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A SINGLE TRANSISTOR EZPROM MEMORY DEVICE

Fiel f Th nvention

The invention relates generally to the fabrication and
use of semiconductor memory devices. More specificaily, a
uhique single transistor EZPROM profile 1is fabricated using
an inventive-grocess flow. Further, a novel memory array is
provided which allows flash programming of memory cells sharing -
a common word line, and selective erasing of individual memory

cells, via Fowler-Nordheim tunneling.

Back n f The Invention

In the semiconductor industry, non-volatile
semiconductor memory is used to store q;itical programs and
data essentiél for electronic systems, sucQ as computers,
telecommunications, industrial and medical -instruments, -étc.
Non—;blatile memories are categorized into different types
depending upon the relevant technology, inciuding: ROM
{read-only memprx) which i§ manufacturer progfammed a single
time; PROM (pragrammable read-only memory) .which can be
programmed by the customer a single time; EPROM '(erasable
programmable read—oh}y memory) - thch can be .  customer
programmed, UV-erased, and reprogramméd, generally fewer than
one-hundred times, given the cumulative effects of UV exposures
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on the device and on device reliability; E“PROM (electrically

eraéable programmable read only memory) which can be programmed
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and electrically erased by the customer anywhere from

©1000-1,000,000 times.

So-called "flash memories" consist of implementations
of EZPROM for high density manufacturing wherein the memory
can be electricaliy erased in blocks or sectors, rather than at
the byte level. Figure 1 illustrates a memory array comprising
a plurality of memory cells connected along word lines and bit
lines. Blocks orx seétors of the array ‘may be defined, for
example, such as all of the cells along a common source line.
The flash memory.technology can achieve high densities due to
the smaller cell size realized in either a stacked gate .or
split/step gate cell profile, illustr;ted in Figures 2A and 2B,
respectively. Figure 2A' shows a stacked gate memory cell’
profile having a floating gate, 11, and a control gate, 13,
fabricated out of_ polycrystalline silicon doped with an
appropriate doping material to render the polycrystalline
silicon conductive (“poly 1" and "poly 2" respectively). The
floaéﬁng gate is welectrically separated from the substrate
region by aﬁ oxide layer of insulating material, 15. Depending
upon the particular device, this intermediaté oxide layer is
designated as either the gate or tunnel oxide. Those familiar
with the art will understand that for the specific purpose of
detailing fabrication steps, each use of the term “tunnel
oxide" hereinafter is intended tb include both the tunnel and
the related gate oxide, as appropriate. Figure 2A further

illustrates diffused source and drain regions, 17 and 19, which
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define a chanﬁel in the substrate. The floating gate and the

control gate are separated by a layer of insulating material,
12, typically an interpoly 1layer of silicon dioxide. In
operation, electrons are stored in a capacitivée manner at the
floéting gate. -Similarly, the split gate profile of Figure 2B
comprises floating polysilicon gate, 14, and control gate 16
("poly 1" and "poly 2" respectively) separated by an interpoly
dielectric. | |

The stacked gate profile has the obvious advantage of
smaller dimensions, yet is brone to over-erasing whereby the
cells readily become depletion-type memory devices when exposed
to a negative threshold voltage. On the other hand, the split
gate profile is superior in cell reliability, yet requires more
surface area than the stacked gate cell. The cell reliability

problems of the stacked gate profile are due to cell structure

features inherently encountered in stacked gate profiles which

have been fabricated in accordance with the current processing
stanéérds taught in the art. For example, the typical-étacked
gate cell structure shown in Figure 3 illustrates two cell
features, oxide thinning and edge leakage, which have
deleterious effects on device reliability. The stacked gate
structure of Figure 3 is viewed in the word-line direction,
perpendicular to the Figure 2A perspective of the same
structure viewed in the bit-line direction. . Corresponding cell

features are denoted with the same reference numerals in Figure

3 as were used in Figure 2A.



ad]

This Sheet Has Been Rerlaced

i

As noted with reference to Figure 2a, the tunnel oxide

layer 15 insulates the first polysilicon layer ("poly 1”) from

the. substrate. Additionélly 1llustrated in Figure 3 are the

field oxide regions, 18, which electrically isolate adjacent

cells in the array from one another. Under standard processing
as-téught in the art, the field oiide regions are fabricéted
first and the tunnel oxide thereafter grown on the substrate
between the field oxide regions. Due to the known geometric
"bird's beak" effect and the Kooi effect, the so-called “white
ribbon" effect, thinning of the. layer of tunnel oxide is
observed at the junctiop point between the tunnel oxide layer
15 and the field oxide regions 18. The thickness reduction due
to the geometric effects is generally at least 10% to 15%,
while addition of the Kooi .effect fhickness reduction can
result in overall thickness reduction of between 20% and 30%.
For advanced MOS devices, such as EZPROM or flash EZPROM
memory devices wherein the gate oxide or tunnel oxide is in the
rangé of <120 angstroms, 20%-30% oxide thickness reduction can
introduce serious device_reliability concerns due to a stronéer
electric field presence at the junétion . point between the
tunnel oxide layer and the field oxide regions.

