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dance with the split channel Eprom transistor 5004 of
section La. or the split channel Eprom transistor 1400 of
section I.b. However other split channel Epromi devices
(such as the Eitan, Harari, Masuoka or Samachisa prior
art Eprom) can also be used for the Eprom structure.
The transistor channel width W is defined by the edges
505, 505 of a thick field oxide 562.

Transistor 600z is erased by tunneling of electrons
from floating gate 504a to erase gates 530, 535, across
tunnel dielectrics 531a, 561a on the sidewalls and top
surface of the floating gate where it is overlapped by the
erase gate.

Tunnel dielectric film 5314a, 5614 is normally a layer
of Silicon Dioxide grown through thermal oxidation of
the heavily N+ doped and textured polycrystalline
silicon comprising the floating gate. It is well known in
the industry (see for example an article by H.A.R. We-
gener titled “Endurance Model for textured-poly float-
ing gate memories”, Technical Digest of the IEEE Inter-
national Electron Device Meeting, December 1984, p.
480) that such a film, when grown under the appropri-
ate oxidation conditions over properly textured doped
polysilicon allows an increase by several orders of mag-
nitude of the conduction by electron tunneling even
when the film is several times thicker than tunnel dielec-
tric films grown on single crystal silicon (such as the
tunnel dielectric films used in the prior art Samachisa
and Kynett devices). For example, a tunnel dielectric
oxide grown to a thickness of 40 nanometers on N+
doped and textured polysilicon can conduct by elec-
tronic tunneling approximately the same current density
as a tunnel dielectric oxide of 10 nanometers thickness
grown on N+ doped single crystal silicon under identi-
cal voltage bias conditions. It is believed that this highly
efficient tunneling mechanism is a result of sharp asperi-
ties at the grain boundaries of the polysilicon which is
specially textured to enhance the areal density of such
asperities. A commonly practiced technique is to first
oxidize the surface of the polysilicon at a high tempera-
ture to accentuate the texturing, then stripping that
oxide and regrowing a tunnel oxide at 2 lower tempera-
ture. The oxide film capping such an asperity experi-
ences a local amplification by a factor of four to five of
the applied electric field resulting in an efficient local-
ized tunnel injector. The advantage provided by the
thicker films of tunnel dielectric is that they are much
easier to grow in uniform and defect-free layers. Fur-
thermore the electric field stress during tunneling in the
thick (40 nanometer) tunnel dielectric is only 25 percent
of the stress in the thin (10 nanometer) tunnel dielectric,
assuming the same voltage bias conditions. This re-
duced stress translates into higher reliability and greater
endurance to write/erase cycling. For these reasons, all
. Flash EEprom embodiments of this invention rely on
polypoly erase through a relatively thick tunnel dielec-
tric.

In the embodiment of FIGS. 6a, 6b floating gate 504a
is formed in a first layer of heavily N+ doped polysili-
con of thickness between 25 and 400 nanometers, erase
gates 530, 535 are formed in a second layer of N+
doped polysilicon of thickness between 50 and 300
nanometers, and control gate 509 is formed in a third
conductive layer of thickness between 200 and 500
nanometers, which may be N+ doped polysilicon or a
polycide, a silicide, or a refractory metal. The erase gate
can be formed in a relatively thin layer because a reia-
tively high sheet resistivity (e.g., 100 Ohm per square)
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can be tolerated since almost no current is carried in this
gate during tunnel erase.

The manufacturing process can be somewhat simpli-
fied by implementing erase gates 530, 535 in the same
conductive layer as that used for control gate 509.
However the spacing Z between the edges of the con-
trol gate and the erase gate (and hence the cell size)
would then have to be significantly greater than is the
case when the control gate and erase gates are imple-
mented in two different conductive layers insulated
from each other by dielectric film 567a. In fact, in the
triple layer structure 600z of FIG. 6a it is even possible
to have control gate 509 slightly overlap one or both of
the erase gates 530 and 535 (i.e., spacing Z can be zero
or negative.) Transistor 600z employs a field isolation
oxide 562 (FIG. 6b) of thickness between 200 and 1000
nanometers. Gate oxide 564a protecting channel por-
tion L1 (512a) is thermally grown silicon dioxide of
thickness between 15 and 40 nanometers. Dielectric film
567a which serves to strongly capacitively couple con-
trol gate 509 and floating gate 504¢ is grown or depos-
ited. It may be silicon dioxide or a combination of thin
films of silicon dioxide and oxidized silicon nitride of
combined thickness of between 20 and 50 nanometers.
This dielectric also serves as part of the gate oxide pro-
tecting channel portion L2 (520a) as well as insulation
5652 (FIG. 5a) over the source and drain diffusions.
Erase dielectric 531a, 561a is thermally grown Silicon
Dioxide or other deposited dielectrics possessing the
appropriate characteristics for efficient erase conduc-
tion, such as Silicon Nitride. Its thickness is between 30
and 60 nanometers.

A point of significance is the fact that the tunnel
dielectric area contributing to erase in each cell consist-
ing of the combined areas of 531a and 561q, is insensi-
tive to the mask misalignment between edges 532a, 5624

‘of floating gate 504¢ and erase gates 530, 535. (Note that

each erase gate, such as 530, is shared between two
adjacent cells, such as 600z and 600c¢ in this case). Any
such misalignment will result in a reduction of the area
of the tunnel dielectric at one edge of the floating gate,
but also in an increase of equal magnitude in the area
available for tunneling at the other edge of the floating
gate. This feature permits the construction of a cell with
very small area of tunnel dielectric. By contrast the
prior art triple layer Flash EEprom cells of Masuoka
and Kuo referenced above are sensitive to mask mis-
alignment and therefore require a structure wherein the
nominal area provided for tinnel erase may be much
larger than the optimum such area, in order to accom-
modate for the worst case misalignment condition.

Another distinguishing feature of this embodiment
relative to the Masuoka cell of FIGS. 3z and 3b is that
Masuoka implements the erase gate in a first conductive
layer 330 and the floating gate in a second conductive
layer 304, i.e., in a reverse order to that used in this
invention. This results in a far less efficient tunnel erase
in the Masuoka cell because the asperities in Masuoka’s
tunnel dielectric 331 are at the surface of the erase gate
(collector) rather than at the injecting surface of the
floating gate. Therefore Masuoka’s cell requires higher
electric fields (and therefore higher Vgr4sg voltages)
than the structure of this invention.

Typical bias voltage conditions necessary to erase
memory cells 600a, 6005, 600c and 600d are:

VERr4se (on all erase gates 530, 535, 536)=15V to
25V applied for between 100 milliseconds and 10 sec-
onds (the pulse duration is strongly dependent on the
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magnitude of Ver4sg), Vcc=0V, Vgp=0V. Vp and
Vscan be held at OV or at a higher voltage between 5V
and 10V, so as to reduce the net voltage experienced
during erase across dielectric film 565« in areas such as
563 (FIG. 6a) where erase gate 530 crosses over drain
diffusion 502.

III. Self Aligned Split Channel Flash EEprom Cell
With Field Plate Isolation

A 2X2 array of Flash EEprom cells in accordance
with another embodiment of this invention is shown in
topological view in FIG. 7a and in two cross sectional
views AA and CC in FIGS. 7b and 7c respectively.
Cross sectional view BB is essentially the same as the
split channel Eprom transistor of FIG. 5a.

