according to claim 13 wherein the islands have a dianeter of 5 nmor |ess.

15. A menory device according to claim13 or 14 wherein the islands give
rise to relatively narrow, IOM/barrh72 nponents of said energy band

profile between said relatively hig

onents.

-40 16. A nmenory device according to claim12, 13, 14 or 15 wherein the

I slands are arranged in |ayers (30, 46, 47) separated by electrically
I nsulating material (29, 30).
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17. A nmenory device according to claim 16, wherein the spacing of the

| ayers is less than 3 nm 18. A nenory device according to claim 17
wherein the islands have a dianmeter of the order of 3nm and the spaci ng of
the layers is of the order of 2nm 19. A nmenory devi ce according to any
one of clainms 12 to 18 mhereln the I sl ands conprise nano-crystals of

sem conduct or material . nﬁaeg? devi ce according to any one of
clainms 12 to 18 wherein the i sl ands 20rned of a netal. 21. - A nenory
device according to claim 20 wherein the netallic islands have been forned
by sputterin% argbcdh¥) distributed in an insulating metallic oxide. 22.

A nmenory dev € ing to any one of clains 12 to 20 wherein S
conprise particles deposited froma liqyg d suspension.
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23. A menory device according to any preceding clai mwherein the tunnel
barrier configuration exhibits a blocking voltage range (V[err]) in which
charge carrier tunnelling to the node is bl ocked, and including control
means (9, 51, 59 - 61) operative to increase and decrease the bl ocking

vol tage range to control the anobunt of charge stored in the node. 24. A
menory device according to claim?2 In the charge storage node (1) is
configured to store charge in a plurality of discrete states.

25. A nmenory device according to claim 24 wherein the control means (9)
I's operative t c \He and | ower the blocking voltage range so as to permt
only a sel egf of the states to exist at the node. 26

devi ce according to %Iain123 or 24 mheﬂein the control neans (p1)
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is operative to vary the width of the voltage bl ocki ng range. 27. A
menory device according to any one of clains 23 to 26 wherein the control
nmeans (59-61) is operative to | ower the height of the relatively w de
barri er conmponent (17) so that charge tunnels through the or each said
relatively narrow barrier conponent (18) to beconme stored in the node, and
the control neans is operative to rggﬁngsight of the relatively w de
barrier conmponent (17) so that char S ed in the .cmgais i nhibited from
tunnel ling through the barrier confi gurfgtd 8.,2 A nmenory devi ce
according to claim 27 wherein the cont g9 i g operative to
apply to the barrier confi gureatior S Tt —t"err]) for causing
charge tunnelling to the node, ead voltage [V[err]) gregater than the
wite voltage (V[err for ing data to?e read from the device
selectively, and a dby vjoltage (V[err]) greater than tjhe read voltage
(Merr]), for inhibiting charge—{unnelling fyomthe node. 29. A nmenory
devi ce according to any precledi ng7cl ai minctuding a contrd el ectrode (9)
from whi ch charge carriers ttmret—throvghr—tire—trarrrer—Tugnfi guration to the
node in response to a given voltage apgl,} 4 A nenory
device according to a claim1 or 2 iDAclI UeH [,said
relatively narrow barrier co er than 3 nm

(b)

(c)

(d)




-42-. _-31. A nmenory device according to claim 30 wherein said single
barrier conponent is formed by a layer of Si[err]Nerr] (67) sandw ched

bet ween | ayers (52, 53) of undoped Si. 32. A nmenory devi ce accordi ng
to any preceding claimincluding a gate electrode (51) for applying an
electric field to the tunnel barrier configuration (2) to alter the barrier
configuration thereof. Tﬁd{?éeVice according to any preceding
cl ai m wherei n the anount of charge t an be stored on the charge storage
node (1) is limted by the Coul onb bl ockade ef fect .bb
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34.:» /A nenory device according to any preceding claimincluding source and
drarn regions (5, 6) coupled to the path. 35. A plurality of nmenory
devi ces according to any preceding claimformed as an array of nenory cells
(Merr]) inrows (n) and columms (n) in a commobn substrate. 36. A
menory devi ce according to claim35 including source and drain lines (S, Y,
5, 6) coupled to the respective pat:gggz of the columms of cells, and word
| i nes extending along the rows of t s for controlling the tunnelling
of charge through the barrier cgnfigurations of the cells (Merr]). 37.