Further reliability concerns due to 'current leakage
are observed at the edges of those portions of poly 1 layer 11
which overlap each of the field oxide regions, 18. Since the
poly 1 layer is conformally deposited to create the floating

gate structure, a relatively thick layer of poly 1l overlays the
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field oxide regions. In addition, when the optimal poly 1

layer thickness,.in the range of 1000-2500 angstroms, fs-useﬁ,
the overlaying portions of the poly 1 layer tend to have shérp
edges or corners. These abrupt edges become apparént after the
interpoly layer has been formed over the poly l-layer via a
standard, relatively low temperature (below 1050° C), oxidation
step. The sharp edges, or asperities, induce excessive leakage
of current between the poly 1 and poly 2 layers, necessarily
having a negative impact on device reliabiiity.

It is, therefore, an objective of the present

invention to fabricate a high density array of stacked gate

" memory cells which are not subject to the aforementioned cell

reliability concerns.

It is a further objective of the invention to provide
a memory array architecture and programming capability whereby
individual cells can be erased with the attendant benefit of

attaining reliable, programmable, multi-valued logic.

f The Inyv ion

These and other objectives are.realized by the present
invention wherein a memory cell having a novel stacked gate
cell profile is fabricated in accordance with an inventive
process flow.

The device profile has a tunnel oxide formed on é

substrate with field oxide regions formed to connect with the

tunnel oxide 1layer edges. No thinning of the edges of the
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tunnel oxide is observed when the field oxide regions are

formed subsequent to the tunnel oxide formation. A first gate,
or floating gate, cohprises two layers of polysilicon, or
analogous material, the first layer deposited over the tunnel
oxide between the field oxide regions and the second layer
having edges which overlay the field oxide regions. The
overlaying floating gate méterial- is thinner than previougly
achieved in the art and exhibits smooth edges under subsequent
processing. Interpoly dielectric material is deposited over
the floating gate and the gate profile completed with the .
fabrication of a control gate over the interpoly dielectric.
Source and drain regions are formed in the substrate, in either
symmetrical or asymmetricél relationship, beneath the stacked
gate.

The unique programming of the inventive structure in a
.Mmemory érray comprises flash programming along a selected word
line with selective erasing by application of the appropriate
voltabe along the bit line which intersects the selected word

line at the byte address of a selected memory cell.

f xi i rawi
The details of the inventive structure, array and

process, flow will now be described with specific reference to

the drawings wherein:

Figure 1 shows a segment of a multi-cell memory array.
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Figures 2A and 2B illustrate the standard stacked gate

and split gate profiles for .memory ¢e115, viewed along the

bit-line perspective, in accordance with presently available

technology.

Figure 3 provides a word-line view of a stacked gate

memory cell in accordance with known technology.

Figures 4A and 4B illustrate the inventive stacked
gate memory cell device, viewed along the word-line and the

bit-line, respectively.

Figures 5A through 5J show the process flow by which

the inventive memory cell structure is fabricated.

Figures 6A throﬁgh 6C i1llustrate the byte level memory

cell programming and erasing functions achieved in accordance

with the present invention.

Figure 7 illustrates the partition of the memory array

into smaller sectors or blocks.

Figure 8 is the typical layout for peripheral devices
simuitaneously formed in accordance with one embodiment of this
disclosure.

Figure 9A through 9J provide an alternative process
flow to facilitate peripheral device formation simultaneously
with memory cell fabrication.

Figure 10 illustrates a representative programming

process flow of the present invention.
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A stacked gate memory cell fabricated in accordance
with the present invention, as illustrated in Figures 4A and
4B, includes a control gate 23 comprising a poly 2 layer, .an
interpoly dielectric layer 22, and a floating gate of poly 1
which comprises two .layers 21 and 24, wherein only the thin
second layer of the poly 1 layers, 24, with its *“rounded
edges", overlays the field oxide regions 28. The tunnel oxide
layer 25, located between the fibating gate and the substrate,
and connecfed to the oxide of the £field oxide regions 28,
exhibits no thinning where it connects to the field oxide
regions. Souzrce region 30 comprises one area of the P-type
silicon substrate into which a first dopant 26 (e.g., aréenic)
has been introduced, while the drain region 31 comprises the
substrate area into which both the first dopant 25 and a second
dopant 27.(e.g., arsehic and phosphor, respectively) have been
driven. Those familiar with the art will recognize that
varioﬁs dopants, combinations of dopants, and dopant
conéentrations, can be effectively utilized in symmetric or
asymmetric manner for the source and drain regions. The
word—line.perspective of 4A has only the drain region doping
illustrated whereas . Figure 4B additiohally shows an oxide
spacer coating, 29, not shown in the Figure 4A perspective.