Split channel Flash EEprom transistor 700a employs
three conductive layers (floating gate 704 erase gates
730, 735 and control gate 709) formed in the same se-
quence as described in section II in conjunction with the
Flash EEprom transistor 600z of FIGS. 6a, 6b. The
major distinguishing feature of transistor 700z is that
erase gates 730, 735, 736 are used not only for tunnel
erase but also as the switched off gates of isolation field
transistors formed outside the active transistor regions.
Thus, the thick isoplaner isolation oxide 562 of cell 600a
(FIG. 6b) is not necessary, and is replaced inside the
array of memory cells 700a, 7006, 700c and 7004 by a
much thinner oxide 762 (FIGS. 75, 7c) capped with field
plates 730, 735, 736, which are held at OV at all times
except during erasing.

The elimination of the thick isoplanar oxide inside the
array of memory cells (this isoplanar oxide may still be
retained for isolation between peripheral logic transis-
tors) has several advantages:

1. The surface stress at the silicon-silicon dioxide
boundary due to a prolonged thermal isoplanar oxida-
tion cycle is eliminated inside the array, resulting in less
leaky source and drain junctions and in higher quality
gate oxides.

2. For a given cell width, the elimination of the iso-
planar oxide allows the effective channel width W;
under floating gate 704 to extend all the way between
the two edges 732a, 7624 of the floating gate. By com-
parison, effective channel width W of transistor 6004
(FIG. 6b) is determined by the edges 505 of the isopla-
nar oxide and is therefore substantially smaller. This
difference results in a higher read signal for cell 700a, or
a narrower, smaller cell.

3. From capacitive coupling considerations (to be
discussed in section VI below) the efficiency of tunnel
erase is higher in cells where coupling of the floating
gate to the silicon substrate 763 is greatest. In transistor
700a the entire bottom surface area of the floating gate
is tightly coupled to the substrate 763 through the thin
gate dielectric 764. By contrast, in transistor 600a (FIG.
6b) much of .the bottom surface area of floating gate
504a overlies the thick field oxide 562 and is therefore
not strongly capacitively coupled to substrate 563.

4. The width of control gate 709 between its edges
744 and 774 defines channel width W3 of the series
enhancement channel portion L2 (FIG. 7¢). This per-
mits the reduction in overall cell width due to removal
of the requirement for the control gate to overlap the
edges of the isoplaner oxide. One precaution necessary
in the fabrication of cell 700a is that any misalignment
between the mask layers defining edge 7324 of floating
gate T704a, edge 784 of erase gate 730, and -edge 744 of
control gate 709 must not be allowed to create a situa-
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tion where a narrow parasitic edge transistor is created
under control gate 709 in parallel with the split channel
1.1 and L2. However, as with cell 600q, since erase
gates 730, 736 and control gate 709 are formed in two
separate conductive layers which are isolated from each
other by dielectric insulator film 767 (FIG. 7b) there is
no requirement placed on the magnitude of the spatial
separation Z between edge 784 and edge 744. In fact,
the two edges can be allowed to overlap each other
through oversizing or through misalignment, i.e., Z can
be zero or negative. Dielectric insulator 767 also forms
part of the gate dielectric 766 (FIG. 7c) over channel
portion L2.

In a memory array source diffusion 701 and drain
diffusion 702 can be formed in long strips. If transistor
500a is used as the Eprom transistor, then source diffu-
sion edge 721 is self aligned to the previously discussed
sidewall spacer (not shown) while drain diffusion edge
723 is self aligned to edge 722 of floating gate 704a. In
areas between adjacent floating gates 704a, 704c the
source and drain diffusion edges (721x, 723x in FIG. 7a)
respectively must be prevented from merging with one
another. This can be accomplished by for example first
forming floating gates 704a, 704¢ as part of a long con-
tinuous strip of polysilicon, then using this strip with an
associated long continuous strip of sidewall spacer to
form by ion implantation long diffusion strips 701, 702,
removing the spacer strip, and only then etching the
long continuous strip of polysilicon along edges 7324,
762a to form isolated floating gates 704a, 704c. As with
the prior Flash EEprom embodiment it is possible to
form this embodiment also in conjunction with Eprom
cell 1400 (FIG. 14¢) or with any other prior art split
channel Eproms so long as they do not have their iso-
planar isolation oxide inside the memory array.

IV. Self Aligned Split Channel Flash EEprom Cell with
Erase Confined to The Vertical Edges of The Floating
Gate

Another embodiment of the self aligned split channel
Flash EEprom of this invention can result in a cell
which has smaller area than cells 600z and 700a of the
embodiments described in Sections II and III respec-
tively. In this third embodiment the area for tunnel
erase between the floating gate and the erase gate is
confined essentially to the surfaces of the vertical side-
walls along the two edges of each floating gate. To best
understand how cell 800z of this embodiment differs
from cell 700a a 2 X 2 array of cells 800a, 8005, 800¢ and
8004 are shown in FIG. 8a in topological view and in
FIG. 8b along the same cross section direction AA as is
the case in FIG. 7b for cells 700a, 700c.

Cell 800g has a floating gate 804a formed in a first
layer of heavily N+ doped polysilicon. This gate con-
trols the transistor conduction in channel portion L1
(FIG. 8a) through gate oxide insulation film 864. Con-
trol gate 809 is formed in the second conductive layer,
and is insulated from the floating gate by dielectric film
867, which may be a thermally grown oxide or a combi-
nation of thin silicon dioxide and silicon nitride films.
Edges 874, 844 of control gate 809 are used as a mask to
define by self aligned etching the edges 862a, 8324 re-
spectively of floating gate 804a. Erase gates 830, 835 are
formed in a third conductive layer and are made to
overlap edges 8324, 862a of floating gate 804a. Each
erase gate such as 830 is shared by two adjacent cells
(such as 800a, 800c).
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The erase gates are insulated from control gate 809 by
dielectric insulator 897 which is grown or deposited
prior to deposition of erase gates 830, 835, 836. Tunnel
erase dielectrics 831a, 861¢ are confined to the surface
of the vertical edges 832a, 862a of the floating gate
8044. Erase gate 830 also provides a field plate isolation
over oxide 862 in the field between adjacent devices.

The thickness of all conducting and insulating layers
in structure 800 are approximately the same as those
used in structure 700a. However, because the erase gate
is implemented here after, rather than before the control
gate, the fabrication process sequence is somewhat dif-
ferent. Specifically (see FIGS. 8a, 8b):

1. Floating gates 804a, 804c¢ are formed in long con-
tinuous and narrow strips on top of gate oxide 864. The
width of each such strip is L1 plus the extent of overlap
of the floating gate over the drain diffusion.

2. Dielectric 867 is formed and the second conductive
layer (N+ doped polysilicon or a silicide) is deposited.

3. Control gates 809 are defined in long narrow strips
in a direction perpendicular to the direction of the strips
of floating gates. The strips are etched along edges 844,
874, and insulated with relatively thick dielectric 897.

4. Edges 844, 874 (or the edges of insulator spacer 899
formed at both edges of control gate strip 809) are then
used to etch dielectric 867 and then, in a self aligned
manner to also etch vertical edges 8324 and 8624 of the
underlying floating gate strips, resulting in isolated
floating gates which have exposed edges of polysilicon
only along these vertical walls.

-5. Tunnel dielectric films 831a, 861a are formed by
thermal oxidation of these exposed surfaces.

6. A third conductive layer is deposited, from which
are formed erase gates 830 in long strips running in
between and parallel to adjacent strips of control gates.
These erase gates also serve as field isolation plates to
electrically isolate between adjacent regions in the
memory array.