A nmenory device according Lo claim3i or 36 including neans (58, 59, 60,

61, 62) for selectivel y-rdading st or efiNd¥P@ dpPedSt he cel |'s i ndi vi dual |y,
and for refreshing the qred dat a. &Onm) A nenory device according to
claim 37 including data wjiting neans : 0, 61, 62) for selectively
storing data in the celghsrndivi dual | E‘fﬁéﬁ;ﬁgdﬁ

SiaN4 (5nm)

non-doped Si
(30nm)

n-type doped Si

G FIG. 30

T

memory node
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REPLACENE]\FI'—SHEEI A rrermry device according to claim 35 37 or

38 includin (S[err]....S[err]) for detecti NGuetHFe )
flowing in Fllﬁmmll HIH) WEII ective col ums of the menory c IREPI(M@EET’\]D 'OHEH
word lines (X[efr]t. "™ Xerr]), data lineg.(Y[err]....Y[err] )} f

controlling the barri er configurations (2) of the menory O‘n 1599
respective columm thereof, a precharge circuit (60) for pr cha%

sensing |line the sensing lines taking up a charge |evel pW
the stored c‘E\léFQé at the charge storage node (N) of a partigular one of

the cells in a colum thereof read in response to a read vol vrerr|)
applied to a corresponding word line, aread/wite circuit (61) for
transferringd.theA membagdevicevaimprisinghepak(4) fog charge cdrdietshae node (E30086) ng

d | f t.h | dat t , to th
Vol tage | eva B SRS ek aft“%d«"@m%}“(egtﬁé% ipEbiat of Beorabgen © |
corespond: At g NRcAkPRREL LA it RenTARGeL) oralih URLS piRLEasRng

means (59) for applying a wite vol cage t he
read cell sumikl frloat thdatlectrode rsafscpmneduon@etrmde laed widet wgs inemeponsn to havenhat a

I s witten back ntothe revi ou read cell.
dla\r/]?cla accl) Q1e&5S 58 aéltélbﬁ?oé@e Ftﬁ i ?@fﬂ’é g& fhe neds %? O],unnglh%a? ng the
l'evel of volcbagiribnldiRibARbankh a&ﬁdqsroﬁl@%a%mﬁﬁmfeéaahﬁ‘eds%smwalétﬁ«egﬂ rcuit

(61) in responsé to input data (Djerr] be witten into the cel
wher eby t he wid¢ tbarrier component (17) with a relatwely low barrier height, and at least one

dimensionally relatively narrow barrier component (18) with a relatively high barrier

height.

2. A memory device according to claim 1 wherein the component (18) of the
- energy band profile of relatively high barrier height is provided by an element of a

width of 3nm or less.

3. A memory device according to claim 1 or 2 wherein the energy band profile
of the tunnel barrier configuration includes a plurality of said relatively high barrier

height components (18).

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

configiration comprises a multiple tunnel junction configuration (15, 16).

5. A memory device according to claim 3 or 4 wherein the configuration (15, 16)
includes alternate layers of relatively electrically conductive and insulating material
wherein the layers collectively provide said relatively low barrier height component
of the energy band profile, znd the individual insulating layers provide the relatively

high barrier components.

6. A memory device according to claim 5 wherein the alternate laye:s (15, 16)

comprise polysilicoa and silicon nitride respectively.



vol tage causes the input data to be witten to the cell.
devi ce according to any one of clains 35 to 40 wherein the
peri pheral ci r|¢ fiy med on a common substrate w
cells (Merr] )Hﬂl“ﬁ”ﬂi",ﬁﬂ(‘rﬂﬂry devi ce _according to clai
peri pheral circuits ¢594613 4 nclude trdnsistors that includelregions
formed by the sanme process steps that are used to form coryesponding
regions (5, 6) in the cells of the array. 43. A et hod - Lcatin
menory devi ce3ghi cAl nientdriddedcea qpadifg foadlai@fBar, 2 or Gaisdledisg semsinydites f or
storing charge that alters the conductjvity of the path, an el ectrode
structure and(Sa-.Sp) for detecting curreat flowing in the paths of respective columns of thegq -

tunnel barrier confieﬁuration t hrough whi ch charge_carr.i es tunpel fromthe
el ectrode st rumemanecells (Mpea).rogdli !/-i-(:f{ep)vé?tsbﬂFSrmlesKo)né’ecctf‘%)'oljli“ﬁé‘Fﬁ

vol tages so as to %%gorre_storeq ,on and di Fctgarged fromthe, node, the nethod
i ncl udi ng f or PAAEF GoRER lIs of a respective columa thereof, a

urations (2) ¢t the memory ce
precharge circuit (60) for precharging the sensing lines, the sensing lines taking up a

 Sep ARy e

h{t he menory

41 OherErhd 18t

charge level dependent upon the stored charge at the charge storage node (N) of 2

particular one of the cells in a column thereof read in response to a read voltage (VR)

applied to a corresponding word line, a read/write circuit (61) for transferring the
voltage level of the sensing line to the corresponding word line for the column, data

output means (Qy?, 62) responsive to the voltage level on the dara line for providing

a dara output (Dgyy) corresponding to the stored data in the read cell, and data
refreshing means (59) for applying a write voltage(Vyy) to the word line of the read

cell such that data correspoading to the voltage level on the data line is written back

into the previously read cell.