The fabrication of the inventive memory cell, which is
not susceptive of the specific reliability defects found in the

prior art, will now be detailed with reference to Figures 5A



THIS SHEET HAS BEEN
REPLACED

through 5J. As will be apparent to one having skill in the

art, fabrication of a mehory array includes not only the
sta;ked gate formation for each individual cell, but also the
. effectively simultaneous formation of related peripherai
devices in the same substrate, including but not limited to the
formation of N-MOS and P-MOS transistors. In addition, the
process flow can be utilized for the fabrication of EPROM
memory devices, with such modifications as will be apparent to
one having skill in the art. The illustrated process flow
provides, therefore, the resulting structure illustrated at 5J,
wherein the following are fabricated in and on a portion of the
substrate: a first memory cell having iEs cross-section along
the bit-line, an adjaceht second memoxry c¢ell having its
cross-section along the word-line, an N-MOS 1logic deyice, and a
P-MOS 1logic device. The invention is £first being described
with the peripheral devices formed in accordance with N-well
EAMOS technqlogy, which has been chosen for illustrative
purp;ses, only. Clearly, the authors hereof do not wish to be
limized to the inventive fabrication of the inventive memory
devices and array -solely in conjunction with the fabrication of
the specifically illustrated peripheral _devices; but include
the description and processing of the peripherals in ordei to
most illustratively provide a complete and functional
descriptién of representativé embodiments of the invention.

Figure SA illustrates the substrate, . 20, upon

completion of the formation of the N-well region, 40, 1in
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accordance with known téchnology. As noted above, the

substrate is a P-type silicon, which to-date evidences the most
favorable attributes for baoth fabrication and operation of the
subject memory cells and array. At Figure 5B, formation of the
tunnel oxide, 25,. is conducted to obtain a 6-12nm layer of
tunnel dielectric on the substrate 20. For the P-type silicon
substrate of the present embodiment, the tunnel dielectric is a
layer of silicon dioxide which may be formed by the exposure of
the surface df the silicon substrate to an oxidizing atmosphere
in accordance with known processing conditions, such as thermal
oxidation in a dry O2 ambient at 900—107d° C fof 20-50
minutes.

Next, also illusfrated on Figure 5B, a co-extensive
layer of amorphous silicon is deposited over the tunnel -
dielectric. This amorphous silicon will serve as the first
poly 1 1layer, 21, as will be further detailed below. The
amorphous silicon layer, having a thickness in thé range of
50-1§bnm, is formed, for example, by low pressure chemical
vapor deposition {LPCVD) at 550° C. Pblysilicon can
alternatively be deposited for the poly 1 layer by LPCVD at
620° C; however, the amorphorous silicon is presently preferred
due to its superior planarity.

LPCVD is next done to deposit a 100-200nm co-extensive
layer  of  nitride, 41, over the amorphous silicon. A
photoresist material, 42, is deposited and patterned over the

nitride layer, in accordance with known processing steps, and

-10-
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the nitride, amorpﬁous silicon and dielectric removed from all
areas which will not serve as active regions. The resulﬁing
structure is found in Figure 5C, wherein the substrate surface
has been selectively expésed in the Jnon-active" regions.
After dry etching of the nitride, amorphous silicon and
dielectric, the pétterned resist 42 is removed from the nitride
surface. It is to be noted that the dielectric can be left in
place, with only the nitride and silicon removed at this stage
of processing.

The substrate structure is next exposed to another
oxidation step, preferably by thérmél oxidation at 900-1100° C
using a dry-wet-dry process, whereby all of the exposed,
"non-active", regions of tﬁe substrate are oxidized. The field
oxide regions, 28, which are formed by this oxidation step will
electrically insulate all of the active regions and devices
from one another. As can be realized from Figure 5D, the upper
surface of the field oxide regions extend above_the level at
which'the surface of the substrate had been found, since the
oxidation step provides for growth of ogide on the substrate
surface, 300-400nm above the surface, as well as oxidation into
the substrate to depths of 200-500nm, whereby roughly half of
the total thickness of the field oxide is found above the
surface. The height of the upper surfaces of the field oxide
regions is optimized whereby the upper surfaces extend beyond
the level of the upper surface of the amorphous silicon. As

noted above, the inventive structure does not suffer from the

-11-
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deleterious thinning of the tunnel oxide at the junctures of

the tunnel oxide layers and the field oxide regions. Thinning
is avoided due to the fact that the field oxide is grown after
the formation of the tupnel oxide, contrary to the order in
which the prior art fabrication processes have progressed.

After the field oxide regions have been formed, the
nitride is stripped off to expose the amorphous silicon in the
active regioné. The nexf step, at 5E, comprises the cell
threshold implant for doping of the silicon substrate. A
preferable process comprises -implanting boron into the silicon
using an implant energy of 50-150 kev. This is conductéed
fhrough the amorphous silicon and tunnel dielectric. The field
oxide regions will block éhe boron in certain areas; moreover,
the N;MOS and ?-MOS areas may be screened, so that regions of
the substrate are selectively dopéd.

A second thin.30—70nm layer of amorphous silicon is
néxt conformally deposited over the entire structure, after
which\ selective doping is performed in order to render the
amorphous silicon 1layers conduétive. An arsenic 1implant,

providing 1 x lols/cm2 to 5 x lolslcm2 of

arsenic
implant dosage to layers 21 and 24, can-be conducted at bétween
30 and 50 kev. One having skill in the art will recognize that
the implant energy will be optimized to assure, first, that the

relevant layers are sufficiently doped to become conductive and

second, that the arsenic (or other dopant) remains in the

poly 1 layers.