Flash EEprom transistor 800a can be implemented in
conjunction with any of the split channel Eprom tran-
sistors of this invention (transistors 500q and 1400) or
with any of the prior art split gate Eprom transistors of
Eitan, Samachisa, Masuoka or Harari. For example, an
array of Flash EEprom transistors 8002 can be fabri-
cated by adding a few process steps to the fabrication
process for the split channel Eprom transistor 1400
(FIG. 14¢), as follows:

Steps 1 through 10 are identical to steps 1 through 10
described in Section Lb. in conjunction with the manu-
facturing process for split channel Eprom transistor

Steps 11, 12, and 13 are the process steps 4, 5, and 6
respectively described in this section IV in conjunction
with split channel Flash EEprom transistor 800a.

Cell 800a results in a very small area of tunnel erase,
which is also relatively easy to control (it is not defined
by a mask dimension, but rather by the thickness of the
deposited layer constituting the floating gates). For this
reason, this cell is the most highly scalab]e embodiment
of this invention.

V. Self Aligned Split Channel Flash EEprom Cell With
a Buried Erase Gate

A 2X2 array of Flash EEprom cells 900a, 9005, 900c
and 9004 in accordance with a fourth embodiment of
this invention is shown in topological view in FIG. 9a
and in two cross sectional views AA and DD in FIGS.
9b and 9c respectively. Cross section BB of FIG. 9a
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yields the split channel Eprom structure 500z of FIG.
Sa.

Transistor 9004 is a split channel Flash EEprom tran-
sistor having channel portions L1 and L2 formed by self
alignment as in Eprom transistor 500q or in a non self
aligned manner as in Eprom transistor 1400. Erase gate
930 is a narrow conductive strip sandwiched between
floating gate 904a on the bottom and control gate 909
on top. Erase gate 930 is located away from edges 932a,
9624 of the floating gate. These edges therefore play no
role in the tunnel erase, which takes place through
tunnel dielectric 931 confined to the area where erase
gate 930 overlaps floating gate 9044. Erase gate 930 also
overlaps a width W, of the series enhancement channel
portion L2. During read or programming, erase gate
930 is held at OV, and therefore the channel portion of
width W, does not contribute to the read or program
current. The only contribution to conduction in channel
portion L2 comes from widths W, and W, where the
channel is controlled directly by control gate 909.
Channel portion L1 however sees conduction contribu-
tions from all three widths, Wp, W and W,. Edges 932a,
962a of floating gate 9042 can be etched to be self
aligned to edges 944, 974 respectively of control gate
909. This then permits the formation of channel stop
field isolation 998, by implanting a p type the field re-
gions not protected by the control locating gate (FIG.
9b).

One advantage of cell 900q is that erase gate strips
930, 936 can be made very narrow by taking of con-
trolled undercutting by for example etchings of the
conductive layer forming these strips. This results in a
small area of tunnel erase, which is insensitive to mask
misalignment. Furthermore channel width Wand Wis
also insensitive to mask misalignment. This embodiment
of Flash EEprom can also be implemented in conjunc-
tion with prior art split channel Eproms cells such as the
Eitan, Harari, Samachisa or Masuoka cells.

VLI Device Optimization

FIG. 10 represents a schematic of the major capaci-
tances which couple the floating gate of the split chan-
nel Flash EEprom cells of this invention to the sur-
rounding electrodes.

Specifically these are:

Cg=Capacitance between Floating gate 1104 and
control gate 1109.

Cp=Capacitance between Floatmg gate 1104 and
drain diffusion 1102.

Cp=Capacitance between Floating gate 1104 and
substrate 1163.

Cg=Capacitance between Floating gate 1104 and
erase gate 1130.

Cr=Cg+Cp+Cp+Cgis the total capacitance. Q is
the net charge stored on the floating gate. In a virgin
device, Q=0. In a programmed device Q is negative
(excess electrons) and in an erased device Q is positive
(excess holes).

The voltage Vrg on Floating gate 1104 is propor-
tional to voltages Vcg, VER4sE, Vb, Vg and to the
charge Q according to the following equation:

Q + VeeCe + VERASECE + VpCp + VpaCp (1)
Cr

VrG =

In all prior art Eprom and Flash EEprom devices as
well as in embodiment 600z of this invention, the domi-
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nant factor in Cris Cg, the coupling to the control gate.
However, in embodiments 7002, 800z and 9002 Cgp is
also a major contributor by virtue of the fact that the
entire bottom surface of the floating gate is strongly

coupled to the substrate.
a. Electrical Erase
During erase, the typical voltage conditions are
V=0V, Vp=0V, Vs=0V, Vpp=0V and Vg4
SE=20V. Therefore, substituting in equation(1),
VrG=0Q/Cr+20CE/CT )
The electric field for tunnel erase is given by
EER4SE=VERASE/1— VFG/1 (&)

where t is the thickness of the tunnel dielectric. For a
given VErase, EErase is maximized by making Vg
small, which, from equation (2) is possible if C/Cris
small. Embodiments 700a, 800c and 900a allow this
condition to be readily met: Cgis small since the area of
tunnel dielectric is small, and Cris large because both
Cg and Cpare large. These embodiments are therefore
particularly well suited for efficiently coupling the erase
voltage across the tunnel dielectric.

b. Multistate storage

The split channel Flash EEprom device can be
viewed as a composite transistor consisting of two tran-
sistors T1 and T2 in series—FIG. 11a. Transistor T1 is
a floating gate transistor of effective channel length L1
and having a variable threshold voltage V 7. Transistor
T2 has a fixed (enhancement) threshold voltage V;and
an effective channel length L2. The Eprom program-
ming characteristics of the composite transistor are
shown in curve (a) of figure 115. The programmed
threshold voltage V  is plotted as a function of the time
t during which the programming conditions are applied.
These programming conditions typically are
V=12V, Vp=9V, Vg=Vpp=0V. No program-
ming can occur if either one of Vcgor Vpis at OV. A
virgin  (unprogrammed, unerased) device has
V=415V and Vp=+1.0V. After programming
for approximately 100 microseconds the device reaches
a threshold voltage VxZ + 6.0 volts. This represents
the off (“0”) state because the composite device does
not conduct at Vee= +5.0V. Prior art devices employ
a so called “intelligent programming” algorithm
whereby programming pulses are applied, each of typi-
cally 100 microseconds to 1 millisecond duration, fol-
lowed by a sensing (read) operation. Pulses are applied
unti] the device is sensed to be fully in the off state, and
then one to three more programming pulses are applied
to ensure solid programmability.

Prior art split channel Flash EEprom devices erase
with a single pulse of sufficient voltage Vgr4se and
sufficient duration to ensure that Vi is erased to a
voltage below V2 (curve b) in FIG. 115). Although the
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floating gate transistor may continue to erase into deple- .

tion mode operation (line (C) in FIG. 11b), the presence
of the series T2 transistor obscures this depletion thresh-
old voltage. Therefore the erased on (“1”’) state is repre-
sented by the threshold voltage V.. yro=+1.0V. The
memory  storage ‘“window” is given by
AV =V,(*0")—=Vu(“1")=6.0—1.0=5.0V. How-
ever, the true memory storage window should be repre-
sented by the full swing of V for transistor T1. For
example, if T1 is erased into depletion threshold voltage
Vr1=—3.0V, then the true window should be given by
AV =6.0—-(—3.0)=9.0V. None of the prior art Flash
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EEprom devices take advantage of the true memory
window. In fact they ignore altogether the region of
device operation (hatched region D in FIG. 115) where
V1 is more negative than V.

This invention proposes for the first time a scheme to
take advantage of the full memory window. This is
done by using the wider memory window to store more
than two binary states and therefore more than a single
bit per cell. For example, it is possible to store 4, rather
than 2 states per cell, with these states having the fol-
lowing threshold voltage:

State “3”: -~V = =30V, ¥Vp = +10V
(highest conduction) = 1, 1.

