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1. 

COMPACT PAGE-ERASABLE EEPROM 
NON-VOLATILE MEMORY 

This application is a continuation of application Ser. No. 
07.1845,392, filed Mar. 3, 1992, abandoned. 

FIELD OF THE INVENTION 

The present invention relates generally to integrated cir 
cuit programmable nonvolatile memory devices, and par 
ticularly to an improved nonvolatile memory cell which 
enables the density of nonvolatile memory cells in such 
memory devices to be increased. 

BACKGROUND OF THE INVENTION 

In general, nonvolatile semiconductor memory devices 
can be classified into two groups: electrically programmable 
read-only memories (EPROMs) and electrically erasable 
and programmable read-only memories (EEPROMs). Each 
of these devices, EPROM and EEPROM, usually includes a 
floating gate element which is electrically isolated from 
other conductors in the device and which is used to store 
electrons in varying amounts. The storage of electrons on the 
floating gate in varying amounts provides a means for 
storing binary digital information. For example, a charge 
level above a predetermined level may be used to represent 
a first binary state whereas a charge level below the prede 
termined level may be used to represent a second binary 
State. 

The EPROM and EEPROM devices differ in one respect 
by the way each device introduces electrons onto the floating 
gate and by the way each device removes electrons from the 
floating gate. For introducing electrons onto the floating 
gate, the EPROM device generally uses channel hot electron 
injection whereas the EEPROM device generally uses elec 
tron tunneling from an auxiliary conductor by use of the 
Fowler-Nordheim electron-tunneling mechanism. For 
removing electrons from the floating gate, the EPROM 
device generally uses ultraviolet-light exposure whereas the 
EEPROM device generally uses electron tunneling from the 
floating gate to an auxiliary conductor, which may be the 
same auxiliary conductor used in the programming opera 
tion or a different auxiliary conductor. 

Presently in the non-volatile memory art, EPROM 
devices have a smaller cell size and a more simple cell 
design than EEPROM devices. EPROM devices can, there 
fore, be manufactured with higher densities and lower costs 
than EEPROM devices. In contrast, EEPROM devices pro 
vide the capabilities of erasing single bytes or pages of the 
memory array instead of having to erase the entire array and 
of performing this erasure electrically in the system envi 
ronment rather than having to expose the memory device to 
ultra-violet (UV) light outside the system environment. A 
non-volatile memory device which possess these capabili 
ties, along with a capability to electrically program a byte or 
page selectively, is often referred to as a full-featured 
non-volatile memory device. To provide all of these capa 
bilities, EEPROM devices have one or more control elec 
trodes for capacitively 'steering the potential on the floating 
gate. Such control electrodes increase the cell size of the 
EEPROM cell. Separate select gates and lithographically 
defined tunnel oxide areas also increase the size of the 
typical EEPROM cell relative to the EPROM cell. As such, 
there is currently a trade-off in the non-volatile memory art 
between the compact size of an EPROM non-volatile 
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2 
memory cell and the full-featured’ capabilities of an 
EEPROM non-volatile memory cell. 

There is, therefore, a great need to provide full-featured 
capabilities in a non-volatile memory device while achiev 
ing a more compact memory cell size. The present invention 
is directed toward filling this need. 
One prior art solution to this problem is shown in the 

reference Guterman, et al., "An Electrically Alterable Non 
volatile Memory Cell Using a Floating-Gate Structure,” 
IEEE Journal of Solid-State Circuits, Vol. SC-14, No. 2, 
April 1978. This reference teaches a nonvolatile electrically 
alterable memory cell (called an "EAROM") having a 
floating gate spaced from the substrate to form an n-channel 
floating-gate transistor between a source region and a drain 
region. The reference further teaches a control gate having 
a first portion disposed above the substrate and a second 
portion disposed above the floating gate to provide a large 
capacitive coupling between the control gate and the floating 
gate. The first portion of the control gate is further disposed 
adjacent to the floating gate, the floating gate and control 
gate thereby forming a channel between source and drain. 
This channel is divided into two serial sections, one under 
the control of the floating-gate and the other under the direct 
influence of the control gate. Programming of the floating 
gate takes place through a direct hot-electron emission 
mechanism from channel to floating gate. Erasure occurs 
through high-field emission from floating gate to control 
gate. This reference teaches a high capacitive coupling 
between control gate and floating gate so that a substantial 
amount of voltage is coupled to the floating gate from the 
control gate during programming. This coupling of high 
voltage is used to increase the number of electrons tunneled 
from the channel to the floating gate during programming, 
i.e., it is used to increase tunneling efficiency. However, a 
consequence of using high voltage on the control gate to 
raise the floating gate voltage during programming is the 
occurrence of an undesirable erasure process during pro 
gramming. This effect competes with programming of the 
floating gate. In this competing erasure process, electrons 
are also caused to tunnel from the floating gate to the control 
gate during programming due to the high voltage existing on 
the control gate during programming, thereby countering the 
increased tunneling from the substrate to the floating gate. In 
contrast, the present invention eliminates this competing 
erasure process. 