~12-
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Layer 24 is selectlvely etched to partially define the
floating gates of the memory cells. Etching of the doped
silicon is conducted by a dry etch ©process through a
photoresist mésk, whereby iayer 24 is removed from all areas
other than the memory cell regions. Over the field oxide
regions which isolate the mémory cells, edges of the patterned
layer 24 overlap the field oxide. - Over the field oxide which
isolates two adjacent memory cells, the'field oxide is exzposed,
via etching of an opening or channel 42 in layer 24, which
opening will be filled in the next succeeding step. As
illustrated in Figure SF, layers 21 and 24 together comprise
the poly 1 floating gate of the stacked gate memory cell.

The inferpoly dielectric layer, 22 of Figure 5G, of a
poly oxide or, as illustrated, oxide-nitride-oxide (ONO) is
formed. A preferred process comprises a 1000-1100° C'dry O2
thermal oxidation to a thickness of 5-20nm, followed by LPCVD
nitride deposition of 10-25nm at 750-790° C, and finally, a
900~lbOO° C thermal oxidation in a wet O2 ambient td grow a
2-6nm oxide layer on top of the nitride layer. The ONO is
formed over the poly 1 layer, filling opening 42 over the field
oxide region, and thereby éompletely isolating the poly 1 layer
to eliminate the possibility. of leakage of charge at the poly 1
edge. .In addition, in the formation of the ONO interpoly
dielectric, the edges of patterned layer 24 become rounded due
to the fact that oxidation can occur from all directions along

the edges of layer 24 over the field oxide, since layer 24 is

—-13-
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relatively thin. The rounding of edges of the thin poly 1

oberlayer provides the aforementioned advantage of reduction of
leakage, which had been encountered in the prior art due to
sharp edges of a thick poly 1 layer underlaying the interpoly
dielectric layer. -

As can be observed in Figure 5G, after formation of
the ONO layer, a resist layer is applied and patterned and the
ONO removed from all surfaces other than the memory celi
locations. Further, the remaining poly 1 layers are 'removed
from the regions designated for peripheral device formation.
Once the peripheral device regions have beeh exposed, gate
éxidation can be conducted in accordance with known methods,
with the gate oxidation penetrating the substrate generally to
a depth of 15-35nm in the relevant substrate regions, while all
other regions are effectively insulated from this step by the

ONO lavyer.

A conformal layer, 23, of either amorphous silicon or
polys;licon is next deposited over the. entire structure,
covering both the memory cell regions and the peripheral device
regions. The poly 2 layer of polysilicon or amorphous silicon
for the control gate can be deposited by LPCVD to a layer
thickness of: 250-400nm, followed by doping of the poly 2 by
arsenic. or phosphor ion implant or diffusion. The next step is
deposition of an oxide layer of 100-150nm. A resist mask is

formed and the oxide and poly 2 layers, 29 and 23, etched by

dfyl etch, sequentially etching the materials to define the

-14-
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N-MOS, P- MOS and memory dev1ces, as 1llustrated in Figure 5H.

Another resist mask -is then wutilized over the peripheral
transistors and, using the poly 2 as a self-aligning etching
mask, the ONO and poly 1 layers, 22, 24 and 21, are removed in
the designated memory areas, as illuétrateé in Figure SI. ‘

As a final step in the stacked gate ‘memory cell
fabrication process, celi source and drain implants are
provided to the substrate in the appropriate regions associated
with the memory devices. Peripheral devices are masked from
the implant step, which.mask'can be the same as was in place
from the previous step. The. resulting structure, as
illustrated in Figure 5J, includes implant regions 27 and 26,
for example, of phosphor and arsenic, which form the source and
drain regions for the symmetrical memory cells. As will be
apparent to one having skill in thé art and as noted above, the
-source and drain implants can be other than the arsenic and
phosphor combination detailed herein. For instance, the memory
cell ~shown in Figure 4B has an asymmetrical cell source,
region 30 with arsenic only, and cell drain, region 31 with
arsenic and phosphor; profile. One will next proceed to
complete the overall structure, including the N-MOS and P-MOS
devices and interconnéqts, using the standard C-MOS process
technology, which is not a part of the present invention.

As an alternative, the process flow can be streamlined
to facilitate peripheral device fabrication simultaneous with

the EZPROM or EPROM fabrication in the same substrate.

~15-
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Figure 8 illustrates a representative. EZPROM peripheral

device layout in accordance with the invention. The device
cross-sectional views, along C-C and D-D, are shown in
Figure 9A-9J at various processing steps, wherein cross-section
c-C shows the peripheral' device structure along the
source-drain direction and cross-section D-D shows the
peripheral deyice structure along :the polysilicon ‘gate
direction.