40. A memory device according to claim 39 including means (Qyy, 62) for
changing the level of voliags on the data line after operation of the read/wrize circuit

(61) in response to input daza (Djy,) to be written into the cell, whereby the write

voltage causes the input darta to be written to the cell.

41, A memory device according to any one of claims 35 to 40 wherein the array

includes peripheral circuits (39-61) formed on a common substrate with the memory

cells Mmp).

42. A memory device zzcording to claim 41 wherein the peripheral circuits (59-61)
include transistors that incleds regions formed by the same process stzps that are used
to form corresponding regiozs (3, 6) in the cells of the array.

43. A method of fabricating a memory device which includes a path for charge

carriers, a node for storing charge that alters the conductivity of the path, an electrode

structure and a
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tunnel barrier configuration such that it exhibits an engrdy band profiTE
that conprises a dinensionally relatively w de barrier cqngorerit ~Wt Kog
relatively |low barrier height, and at |east one di.nensionaljly relatively
narrow barrier conmponent with a rel atived¥-high barrier Height. 44
met hod according to claim43 including form ng the tunnell_barrier
confi gurati afindel ‘bﬁi‘rfe@gbﬂifg@rﬁﬁod gh@lgh\Whivh ehaidel chiriees mnaeli fnwm | the ietegtrode
material. 45. A net hod according to claim44 including form ng §aiéj
regi ons as cWuene taghd roderand vicgaersa inresRAnERE S¥FOUASHS 593569 baCApRstore
i ncl udi ng faorm . 1N ' |, ay. | ' . 3nmor |less. 47.
A net hod acgogpac?? %jé&g %rg(eﬁ g’%‘% H%g%ord QH%E in\r{lgéﬁg%di?iﬁ%g%ngﬁ&ﬁg" gﬁeconduct I ve | ayer
with a thickessl lefridOamfigoratiessuch thét it extdbneimhetkrgy baidiprofiletthatcl ai m 45, 46
or 47 including providing,a |ayer,of silicon to formthe conductive |ayer
and treat i necamprises p timensianats selatively widnberreericamponentyith ayeptivelplow A

"ayer tof orhrtrehrigitfad pileest Bjedimendamaly sttt br-her cpRp ARy one of
clainms 43 t%ﬂﬁa‘?@ﬁki\&ﬂﬂﬂgﬁﬁ’{rﬁ‘ef‘&iém? node as a | ayer of conductive

mat eri al .

44. . A method according to claim 43 including forming the tunnel barrier

configuration from regions of relatively conductive and insulating material.

45. A method according to claim 44 including forming said regions as overlying

layers.

46. A method according to claim 45 including forming an insulating layer with a

thickness of 3nm or less.

47. A method according to claim 45 or 46 including forming a conductive layer

with a thickness of 10nm or less.

48. A method according to claim 45, 46 or 47 including providing a layer of
silicon to form the conductive layer and treating the surface thereof to form the

insulating layer

49. A method according to claim 48 including nitriding the surface of the silicon

layer to form the insulating layer.

50. A method according to any one of claims 43 to 49 including forming the node

as a layer of conductive material.

51. A method according to any one of claims 43 to 49 including forming the node

as 2 of plurality of conductive islands.

52. A method according to claim 51 including distributing the islands in the

barrier configuration. — —
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51. © A method according to any one of clains 43 to 49 including forning

the node as a of plurality of conductive islands. 52. A Qr g
to claim51 including distributing the islands in the barr ﬁm(&’em’ QHE@“

configuration. - 45 - 53.
A met hod according to claim51 or 52 including formng thefidl §ndsABR 1989
sem conductor material. 54. A nmet hod .agcording to claim52 or 52

including formng the islands by sputtering. 55. A nmet hed according to
claim51 or 52 including depositing the islands froma |iqyid _suspensi.on

53. A method according to claim 51 or 52 including forming the islands of

semiconductor material.