State “2": — ¥ = =05V, Vp = +10V
(intermediate conduction) = 1, 0.

State “1”: — ¥V = 420V, Vo = +10V
(lower conduction) = 0, 1.

State “0™: — ¥V = +45V, V= +10V

{no conduction) = 0, 0.

To sense any one of these four states, the control gate is
raised to Veg=+5.0V and the source-drain current
Ips is sensed through the composite device. Since
Vr=+41.0V for all four threshold states transistor Tz
behaves simply as a series resistor. The conduction
current Ips of the composite transistor for all 4 states is
shown as a function of Vg in FIG. 11c. A current
sensing amplifier is capable of easily distinguishing be-
tween these four conduction states. The maximum num-
ber of states which is realistically feasible is inflienced
by the noise sensitivity of the sense amplifier as well as
by any charge loss which can be expected over time at
elevated temperatures. Eight distinct conduction states
are necessary for 3 bit storage per cell, and 16 distinct
conduction states are required for 4 bit storage per cell.

Multistate memory cells have previously been pro-
posed in conjunction with ROM (Read Only Memory)
devices and DRAM (Dynamic Random Access Mem-
ory). In ROM, each storage transistor can have one of
several fixed conduction states by having different
channel ion implant doses to establish more than two
permanent threshold voltage states. Alternatively, more
than two conduction states per ROM cell can be
achieved by establishing with two photolithographic
masks one of several values of transistor channel width
or transistor channel length. For example, each transis-
tor in a ROM array may be fabricated with one of two
channel widths and with one of two channel lengths,
resulting in four distinct combinations of channel width
and length, and therefore in four distinct conductive
states. Prior art multistate DRAM cells have also been
proposed where each cell in the array is physically
identical to all other cells. However, the charge stored
at the capacitor of each cell may be quantized, resulting
in several distinct read signal levels. An example of such
prior art multistate DRAm storage is described in JEEE
Journal of Solid-State Circuits, February 1988, p. 27 in an
article by M. Horiguchi et al. entitled “An Experimen-
tal Large-Capacity Semiconductor File Memory Using
16-Levels/Cell Storage”. A second example of prior art
multistate DRAM is provided in JEEE Custom Inte-
grated Circuits Conference, May 1988, p. 44.1 in an
article entitled “An Experimental 2-Bit/Cell Storage
DRAM for Macrocell or Memory-on-Logic Applica-
tions” by T. Furuyama et al.
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To take full advantage of multistate storage in
Eproms it is necessary that the programming algorithm
allow programming of the device into any one of sev-
eral conduction states. First it is required that the device
be erased to a voltage V1 more negative than the “3”
state (—3.0V in this example). Then the device is pro-
grammed in a short programming pulse, typically one
to ten microseconds in duration. Programming condi-
tions are selected such that no single pulse can shift the
device threshold by more than one half of the threshold
voltage difference between two successive states. The
device is then sensed by comparing its conduction cur-
rent Ips with that of a reference current source Irgr, i
(i=0,1,2,3) corresponding to the desired conduction
state (four distinct reference levels must be provided
corresponding to the four states). Programming pulses
are continued until the sensed current (solid lines in
FIG. 11c) drops slightly below the reference current
corresponding to the desired one of four states (dashed
lines in FIG. 11¢). To better illustrate this point, assume
that each programming pulse raises Vi linearly by 200
millivolts, and assume further that the device was first
erased to V1= —3.2V. Then the number of program-
ming/sensing pulses required is:

For state “3” (V1 = —3.0V)
No. of pulses = (3.2 — 3.0)/.2 =1

For state “2” (V71 = —0.5 V)
No. of pulses = (3.2 — 0.5)/.2 = 14

For state “1” (V1 = +2.0V)
No. of pulses = (3.2 — (~2.0))/.2 = 26

and for state “0” (V1 = + 45V)
No. of pulses = (3.2 — (—4.5))/.2 = 39.

In actual fact shifis in Vx are not linear in time, as
shown in FIG. 115 (curve (a)), therefore requiring more
pulses than indicated for states “1” and *0”. If 2 micro-
seconds is the programming pulse width and 0.1 micro-
seconds is the time required for sensing, then the maxi-
mum time required to program the device into any of
the 4 states is approximately 39xX2439X.1=81.9 mi-
croseconds. This is less than the time required by “intel-
ligent programming algorithms” of prior art devices. In
fact, with the new programming algorithm only care-
fully metered packets of electrons are injected during
programming. A further benefit of this approach is that
the sensing during reading is the same sensing as that
during programming/sensing, and the same reference
current sources are used in both programming and read-
ing operations. That means that each and every memory
cell in the array is read relative to the same reference
level as used during program/sense. This provides ex-
cellent tracking even in very large memory arrays.

Large memory systems typically incorporate error-

detection and correction schemes which can tolerate a
small number of hard failures i.e. bad Flash EEprom
cells. For this reason the programming/sensing cycling
algorithm can be automatically halted after a certain
maximum number of programming cycles has been
applied even if the cell being programmed has not
reached the desired threshold voltage state, indicating a
faulty memory cell.

There are several ways to implement the multistate
storage concept in conjunction with an array of Flash
EEprom transistors. An example of one such circuit is
shown in FIG. 11e. In this circuit an array of memory
cells has decoded word lines and decoded bit lines con-
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nected to the control gates and drains respectively of
rows and columns of cells. Each bit line is normally
precharged to a voltage of between 1.0 V and 2.0 V
during the time between read, program or erase. For a
four state storage, four sense amplifiers, each with its
own distinct current reference levels IREF,0, IREF,1,
IREF,2, and IREF,3 are attached to each decoded
output of the bit line. During read, the current through
the Flash EEprom transistor is compared simulta-
neously (i.e., in parallel) with these four reference levels
(this operation can also be performed in four consecu-
tive read cycles using a single sense amplifier with a
different reference applied at each cycle, if the atten-
dant additional time required for reading is not a con-
cern). The data output is provided from the four sense
amplifiers through four Di buffers (D0, D1, D2 and
D3).

During programming, the four data inputs Ii (10, I1,
12 and I3) are presented to a comparator circuit which
also has presented to it the four sense amp outputs for -
the accessed cell. If Di match 1i, then the cell is in the
correct state and no programming is required. If how- _
ever all four Di do not match all four Ii, then the com-
parator output activates a programming control circuit.
This circuit in turn controls the bit line (VPBL) and
word line (VPWL) programming pulse generators. A
single short programming pulse is applied to both the
selected word line and the selected bit line. This is fol-
lowed by a second read cycle to determine if a match
between Di and Ii has been established. This sequence is
repeated through multiple programming/reading pulses
and is stopped only when a match is established (or
earlier if no match has been established but after a preset -
maximum number of pulses has been reached).

The result of such multistate programming algorithim
is that each cell is programmed into any one of the four
conduction states in direct correlation with the refer-
ence conduction states Iggr, i. In fact, the same sense
amplifiers used during programming/reading pulsing
are also used during sensing (i.e., during normal read-
ing). This allows excellent tracking between the refer-
ence levels (dashed lines in FIG. 11c) and the pro-
grammed conduction levels (solid lines in FIG. 11¢),
across large memory arrays and also for a very wide
range of operating temperatures. Furthermore, because
only a carefully metered number of electrons is intro-
duced onto the floating gate during programming or
removed during erasing, the device experiences the
minimum amount of endurance-related stress possible.