Figures 9A-9J illustrate a varied process flow whereby
peripheral devices are fabricated simultaneously ‘with the
memory device  fabrication. Wherever the processing and
materials are the same as previously described with reference-
to Figures 5A-5J, like reference numerals are used and
repetition of detailed déscription is.omitted. For the first
step, Figure 9A parallels Figure 5A at which the N-well
region 40 has been created in substrate 20. Subsequently, as
détailed with reference to Figure 5B, a uniform layer, 25, of
oxide‘ is formed on the substrate surface to act as the gate
oxide. For EZPROM—type devices, the thickness of the gate or
tunnel oxide 25 for the memory devices is different from the
thickness of the gate oxide 26 needed. for the peripheral
devices. Therefore, in BZPROM applications, a first portion
of gate oxide, aboﬁt 10nm-25nm thick, is grown over the entire
substrate and a conventional resist mask is used to remove thé

first portion of gate oxide from the memory device area.

~-16-
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The resist is then sEripped from the substrate and

another second gate oxide layer, 25, is grown to a gate oxide
thickness in the range of 6-12nm for the memory device.
Simultaneously, during this oxidation, the thickness of the
gate oxide over the peripheral device region will reach a final
thickness in the range of 15-35nm, as evidenced by the stepped
profile illustrated in Figure 9B.

For EPROM or OTP (one-time program EPROM) devices, the
thickness of the gate oxide for the memory devices may be the
same as for the peripheral devices. In that case, a uniformly
-grown gate oxide, sych as was shown in Figure 5B, is grown in a
single step to a thickness range of 10-30nm. To simplify the
process description, hereinafter only the EZPROM devices and
peripheral N-MOS transistors will be described with further
reference to Figures 9B-9J.

After the gate oxide .25 is formed, an amorphous
silicon layer, 21, and LPCVD nitride layer 41 are sequentially
deposited over the substrate as shown in Figure 9B.
Thereafter, the processing illustrated in Figures 9C to 9E
parallels that described with reference' to Figures S5C through

5E and does not require repeating.

At Figure 9F, the proceésing differs from that
detailed with reference tq Figure 5F. A thin layer of poly 1,
24, at a thickness of 30-70nm, is conformally deposited over
the structure-éf Figure 9E. A resist mask 1is then applied to
define the thin, 30770nm, layer of poly 1 and -selectively

removed by dry etching. This differs from the step at

-17-
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Figure 5F, since a thin laver of poly 1 remains 'over the

peripheral device region of Figure 9F. At Figure 9G, an
interpoly layer of poly oxide, or o&o (as illustrated) is
formed and a resist mask is applied to selectively remove the
ONO layer from certain reéions via a_dry etch step. Figure 9G
shows the ONO 1layer 22 essentially coyering the diffusidn
region of the peripheral devices.

In Figure 9H, unlike its counterpart Figure 5H, there
is no oxide‘ deposifion required (i.e., layer 29) in this
process flow. The resist mask is applied directly on the top
of the doped poly 2 layer. The same. resist mask described in
Figure 9H 1is used to continuously etch the ONO and poly 1
layers for both the memorf and the peripheral devices as shown
in Figure 9J, thereby simplifying the process flow.

" Finally, Figure 9J shows the device structure after
.the implantafion step for formation of the source and drain of
the memory devices. Standard C-MOS ©processing is then
conduéted in accordance with known technology to complete the
peripheral device fabrication.

The advantages of the later-recited process f£flow
include a simplified process technology for non-volatile memory
device -manufacturing, flexibility for both EPROM and EZPROM
device fabrication, and economic feasibility to fabricate both
EPROM and E PROM on the same substrate.

The inventive stacked gate memory cell operates 1in

accordance with the Fowler-Nordheim (F-N) tunneling mechanism,

-18-
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and will now be described with reference to the structure as

iYlustrated - in Figure 4B. For «cell programming, i.e.,
providing electrons for storage at the Ffloating gate o0f the
memory cell, electrons are injected from the cell's channel
region, as defined by source and drain regions 30 and 31, into
the floating gate, poly 1 comprised of layers 21 and 24, above
the «cell channel, by tunneling -across the thin tunneling
dielectric 25. In order to inject electrons into the floating
gate from the channel region, a high voltage is applied to poly
2 layer 23 while the substrate 20 is maintained eithér at.
ground or at negative bias, arnd the cell source_énd cell drain,
30 ahd 31, are left floating or at ground. The high voltage
applied to poly 2 is capacitively coupled to the floating gate,
poly 1, so that a high electric field is present which induces
the F-N tunneling mechanism. In order to be efficient for F-N
tunneling, the thickness of the tupneling dielectric is Kkept
béioy 10nm, as noted in the above fabrication process flow.