54. A method according to claim 51 or 52 including forming the islands by

sputtering.

55. A method according to claim 51 or 52 including depositing the islands from a

liquid suspension.

56. A method according to any one of claims 43 to 55 including forming a gate
electrode for applying an electric field to the tunnel barrier configuration to control

the barrier configuration thereof.

57. A method according to any one of claims 43 to 56 including forming source

and drain regions coupled to the path.

58. A method according to any one of claims 43 to 56 including forming a

plurality of the memory devices in an array in a common substrate.

59. A method according to claim 58 including forming peripheral circuits for

reading and writing data to and from the array in said common substrate.

60. A memory device fabricated by a method as claimed in any one of claims 43

to 59.

61.  Anarray of memory devices formed on a common substrate by a method in

accordance with any one of claims 43 to 59.

ULk
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56. - A nethod according to any one of clains 43 to 55 rl‘(_:___i__b_'(dj_ng,,\f..ﬁo.r.m-qg ‘
gate electrode for applying an electric field to the tu{nni—;l barri.erana
configuration to control the barrier configuration thergof.f 57.7: A“’me‘t h%d
according to any one of clainms 43 to 56 including form}]g‘g_'_s__o__u_r“che«.,anelme%éi
regi ons coupled to the path. 58. A n8€hod accor di ng @o any one of cl ai
43 to 56 including formng a plurality of the nenory deyices. in-ap—atrray tn
a comon substrate. 59. A nmet hod according to claim58 including form ng
peri pheral 62i r cl hewfmemosadevige acsbrithgttongaigatl awhereimnthef ¢ledtrddeestarchay i n
said common substrate. 60. A menory device fabricated by a nethod as
cl ai med i ncamprignga gngle|line pyeryingdhe tunnebbarrier ppnfigugationof nenory devi ces
formed on a common substrate by a nmethod in accordance with any one of
clainms 43 to 59. :

' 63. A memory device comprising:

a source-drain path for charge carriers,

a node for storing charge to produce a field which alters the conductivity of the
source-drain, path,

an electrode structure overlying the node, and

a tunnel barrier configuration between the node and the electrode structure
through which charge carriers tunnel between the electrode structure and the node in
response to given voltages so as to become stored on and discharged from the node, the
tunnel barrier configuration comprising a layer of relatively conductive polysilicon
material, a first layer of relatively non-conductive silicon nitride between the polysilicon
layer and the node, and a second layer of relatively non-conductive silicon nitride
between the polysilicon layer and the electrode structure, the tunnel barrier configuration
exhibiting 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.
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-46 - 62. A new nenory device according to claim 1 wherein the

el ectrode structure conprises a single line overlying the tunnel barrier
configuration. 63. A nmenory devi ce conpri sing: a source-drain
path for charge carriers, a node ﬂﬂj storing charge to produce a
field which alters the conductivity of'#he sour.ce-drain, path, an
el ectrode SH{H%}%&G overlying the node, and a tunnel barrier
configurati on between the node and the el ectrode structure through which
charge carri ween the el ectrode structure and the node in
response tob§?3%?939F#ﬁg§i so as to becone stored on and di scharged from
the node, the tunnel barrier configuration conprising a |ayer of relatively
conductive polysilicon material, a first |layer of relatively non-conductive
silicon nitrA k&8 iglude! ¥ fehd BoB@lerto 3 Hlch BRafpe 4w rifted t}?roﬁgl??_”d
| ayer of relatively non-conductive silicon hitride between the polySilicon
layer and t hengtldeirfietleosfiguraiat @) frofea torasl eldvarodeds). cOhé sgtudahbge
exhibiting an energy band profile that conprises a dimensionally relatively
wi de bar ri ereflectspbe eondwitivityofresbatceddsain paoky(4)aandi data saieghby momatoaingltkast

n i mensi onal,ly.rel atively, ngrrow rier nent with relativel
ﬁi Shd bgfr ?er%o%épé}i,‘{i?y g} theepa¥h. Fhe ghargg Larn%r cgr?gguci'a&oxt'x comtpris?s a r?xuﬁxtple ey

tunnel barrier configuration, which may comprise alternating layers (16) of
polysilicon of 3nm thickness and layers (15) of Si3Ny4 of 1nm thickness, overlying
polycrystalline layer of silicon (1) which forms the memory node. Alternative
barrier configurations (2) are described, including a Schottky barrier configuration,
and conductive nanometre scale conductive islands (30, 36, 44), which act as the

memory node, distributed in an electrically insulating matrix.

Figure 10