In actual fact, although four reference levels and four
sense amplifiers are used to program the cell into one of
four distinct conduction states, only three sense amplifi-
ers and three reference levels are required to sense the
correct one of four stored states. For example, in FIG.
11c, IreF(*2”) can differentiate correctly between con-
duction states “3” and “2”, Irgr(*1”") can differentiate
correctly between conduction states “2” and “1”, and
1rREF(*0”) can differentiate correctly between conduc-
tion states “1” and “0”. In a practical implementation of
the circuit of FIG. 1le the reference levels Irgr i
(i=0,1,2) may be somewhat shifted by a fixed amount
during sensing to place them closer to the midpoint
between the corresponding lower and higher conduc-
tion states of the cell being sensed.

Note that the same principle employed in the circuit
of FIG. 11e can be used also with binary storage, or
with storage of more than four states per cell. Of course,



5,095,344

27
circuits other than the one shown in FIG. 11e are also
possible. For example, voltage level sensing rather than
conduction level sensing can be employed.
¢. Improved Charge Retention
In the example above, states “3” and *“2” are the
result of net positive charge (holes) on the floating gate
while states *“1” and “0” are the result of net negative
charge (electrons) on the floating gate. To properly
sense the correct conduction state during the lifetime of
the device (which may be specified as 10 years at 125°
C.) it is necessary for this charge not to leak off the
floating gate by more than the equivalent of approxi-
mately 200 millivolts shift in V7. This condition is
readily met for stored electrons in this as well as all
prior art Eprom and Flash EEprom devices. There is no
data in the literature on charge retention for stored
holes, because, as has been pointed out above, none of
the prior art devices concern themselves with the value
V11 when it is more negative than Vp, i.e., when holes
are stored on the floating gate. From device physics
considerations. alone it is expected that retention of
holes trapped on the floating gate should be signifi-
cantly superior to the retention of trapped electrons.
This is because trapped holes can only be neutralized by
the injection of electrons onto the floating gate. So long
as the conditions for such injection do not exist it is
almost impossible for the holes to overcome the poten-
tial barrier of approximately 5.0 electronvolts at the
silicon-silicon dioxide interface (compared to a 3.1 elec-
tron volts potential barrier for trapped electrons).
Therefore it is possible to improve the retention of
this device by assigning more of the conduction states to
states which involve trapped holes. For example, in the
example above state ““1” had V= +2.0V, which in-
volved trapped electrons since V 7 for the virgin device
was made to be Vy=+1.5V. If however V7 of the
virgin device is raised to a higher threshold voltage, say
to Vri=+3.0V (e.g. by increasing the p-type doping
concentration in the channel region 560a in FIG. 5a),
then the same state “1” with V= +2.0V will involve
trapped holes, and will therefore better retain this value
of V71. Of course it is also possible to set the reference
levels so that most or all states will have values of V7
which are lower than the V1 of the virgin device.
d. Intelligent Erase for Improved Endurance
The endurance of Flash EEprom devices is their
ability to withstand a given number of program/erase
cycles. The physical phenomenon limiting the endur-
ance of prior art Flash EEprom devices is trapping of
electrons in the active dielectric films of the device (see
the Wegener article referenced above). During pro-
gramming the dielectric used during hot electron chan-
nel injection traps part of the injected electrons. During
erasing the tunnel erase dielectric likewise traps some of
the tunneled electrons. For example, in prior art transis-
tor 200 (FIG. 2) dielectric 212 traps electrons in region
207 during programming and in region 208 during eras-
ing. The trapped electrons oppose the applied electric
field in subsequent write/erase cycles thereby causing a
reduction in the threshold voltage shift of V. This can
be seen in a gradual closure (FIG. 11d) in the voltage
“window” between the “0” and “1” states of prior art
devices. Beyond approximately 1X 104 program/erase
cycles the window closure can become sufficiently
severe to cause the sensing circuitry to malfunction. If
cycling is continued the device eventually experiences
catastrophic failure due to a ruptured dielectric. This
_typically occurs at between 1X 106 and 1107 cycles,
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and is known as the intrinsic breakdown of the device.
In memory arrays of prior art devices the window clo-
sure is what limits the practical endurance to approxi-
mately 1X 104 cycles. At a given erase voltage, V ER4SE,
the time required to adequately erase the device can
stretch out from 100 milliseconds initially (i.e. in a vir-
gin device) to 10 seconds in a device which has been
cycled through 1x10% cycles. In anticipation of such
degradation prior art Flash EEprom devices specify a
sufficiently long erase pulse duration to allow proper
erase after 1% 104 cycles. However this also results in
virgin devices being overerased and therefore being
unnecessarily overstressed.

A second problem with prior art devices is that dur-
ing the erase pulse the tunnel dielectric may be exposed
to an excessively high peak stress. This occurs in a
device which has previously been programmed to state
“0” (Vri=+44.5V or higher). This device has a large
negative Q (see equation (2)). When Vggr4skis applied
the tunnel dielectric is momentarily exposed to a peak
electric field with components from VEgr4sk as well as
from Q/Cr (equations (2) and (3)). This peak field is
eventually reduced when Q is reduced to zero as a
consequence of the tunnel erase. Nevertheless, perma-
nent and cumulative damage is inflicted through this
erase procedure, which brings about premature device
failure. '

To overcome the two problems of overstress and
window closure a new erase algorithm is disclosed,
which can also be applied equally well to any prior art
Flash EEprom device. Without such new erase algo-
rithm it would be difficult to have a multistate device
since, from curve (b) in FIG. 11d, conduction states
having V71 more negative than V1, may be eliminated
after 1X 104 to 1 10° write/erase cycles.

FIG. 12 outlines the main steps in the sequence of the
new erase algorithm. Assume that a block array of mxn
memory cells is to be fully erased (Flash erase) to state
“3” (highest conductivity and lowest V 1y state). Certain
parameters are established in conjunction with the erase
algorithm. They are listed in FIG. 12: Vi is the erase
voltage of the first erase pulse. V1 is lower by perhaps 5
volts from the erase voltage required to erase a virgin
device to state “3” in a one second erase pulse. t is
chosen to be approximately 1/10 th of the time required
to fully erase a virgin device to state “3”. Typically, V;
may be between 10 and 20 volts while t may be between
10 and 100 milliseconds. The algorithm assumes that a
certain small number, X, of bad bits can be tolerated by
the system (through for example error detection and
correction schemes implemented at the system level. If
no error detection and correction is implemented then
X =0). These would be bits which may have a shorted
or leaky tunnel dielectric which prevents them from
being erased even after a very long erase pulse. To
avoid excessive erasing the total number of erase pulses
in a complete block erase cycling can be limited to a
preset number, nmax. AV is the voltage by which each
successive erase pulse is incremented. Typically, AV is
in the range between 0.25V and 1.0V. For example, if
V1=15.0V and AV=1.0V, then the seventh erase pulse
will be of magnitude VEgr4sg=21.0V and duration t. A
cell is considered to be fully erased when its read con-
ductance is greater than I+3». The number S of complete
erase cyclings experienced by each block is an impor-
tant information at the system level. If S is known for
each block then a block can be replaced automatically
with a new redundant block once S reaches 1106 (or
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any other set number) of program/erase cycles. S is set
at zero initially, and is incremented by one for each
complete block erase multiple pulse cycle. The value of
S at any one time can be stored by using for example
twenty bits (220 equals approximately 1X 106) in each
block. That way each block carries its own endurance
history. Alternatively the S value can be stored off chip
as part of the system.