" To perform a cell erase operation, the stored
electrons must be removed from the floating gate, poly 1, to
the underlaying drain region, 31, wutilizing a reverse F-N
tunneling function. In principle, the cell could also be
erased to the cell source region, which is beneficial if a
block or array erase is desired. For the presently described
process, however, it 1is desirable to implement a byte erase
mode and to provide multi-valued logic states_ on the memory

cell. ‘Therefore, . erasing through the cell drain is

-19-
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preferable. In order to remove electrons from the floating

gate to the cell drain,la high voltage (i.e., higher than the
voltage on the poly 2 layer, 23) must be applied to the cell
drain region, to establish an electric field across tunneling
dielectric 25 between the floating gate, comprised of 24 and
21, and the cell drain, 31. During'the cell erase operation,
the substrate, 20, is maintained at ground potential thle the
cell source region, 30, is left floating. |

The above-described memory cell programming and erase
capabilities can be implemented in a memory array such as is
found in Fig;re 1, as detailed with reference to the
iliustrations found 1in Figures 6A-6C. The memory array of
Eigures 1 and 6A-6C consists of a plurality of hemory cells
wherein all of the cell drains in the same column are connected
together by a bit—ling, j., 3+1, etc.; all of the poly 2 gates
in the same row are connected together by a word-line, i, 1i+1l,
etb.;‘and, the cell sources are connected by a common line, c.
The Sit-lines and word-lines are also connected to address
decoder circuitries to determine the location of the memory
cell 'in the array. The bit-lines are further connected to
sense amplifier or equivalent circuitry for reading the cell
information from the selected memory cells. The memory array
is initially in a virgin state such that there are no extra
charges in the £floating gates for any of the memory cells in
the array. The memory can contain information required by

performing the programming operations detailed with reference

to Figures 6A and 6B as follows.

~-20-
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Figure 6A 1illustrates the flash programming wherein

word line ;+l is selected to store the following information:
“0" for cell j, "1* for cell j+1l, and “0" for cell 3j+2. Fﬁr
the chosen word-line i+l, a high voltage will be applied to the
chosen word-line 1i+l, while all of the other ‘unselected
word-lines will be at ground. All the bit-lines and the common
sourée line will be left floating-with the substrate held at
ground or at a negative bias, as indicated in Figure 6A. Since
word-line i+l is at high voltage, electrons will be injecfed
from the cell channel into the floating gates for all of the
memory cells sharing word-line 1i+l. Therefore, after flash
programming on the selected wofd—line i+1l, electrons are stored
in the floating gates as illustrated in Figure 6B. The memory
cell has an extra electron on the floating gate, meaning a high
cell threshold voltage, which is designated as state "0" in
Figure 6B.

Since the desired information to be stored 1in
word-iine i+l is "0 1 0" for the selected cells j, j+1 and j+2,
respectively, the particular cell 1located at bit-line j+1 and
word-line i+l now needs to be erased (i.e., extra electrons
removed from the floating gate) to become neutral (i.e., no
extra electrons, meaning a low cell threshold voltage) at state
"1". To accomplish the above task, the second array operation,
selective erase, must be performed. '

To selectively erase the stored charge from a selected

memory cell, in the illustrated instance from the memory cell

21~
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located at word-line i+l 'and bit-line J+l, the array is biased

as illustrated in Figure 6C. The selected word-line i+l is
provided with a negative bias in the range of -7V to -10V, the
unselected word-lines are held at either ground or 3V to 5V,
the selected bit-line j+1 is biased at 3V to 5V, the unselected
bit-lines are held at either ground or floating, and, fhe
source. iines are also held at either floating or ground.
Eledtrons will tunnel from the floating gate of the selected
cell, which is at lower potential due to the -7V to -~10V bias
on the selected word 1line, to " the drain regioﬁ of the
substrate, which is at positive potential. In the foregoing
manner, therefore, byte level memory programming via flash.
programming and selective erasing of one or a plurality of the
inventive high-density'stacked gate cells, can be achieved.

As alluded to above, individual memory cell erasure
provides tﬁe capability for implementing mulfi-valued iogic
states. Feedback control is provided to prevent over-erasure
of a .cell by monitoring the cell current after each erasing
pulse is applied to the selected 'bit line, for example, by
comparison of the sensed current to the c¢ell current of a
reference cell. By implementing the feedback 1loop control
circuit during the cell erase operation, one can reasonably
cdntrol_ cell current, and hence the cell threshold voltage,
within a certaﬁn range. One can further catedorize various
current ranges into discrete intervais, for example, I <

50pA; SOpA < I < 100 pA; 100pA < I ¢ 150pA  and
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150pA <« I, where I is the «cell current. Each current

4
"
[y

interval may then be designated as a logic state; for example,

00; . 01; 10; 1ll. For this four-valued 1logic, four reference

cells, one each at the relevant current level, would be used

for the feedback control sensing.

Given the density of the array and the fact that the
tunnel dielectric and 1interpoly -dielectric films are both
rather thin, memory cell disturbance problems can occur during
array programming and read operations, imposing certain
limitations on how many memory cells can share the same
bit-line or word-line. In\such a case, the bit-line (for the
sake of exampie) can be divided into several sections, each
section consisting of a smaller number of memory cells having a
pass transistor to éonnect to the bit-line, as illustrated in
Figure 7. The section connected by the pass fransiétor is
selected by applying a high voltage to the gate of the pass
tfangistor. Similarly, the pass transistor arrangement can be
appliéd along a word-line if gate disturbance is a concern.