The sequence for a complete erase cycle of the new
algorithm is as follows (see FIG. 12):

1. Read S. This value can be stored in a register file.
(This step can be omitted if S is not expected to ap-
proach the endurance limit during the operating lifetime
of the device). '

la. Apply a first erase pule with Vegg4se=V1+nAV,
n=0, pulse duration=t. This pulse (and the next few
successive pulses) is insufficient to fully erase all mem-
ory cells, but it serves to reduce the charge Q on pro-
grammed cells at a relatively low erase field stress, i.e.,
it is equivalent to a “‘conditioning™ pulse.

1b. Read a sparse pattern of cells in the array. A
diagonal read pattern for example will read m+n cells
(rather than mxn cells for a complete read) and will
have at least one cell from each row and one cell from
each column in the array. The number N of cells not
fully erased to state “3” is counted and compared with
X.

1c. If N is greater than x (array not adequately erased)
a second erase pulse is applied of magnitude greater by
AV than the magnitude of the first pulse, with the same
pulse duration, t. Read diagonal cells, count N.

This cycling of erase pulse/read/increment erase
pulse is continued until either N=X or the number n of
erase pulses exceed nmex. The first one of these two
conditions to occur leads to a final erase pulse.

2a. The final erase puise is applied to assure that the
array is solidly and fully erased. The magnitude of V.
RASE can be the same as in the previous pulse or higher
by another increment AV. The duration can be between
1t and 5t. '

2b. 100% of the array is read. The number N of cells
not fully erased is counted. If N is less than or equal to
X, then the erase pulsing is completed at this point.

2c. If N is greater than X, then address locations of
the N unerased bits are generated, possibly for substitu-
tion with redundant good bits at the system level. If N
is significantly larger than X (for example, if N repre-
sents perhaps 5% of the total number of cells), then a
flag may be raised, to indicate to the user that the array
may have reached its endurance end of life.

2d. Erase pulsing is ended.

3a. S is incremented by one and the new S is stored
for future reference. This step is optional. The new S
can be stored either by writing it into the newly erased
- block or off chip in a separate register file.

3b. The erase cycle is ended. The complete cycle is
expected to be completed with between 10 to 20 erase
pulses and to last a total of approximately one second.

The new algorithm has the following advantages:

(a) No cell in the array experiences the peak electric
field stress. By the time VEggr4sg is incremented to a
relatively high voltage any charge Q on the floating
gates has already been removed in previous lower volt-
age erase pulses.

(b) The total erase time is significantly shorter than
the fixed Vgr4se pulse of the prior art. Virgin devices
see the minimum pulse duration necessary to erase.
Devices which have undergone more than 1X 104 cy-
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cles require only several more AV voltage increments
to overcome dielectric trapped charge, which only adds
several hundred milliseconds to their total erase time.

(c) The window closure on the erase side (curve (b) in
FIG. 114d) is avoided indefinitely (until the device expe-
riences failure by a catastrophic breakdown) because
V ERr4seis simply incremented until the device is erased
properly to state “3”. Thus, the new erase algorithm
preserves the full memory window.

FIG. 13 shows the four conduction states of the Flash
EEprom devices of this invention as a function of the
number of program/erase cycles. Since all four states
are always accomplished by programming or erasing to
fixed reference conduction states, there is no window
closure for any of these states at least until 1 106 cy-
cles.

In a Flash EEprom memory chip it is possible to
implement efficiently the new erase algorithm by pro-
viding on chip (or alternatively on a separate controller
chip) a voltage multiplier to provide the necessary volt-
age V1 and voltage increments AV to nAV, timing
circuitry to time the erase and sense pulse duration,
counting circuitry to count N and compare it with the
stored value for X, registers to store address locations of
bad bits, and control and sequencing circuitry, includ-
ing the instruction set to execute the erase sequence
outlined above.

VII. Edge Tailored Flash EEprom with New Erase
Mechanism

Flash EEprom embodiments 600z, 700a, 800a, and
900z of this invention use tunnel erase across a rela-
tively thick dielectric oxide grown on the textured sur-
face of the polysilicon floating gate. Wegener (see arti-
cle referenced above) has postulated that asperities—s-
mall, bump-like, curved surfaces of diameter of approxi-
mately 30 nanometers, enhance the electric field at the
injector surface (in this case, the floating gate) by a
factor of 4 to 5, thereby allowing efficient tunnel con-
duction to occur even across a relatively thick tunnel
dielectric film (30 to 70 nanometers). Accordingly,
there have been in the prior art efforts, through process
steps such as high temperature oxidation of the polysili-
con surface, to shape the surface of the polysilicon so as
to accentuate these asperities. Although such steps are
reproducible, they are empirical in nature, somewhat
costly to implement, and not well understood.

A new approach is disclosed in this invention which
results in a highly reproducible, enhanced electric field
tunnel erase which is more efficient than the asperities
method yet simpler to implement in several EEprom
and Flash EEprom devices. In this approach, the float-
ing gate layer is deposited in a very thin layer, typically
in the range between 25 and 200 nanometers. This is
much thinner than floating gates of all prior art Eprom,
EEprom or Flash EEprom devices, which typically use
a layer of polysilicon of thickness at least 200 nanome-
ters, and usually more like 350 to 450 nanometers. The
prior art polysilicon thickness is chosen to be higher
than 200 nanometers primarily because of the lower
sheet resistivity and better quality polyoxides provided
by the thicker polysilicon. In certain prior art devices
such as the Eitan split channel Eprom the floating gate
also serves as an implant mask (FIG. 45) and must there-
fore be sufficiently thick to prevent penetration of the
implant ions. Likewise, in the split channel Eprom em-
bodiment 500z (FIG. 5a) the spacer formation (FIGS.
5b through 5f) cannot be readily implemented if floating
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gate 504¢a is 100 nanometers or less in thickness. How-
ever, Eprom transistor 1400 (FIG. 14¢) and Flash EE-
prom transistors 6002 (FIG. 6a), 700a (FIG. 7a), 800a
(FIG. 84a) and 900a (F1G. 9a) as well as the Kupec prior
art transistor 2006 (FIG. 2b) can all be implemented
with a floating gate of thickness 100 nanometers or less
10 achieve a significant improvement in erase efficiency.
. The reason for going to such a thin layer of polysili-
con is that the edges of the floating gate in such a thin
layer can be tailored through oxidation to form ex-
tremely sharp-tipped edges. The radius of curvature of
these tipped edges can be made extremely small and is
dictated by the thickness of the thin polysilicon film as
well as the thickness of the tunnel dielectric grown.
Therefore, tunnel erase from these sharp tips no longer
depends on surface asperities but instead is dominated
by the tip itself.

As an illustration of this modification, consider Flash
EEprom transistor 800a (FIG. 84) in two different em-
bodiments, a relatively thick floating gate (transistor
8002 shown in FIG. 86 and FIG. 16a) and the same
transistor modified to have a very thin floating gate
(transistor 800M shown in FIG. 16b). In the cross sec-
tion view of FIG. 16a (corresponding to direction AA
of FIG. 8a), floating gate 804a is approximately 300
nanometers thick. Its vertical edges 862a, 832a are
shown having a multitude of small asperities at the
surface. Each asperity acts as an electron injector dur-
ing tunnel erase (shown by the direction of the arrows
across tunnel dielectric layers 861a, 831a). Injected
electrons are collected by erase gates 835, 830 which
overlap vertical edges 8624, 832a.

By contrast, the cross section view of modified tran-
sistor 800M 1is shown in FIG. 165 (along the same cross
section AA of FIG. 8ag) shows a transistor with floating
gate 804M of thickness 100 nanometers or less. Dielec-
tric layers 864 and 867 as well as control gate 809¢ an be
the same as in transistor 800a.

During oxidation of the thin vertical edges of floating
gate 804M to form tunnel dielectric layers 861M, 831M,
both top and bottom surfaces of the thin floating gate at
its exposed edges are oxidized. This results in extremely
sharp tips 8701, 870r being formed. These tips serve as
very efficient electron injectors (shown by arrows
across tunnel dielectrics 861M, 831M). Injected elec-
trons are collected as in transistor 800a by erase gates
835, 830, which overlap these sharp-tipped edges.

Apart from the very efficient and highly reproducible
injector characteristics inherent to the thin floating gate
of transistor 800M there is an additional benefit in that
the capacitance between the floating gate at its tip and
the erase gate is much smaller than the corresponding
capacitance in all other embodiments, including transis-
tor 800a. Therefore, from equations (1), (2) and (3) in
section V1a., since

Ce<< Cr,
Therefore,
VEG=0Q/Cy, and
Eprase=(VERASE—Q/CT)/1.
When Q=0 (virgin device), then

EERASE=VERASE/! 4)
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Equation (4) basically states that when Cgis very small
relative to Cr, then essentially 1009% of the erase volt-
age VER4sk is effectively applied across the tunnel
dielectric layer of thickness t. This allows a reduction of
the magnitude of Vgr4sgnecessary to erase the device.
Also, a very small Cg allows all other device capaci-
tances contributing to Cr(in FIG. 10) to be made small,
which leads to a highly scalable Flash EEprom device.
The thinner floating gate also helps to improve metaliz-
ation step coverage and to reduce the propensity to
form polysilicon stringers in the manufacturing process.

Two other points are worth noting. First, the very
thin floating gate should not be overly heavily doped, to
avoid penetration of the N+ dopant through polysili-
con 804M and gate dielectric 864. Since floating gate
804M is never used as a current conductor, a sheet
resistivity of between 100 and 10,000 Ohms per square
in quite acceptable.

Secondly, it is necessary to ensure that the sharp tips
of the floating gate are adequately spaced apart or iso-
lated from control gate 809M as well as substrate 860 or
the source or drain diffusions (not shown in FIG. 16b).
This is because the sharp tip injection mechanism can be
so highly effective that unintended partial erase to these
surfaces may take place under the voltage conditions
prevailing during device programming (i.e., a “program
disturbance” condition). This problem is not necessarily
a severe one because, looking again at equations (1), (2)
and (3), capacitance components Cg, Cp and Cp are
each much larger than Cg and therefore the electric
field between the floating gate at its edges and any of
these three surfaces is much less than Egr4sg. Never-
theless, this should be an important consideration in the
actual geometrical layout of any floating gate transistor
using a very thin floating gate for edge erase.

Although a thin floating gate layer provides a rela-
tively straight forward approach to achieving after
oxidation sharp-tipped edges, other approaches are
possible to achieve sharp-tipped edges even in a rela-
tively thick floating gate layer. For example, in FIG.
16¢ a relatively thick layer forming floating gate 804 is
etched with a reentrant angle of etching. After oxida-
tion, a sharp tip 870 is formed at the top edge, facilitat-
ing high field tunneling 861 to the erase gate 830 depos-
ited on top of the tunne! erase dielectric 831.

In the device of FIG. 164 the erase gate is deposited
before the floating gate. Erase gate 830 is etched so as to
create a reentrant cavity close to its bottom surface.
Tunnel erase dielectric 831 is then grown, followed by
deposition and formation of floating gate 804. Floating
gate 804 fills the narrow reentrant cavity where a sharp
tip 870 is formed, which facilitates the high field tunnel-
ing 861. Note that the device of FIG. 16d has asperities
formed at the surface of the erase gate whereas all other
devices described in this invention have asperities
formed at the surfaces of their floating gate.

VII. Flash EEprom Memory Array Implementations

The Flash EEprom cells of this invention can be
implemented in dense memory arrays in several differ-
ent array architectures. The first architecture, shown in
FIG. 15a, is the one commonly used in the industry for
Eprom arrays. The 3X2 array of FIG. 152 shows two
rows and three columns of Flash EEprom transistors.
Transistors T10, T11, T12 along the first row share a
common control gate (word line) and a common source
S. Each transistor in the row has its own drain D con-
nected to a column bit line which is shared with the
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drains of all other transistors in the same column. The
floating gates of all transistors are adjacent their drains,
away from their sources. Erase lines are shown running
in the bit line direction (can also run in the word line
direction), with each erase line coupled (through the
erase dielectric) to the floating gates of the transistors to
the left and to the right of the erase line. The voltage
conditions for the different modes of operation are
shown in Table 1 (FIG. 17a) for the selected ceil as well
as for unselected cells sharing either the same row
(word line) or the same column (bit line). During block
erase of all the cells in the array, all erase lines are
brought high. However, it is also possible to erase only
sectors of the array by taking V grask high for pairs of
erase gates only in these sectors, keeping all other erase
lines at OV.

A second Flash EEprom memory array architecture
which lends itself to better packing density than the
array of FIG. 15a is known as the virtual ground array
(for a detailed description of this array architecture, see
the Harari patent referenced herein). A topological
view of such an array of cells was provided in FIGS. 6a,
7a, 8a and 9a. A schematic representation of a 2X2
virtual ground memory array corresponding to the
array of FIG. 6a is shown in FIG. 15b. In a virtual
ground array, the source and drain regions are used
interchangeably. For example, diffusion 502 is used as
the drain of transistor 600a and as the source of transis-
tor 600b. The term “virtual ground comes from the fact
that the ground supply applied to the source is decoded
rather than hard-wired. This decoding allows the
source to be used interchangeably as ground line or
drain. The operating conditions in the virtual ground
array are given in Table II (FIG. 17b). They are essen-
tially the same as that for the standard architecture
array, except that all source and drain columns of unse-
lected cells are left floating during programming to
prevent accidental program disturbance. During read-
ing all columns are pulled up to a low voltage (about
1.5V) and the selected cell alone has its source diffusion
pulled down close to ground potential so that its current
can be sensed.

The array can be erased in a block, or in entire rows
by decoding the erase voltage to the corresponding
erase lines.

While the embodiments of this invention that have
been described are the preferred implementations, those
skilled in the art will understand that variations thereof
may also be possible. In particular, the split channel
Flash EEprom devices 600a, 7002, 8002 and 900a can
equally well be formed in conjunction with a split chan-
nel Eprom composite transistor 500a having channel
portions L1 and L2 formed in accordance with the
one-sided spacer sequence outlined in FIGS. 5b through
5/, or in accordance with Eprom transistor 1400, or
with Eprom transistors formed in accordance with
other self-aligning process techniques or, altogether in
non self-aligning methods such as the ones employed in
the pridr art by Eitan, Samachisa, Masuoka and Harari.
Therefore, the invention is entitled to protection within
the full scope of the appended claims.