It will now be apparent from the above—detaiied cell
structure, array architecture and array operation, that an
intelligent array programming algorithm can be implemented
either on-chip with a circuit design or off-chip with an
external microcontroller (i.e., a software implementation).
Figure 10 illﬁstrates a representative programming algorithm

which performs the above-described programming function.
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Step 101
piesent invention 1is labeled as the start of programming.
Before starting the programming of ‘the memory array, the
digital. information to be stored is either known to the
operator/programmer ‘or is translated by the program from the
operator input to the appropriate digital pattern. Assuming,
therefore, that the ‘locations of -cells éo be programmed are
.known, the word and bit lines associated with the cells are
also known. At Step 102, therefore, the program selects the
word line along which a first cell to be programmed is found.
Flash programming of the selected word line is performed at
Step 103,.after which the data is read from the selected word
line at 104. Flash programming, as detailed with reference to
Figures 6A-6C, is conducted by applying a high voltage to the
selected word line while maintaining other liﬁes in a floating,
-ground, or low voltage. Upon readiﬂg the daté along the word
lfneﬁ the program seeks to .verify if all data along the
selecééd word 1line has the value "0", as denoted in the
deci;ion box at.lOS. (The system could also be verifying that
all cells have the value "1" if such value was desired, as will
be apparent +to one having skill in the art.) The step§
subsequent to the verification at Step 105, depend upon the
results. of the query at decision box 105. . If not all of the
data along the selected word line has the wvalue "0", then, as
indicated along 1line 106, the flash programming of 103 is

repeated until all of the cells along the selected word line

have the same wvalue. If, however, data verification indicates
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that all relevant cells have the appropriate value along line

=t

107, then the selective erasing is commenced, if needed.

At Step 108, a first byte address along the word 1line
i§ selected and the data is read at Step 109 from the cell at
the selected address. The system next verifies, at Step 110,
that the data value at the byte address is the intended value
(i.e;, under.the current example, -"should the cell along the
selected word line at the seiected byte address be '0'?"). If

the value is not as intended, as indicated along line 111, then

" the program selects the bit line along which the cell with the

relevant byte address 1is 1located, at Step 1l1l2. An erase
operation is then performed, at Step 113, in accordance with
the details described with reference to Figures 6A-6C. As
noted therein, several erase iterations may be required until
the data verification step for a single byte address indicates
that the cell has the appropriate data value.

‘. If the data at the byte address is as intended, which
is inéicated aiong line 114, then the program determines if all

of the byte addresses in the selected word line have been read

and verified, at Step 115. If not all of the byte addresses

have been verified, as indicated alohg line 117, then the byte
address 1is updated (i.e., the "next" byte address along the
word line is selected) at Step 118 and thereafter Steps 109-115
are repeated as necessary. Once the data value at the last
byte address on the selected word 1line has been verified,

indicated by 1line 116 out of _decision box 115, then the

programming is complete.
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As will be apparent to one having skill in the art,

modifications can be made to the programming flow, structure,
materials, and processes detailed herein without departing from

the spirit and scope of the present invention as defined by the

appended claims.
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1. A semiconductor device comprising:

WHAT IS CLAIMED IS:

a semiconductor substrate of a first conductivity
type;

a sourcé region of a second conductivity type
formed in said substrate;

a drain region of second conductivity type formed
in said substrate, whereby said source and said drain regions
are separated by a channel region of said first conductivity
semiconductor;

two field insulating regions dgrown on those
surfaces o0f said substrate surfaces of said source region,
channel region or drain region, said field insulating regions
extending above and below the .surface of saia substrate;

. a first dielectric 1layer of uniform thickness
.formed on the surfaces of said source region, channel region
arid drain region between said field insulating regions;

-~

a first semiconductor layer formed over said

first dielectric layer;

a second semiconductor layer formed over said
first semiconductor layer and partially extending over said
field insulating regions, said first and second semiconductor
layers comprising a floating gate;

a second dielectric layer formed over said

floating gate;  and

third semiconductor layer formed over said second

dielectric layer and comprisfng,a'control gate.

-27- I
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2. The device of Claim 1 wherein said first and

second semiconductors are selected from the group comprising

polysilicon and amorphous silicon.

3. The device of Claim 1 wherein said thizd
semiconductor is selected from the group comprising polysilicon

and amorphous silicon.

4, The device of Claim 1 wherein séid first

dielectric layer comprises silicon dioxide.

5. The device of Claim 1 ﬁherein said field

insulating regions comprise silicon dioxide.

6. The device of Claim 1 wherein said second

dielectric layer comprises poly oxide.

7. The device of Claim 1 wherein said second

dielectric layer comprises an oxide-nitride-oxide sandwich

. layer'.

8. The device of Claim 1 wherein said source region

and said drain region comprise arsenic and phosphor;doped

silicon.

-28-~
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9. The device of Claim 1 wherein said source region

comprises arsenic-doped silicon and said drain region compriéés-

arsenic and phosphor-doped silicon.

10. An electrically erasable memory array formed in a
substrate comprising:

a pluraliﬁy of rows of word lines;

a plurality of columns of bit lines, orthogonally
disposed in relation to said word lines;

a plurality 6f rows of commoﬁ source lines
parallel to said word lines;

a plurality of memory cells, each comprising a
source region formed in said substrate, a drain region formed
in said_substrété, a first gate comprising a firsé layer of
semiconductor material and a second gate compfising seéond and
third layers of semiconductor ﬁatetial and being positioned
between said first semiconductor gate and said source and drain
regioﬁs, whereby the drain of each cell in a column is
connected to the same bit line, the first semiconductor gate of
each cell in a row is connected to a word line and the source

of each cell in a row is connected to a common source line.