It is claimed:

1. A flash electrically erasable and programmable
read only memory cell, comprising:

a semiconductor substrate containing a source region
and a drain region spaced apart in a first direction
across a surface thereof with a channel region
therebetween,
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a floating gate positioned at least partially over but
insulated from said channel region, said floating
gate having a first predetermined dimension be-
tween opposing edges thereof in a second direction
across said substrate surface that is substantially
perpendicular to said first direction, said opposing
edges being positioned outside said channel region
on opposite sides thereof,

a control gate positioned adjacent to but insulated
from the floating gate and the semiconductor sub-
strate,

a pair of erase gates spaced apart in said second direc-
tion by a second predetermined dimension which is
less than said first predetermined dimension and
oriented to extend a part way across the floating
gate from its said opposing edges, thereby to form
tunnel erase regions of overlap between the float- .
ing gate and the pair of erase gates, and

a dielectric positioned between said floating gate and
said pair of erase gates in said tunnel erase regions
of overlap, said dielectric being positioned in
contact with opposing surfaces of said floating and
erase gates and characterized by allowing electri-
cal charge to tunnel between then,

whereby a total area of said tunnel erase regions of
overlap is determined by the difference between
said first and second predetermined dimensions and
is insensitive to misalignment between the floating
gate and the pair of erase gates in said second direc-
tion. )

2. The memory cell according to claim 1 wherein said
pair of erase gates are positioned on a top surface of said
floating gate facing away from said substrate.

3. A flash electrically erasable and programmable
read only memory cell, comprising:

a semiconductor substrate containing source and
drain regions elongated in a first direction across a
surface thereof and separated in a second direction
across said substrate surface by a channel region,
said first and second directions being substantially
perpendicular to each other,

a floating gate positioned at least partially over but
insulated from said channel region, said floating
gate having a predetermined dimension between
substantially parallel opposing edges thereof in said
first direction,

a pair of erase gates having substantially parallel op-
posing edges spaced apart a distance in said first

- direction that is less than said predetermined di-
mension and oriented to extend a part way across
the floating gate from its said opposing edges,
thereby to form regions of overlap between the
floating gate opposing edges and the pair of erase
gate opposing edge with a total area determined by
the difference between said predetermined floating
gate dimension and said erase gate spacing dis-
tance,

a tunnel dielectric positioned between opposing sur-
faces of said floating gate and said pair of erase
gates substantially throughout the regions of over-
lap between them, and

a control gate positioned adjacent to but insulated
from said pair of erase gates and also overlying said
floating gate,

whereby a total area of overlap between the floating
and erase gates is insensitive to misalignment there-
between in said first direction.
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4. The memory cell according to claim 3 wherein said
floating gate extends in said second direction over only
a portion of the channel region adjacent to said drain
region, and further wherein said control gate is posi-
tioned over another portion of the channel region adja-
cent to said source region and separated from said sub-
strate by a thin gate dielectric.

5. The memory cell according to claim 3 wherein said
pair of erase gates extend in said second direction be-
tween said source and drain regions and are located
close to said substrate with a gate dielectric therebe-
tween, thereby forming field plates that electrically
isolate said channel region and adjacent portions of said
substrate in said first direction.

6. A flash electrically erasable and programmable
read only memory cell, comprising:

a semiconductor substrate containing a source region
and a drain region extending in a first direction
across a surface thereof and being separated in a
second direction across said substrate surface by a
channel region, said first and second directions
being substantially perpendicular to each other,

a floating gate extending at least partially across said
substrate channel region in said second direction
but insulated therefrom and having sidewalls at
opposite edges thereof in said first direction which
are located outside of said channel region, )

a control gate positioned over but insulated from the
floating gate and the semiconductor substrate,

a pair of erase gates extending in said second direc-
tion between said source and drain regions and
positioned along said opposite edges of said float-
ing gate and adjacent to sidewalls thereof, and
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a tunnel dielectric extending between at least one of 35

the floating gate sidewalls and its adjacent erase
gate.

7. The memory cell according to claim 6 wherein said
floating gate extends across only a portion of the chan-
nel region in said second direction adjacent to said drain
region, and further wherein said control gate is posi-
tioned over another portion of the channel region adja-
cent to said source region and separated from said sub-
strate by a thin gate dielectric.

8. The memory cell according to claim 6 wherein said
pair of erase gates are located close to said substrate
with a gate dielectric therebetween, thereby forming
field plates that electrically isolate between said channel
region and adjacent portions of said substrate in said
first direction.

9. The memory cell according to claim 6 wherein
each of said sidewalls of said floating gate contains
asperites, thereby to enhance an electron injection effi-
ciency of said sidewalls.

10. The memory cell according to claim 6 wherein
each of said opposing edges of said floating gate is
formed into a sharp tip by virtue of the gate being suffi-
ciently thin, thereby to enhance the electron injection
efficiency of said sidewalls.

11. A flash electrically erasable and programmable
read only memory cell, comprising:

a semiconductor substrate containing a source region
and a drain region extending in a first direction
across a surface thereof and being separated in a
second direction across said substrate surface by a
channel region, said first and second directions
being substantially perpendicular to each other,
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a floating gate extending at least partially across said
substrate channel region in said second direction
but insulated therefrom,

a control gate positioned over but insulated from the
floating gate and the semiconductor substrate,

a pair of erase gates positioned on opposite sides of
said floating gate in said first direction and extend-
ing across said channel in a second direction be-
tween said source and drain regions, at least one
erase gate and the floating gate having capacitive
coupling therebetween, and

a thin gate dielectric separating each of said pair of

" erase gates from the channel region of the sub-
strate, thereby to provide electrical isolation of the
memory cell in said first direction.

12. A flash electrically erasable and programmable

read only memory cell, comprising:

a semiconductor substrate containing a source region
and a drain region in a surface thereof and sepa-
rated across said surface by a channel region,

a floating gate positioned at least partially over but
insulated from said channel region, said floating
gate having a given dimension between opposing
edges thereof in a direction perpendicular to a
direction between said source and drain regions,

a control gate extending across but insulated from
said floating gate, said control gate having a dimen-
sion in a direction extending between said floating
gate opposing edges that is less than said given
dimension, thereby causing a top surface segment
of the floating gate adjacent at least one of said
opposing edges to be positioned outside of said
cortrol gate,

a tunnel dielectric layer carried by at least a portion
of said- floating gate top surface segment, and

an erase gate extending across said tunnel dielectric
layer and insulated from said control gate in a man-
ner to capacitively couple the erase gate with the
floating gate in a tunnel erase region having an area
that is insensitive to misalignment between said
erase gate and said floating gate.

13. The memory cell according to claim 12 wherein
said floating gate is positioned over only a portion of the
channel region adjacent to said drain region, and further
wherein said control gate extends over another portion
of the channel region adjacent to said source region and
is separated therefrom by a thin gate dielectric.

14. A flash electrically erasable and programmable
read only memory cell, comprising:

a semiconductor substrate containing substantially
parallel source and drain regions elongated in a
first direction across a surface of said substrate and
separated in a second direction across said substrate
surface by a channel region, said first and second
directions being substantially perpendicular to each
other,

a floating gate formed of a first electrically conduc-
tive layer and positioned at least partially across
but insulated from said channel region, said floating
gate having a predetermined dimension thereacross
in said first direction between substantially parallel
opposing edges thereof,

a pair of erase gates having opposing edges substan-
tially parallel with said floating gate opposing
edges and spaced apart a distance in said first direc-
tion that is less than said predetermined dimension
and oriented to extend a part way across the float-
ing gate from each of its said opposing edges, said
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erase gates being formed in a second electrically tween said pair of erase gates, said control gate
conductive layer and extending in the second di- being formed of a third electrically conductive
rection between the source and drain regions, layer and being insulated from said erase gates.
a layer of tunnel dielectric positioned inbetween said 15. The memory cell according to claim 14 wherein
floating gate and said erase gates in at least a por- 5 said layer of tunnel dielectric extends substantially en-
tion of an area of overlap therebetween, and tirely across an area of overlap between the floating

a control gate extending in said second direction gate and the erase gate.
*

across and insulated from said floating gate inbe- ¥k ok X
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