11. The device of Claim 10 wherein said second
semiconductor gate 1is insulated from said first semiconductor
gate by a first dielectric layer and said second semiconductor

gate is insulated from said source and drain regions by a

second dielectric layer.
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12. The device of C1a1m 10 further comprising a

plurality of inéulating regions located between said plurality

of . memory cells for electrically insulating each of said

plurality of cells.

13. The device of Claim 12 whérein said second layer
of semiconductor material is disposed over said source and
drain regions between two adjacent insulating regions and
wherein said third semiconductor layer is disposed_ on said

second semiconductor layer and said two adjacent insulating

regions.

14. The device of Claim 12 wherein a thin dielectric
layer of uniform thickness is disposed between said adjacent
insylating regions’ of said plurality of insulating reqions

- between the substrate and said second layer of semiconductor

material.

15. a process for fabricating an erasable memory

device on a substrate comprising the stéps of:

forming a thin conformal layer of first

dielectric on the surface of said substrate;

depositing a first layer of semiconductor

material over the surfacé of said dielectric;

depositing a first nitride layer on said first

semiconductor layer;

-30- A\
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selectively removing said first nitride and first

semiconductor to expose the surface of said substrate in

selected areas;

forming first insulating regions at said selected

areas;

removing said nitride layer;

implanting dopants‘ into said substrate through
said first semiconductor, said first dielectric and said first
insulating regions;

providing a second conformal semiconductor layer
over said first semiconductor and said first insulating regions;

doping said second semiconductor layer;

selectively etching said second semiconductor
layer to expose a center portion of each of said first
insulating regions;

depositing a second dielectric layer over said

seécond semiconductor;

depositing a third semiconductor layer over said

second dielectric layer;

doping said third semiconductor layer; and

forming source and drain regions in said

substrate by implanting.

16. The process of Claim 15 further comprising

simultaneously fabricating peripheral devices in said substrate.

s
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17. A process for writing to a selected cell, having
*

source and drain regions, a first gate and a floating gate, in
a memory array comprising a plurality of memory cells
interconnected by a plurality of word lines, a plurality of bit

lines orthogonal to said word lines, and a plurality of common

source lines comprising the steps of:

identifying the word 1line.and bit line connected to

the selected cell;

flash programming the cells connected to said

identified word line;
sensing the current on said selected cell;
comparing the sensed current to a desired value; and

repeating said programming if said sensed current is

less than said reference value.

18. The process of Claim 17 wherein said programming
cofmprises applying a voltage to said identified word line which

is higher than the voltage on said substrate.

19. The process of Claim 17 wherein said programming

comprises injecting electrons into the floating gate of said

cell.

20. The process of Claim 17 further comprising
selectively erasing said selected cell if said sensed current

is greater than said reference value.
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2. The .process of Clalm 20 wherein said erasing

comprises applying a voltage to said identified bit line which

is higher than the voltage on said selected word line.

22. The process of Claimlzo wherein said erasing

comprises removing electrons from said floating gate.

23. The process of Ciaim 22 further comprising

identifying a plurality of ranges of current reference values.

24. The process of Claim 23 wherein erasing at said

selected cell comprises the steps of:

determining the appropriate current reference
value for said’ selected cell from said plurality of ranges of

current reference values;

removing electrons from said selected cell;
sensing the current on said selected cell;

comparing sensed current to the appropriate

current reference value; and

repeating said removing, sensing and comparing

until said sensed current is within said appropriate reference

range.

25. A process for fabricating an electrical
programmable read-only memory transistor and a MOS transistor

for a peripheral circuit in the same semiconductor substrate,

said .process comprising the steps of:

" ~-33- . -
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forming a first dielectric film of  uniform

thickness over said first and second areas;

depositing a first semiconductor layer over said

first dielectric film;

selectively etching said first semiconductor
layer and first dielectric film to define first and second

active areas of said substrate;

fabricating field insulating regions in said

substrate areas not comprising said first and second active

areas,;

depositing a second semiconductor layer over said
first semiconductor layer and over said field insulating
region, said first and second semiconductor layers comprising

floating gates in said substrate;

selectively etching said second semiconductor

layer to expose a portion of said field insulating regions in

said first active area;

forming a second dielectric 1layer over said

second semiconductor layer and said exposed portion of said

field insulating regions;

selectively etching said second dielectric layer
to expose said second semiconductor layer over portions of said
field insulating regions in said second active ares;

depositing a third semiconductor layer over said

second dielectric layer;

34—
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selectively etching said third semiconductor

.

layer, said second dielectric layer and said second and first
semiconductor layers to selectively expose portions of said

first and second active regions; and

implanting dopants into said first active regions.

26. The process of Claim 25 wherein said memory

transistor comprises an E2PROM and further comprising

selectively forming a third dielectric layer over said first

dielectric layer prior to deposition of said first

semiconductor layer.
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