SUMMARY OF THE INVENTION 

The present invention recognizes that the above-described 
competing erasure process may be corrected by eliminating 
the use of the control gate as a means of improving electron 
tunneling efficiency during programming. According to the 
present invention, the electron tunneling efficiency between 
the channel and the floating gate during programming is 
increased, as described below. The elimination of the control 
gate as a means of steering the floating gate also allows the 
capacitance coupling between the floating gate and the 
control gate to be minimized. The minimizing of this capaci 
tive coupling provides for a more compact memory cell as 
the large surface area used in the prior art for providing 
coupling between the control gate and floating gate is no 
longer needed. 
As one means of increasing the electron tunneling effi 

ciency, the present invention recognizes that a diffused 
substrate region (e.g., source, drain) may be used to couple 
voltage to the floating gate during programming, instead of 
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using a control gate disposed above the floating gate. Such 
a substrate region may be formed underneath the floating 
gate to provide for a more compact memory cell. As a 
second means of increasing the electron tunneling efficiency 
during programming, the present invention recognizes that 
the thickness of the dielectric disposed over the channel 
region of the memory device, and in near proximity to the 
floating gate, may be varied. This variation in thickness may 
be provided without increasing the size of the memory cell. 
By increasing the efficiency of electron tunneling during 
programming, the present invention recognizes that pro 
gramming voltages may be reduced so that memory arrays 
using standard supply voltages may be constructed with the 
present invention. Thus, these means for increasing electron 
tunneling efficiency aid in providing full-featured capabili 
ties. 

To further enhance full-featured capabilities, the present 
invention recognizes that a conductive layer (called a second 
layer below) may be spaced above a portion of the channel 
region, and dielectrically insulated therefrom, to form a 
"select transistor' for selecting the memory cell for pro 
gramming and reading operations. Additionally, the present 
invention recognizes that a portion of this conductive layer 
may be spaced above the floating gate, and dielectrically 
insulated therefrom, to provide a electron tunneling means 
for erasure. This erasure means may be provided without the 
need for a large capacitance between the floating gate and 
this conductive layer. In this manner, the present invention 
addresses the above-mentioned prior art problem of the 
existence of a competing erasure process while providing a 
compact, full-featured non-volatile memory cell. 

Broadly stated, the present invention encompasses an 
electrically-erasable and electrically-programmable non 
volatile memory device. The non-volatile memory cell of the 
present invention comprises a substrate of a first conductiv 
ity type having a first surface, a first substrate region and a 
second substrate region. Each substrate region is disposed in 
the substrate surface and is of a second conductivity type 
opposite to first conductivity type of the substrate. The 
memory cell of the present invention further comprises a 
first electrically insulated conductive layer spaced from the 
substrate surface. The first layer serves to store information 
in the form of electronic charge stored thereon. The first 
layer has a first portion overlaying the second substrate 
region and a second portion overlaying a first predetermined 
channel area of the substrate surface, which is disposed 
between the first substrate region and the second substrate 
region. 
The memory cell of the present invention further com 

prises a second electrically insulated conductive layer hav 
ing a first portion spaced from the substrate surface and 
overlaying a second predetermined channel area of the 
substrate surface. Additionally, the first portion of the second 
layer is disposed generally intermediate the first substrate 
region and the second portion of the first layer. The second 
layer further has a second portion overlaying the first layer. 
The memory cell of the present invention further com 

prises programming means for selectively tunneling elec 
trons onto the first layer from the substrate and sense means 
for sensing the potential of the first layer, the potential 
thereon being a function of the charged stored on the first 
layer. 

In one embodiment according to the present invention, the 
substrate preferably comprises a silicon wafer having a top 
surface and each of the first and second substrate regions 
comprises a respective diffused bit line disposed in the top 
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4 
surface of the silicon substrate. The silicon wafer is of a first 
conductivity type (i.e., p-type or n-type) and each diffused 
bit line has a second conductivity type opposite to the 
conductivity type of the silicon wafer. Additionally, the first 
electrically insulated conductive layer comprises polysilicon 
material and serves as a floating gate, and the second 
electrically insulated conductive layer comprises polysilicon 
material and serves as a word line and erasure gate. Further, 
the first predetermined channel area comprises a floating 
gate channel area and the second predetermined channel 
area comprises a select-gate or word-line channel area. The 
floating-gate channel area is disposed between the first and 
second bit lines and the word-line channel area is disposed 
between the first bit line and the floating-gate channel area. 
The floating gate (first layer) has a first portion overlaying 
the second bit line and a second portion overlaying the 
floating-gate channel area. The word-line gate (second 
layer) has a first portion spaced from the substrate surface 
and overlaying the word-line channel area and a second 
portion overlaying the floating gate. The preferred embodi 
ment further comprises programming means for selectively 
tunneling electrons onto the floating gate from the substrate, 
erasure means for removing electrons from the floating gate 
to the word line, and sense means for sensing the potential 
of the floating gate. 

Also in a preferred embodiment of the present invention, 
the first portion of the first layer (floating gate) is capaci 
tively coupled to the second substrate region (e.g., the 
second bit line of first embodiment). Additionally, a sub 
stantial amount of the potential applied to the second sub 
strate region is coupled to the first layer (floating gate) by the 
capacitive coupling between the first portion of the first layer 
(floating gate) and the second substrate region. This cou 
pling substantially modifies the potential on the first layer 
(floating gate) and greatly enhances the programmability 
and programming efficiency of the present invention, and 
various embodiments thereof, and allows lower potential 
differences to be used for programming. The lower potential 
differences allows operation from low-level supply poten 
tials and reduces the memory cell area by allowing substrate 
isolation areas around the cell according to this feature of the 
present invention to be smaller. The present state of the art 
in EEPROM and EPROM memories teaches against this 
aspect of the present invention in that the capacitive cou 
pling between the floating gate and the drain substrate region 
in state of the art EEPROM and EPROM devices is mini 
mized, so that no substantial coupling occurs therebetween. 

In a further embodiment, the present invention preferably 
includes a first spacing distance between the second portion 
of the first layer (floating gate) and the first substrate surface, 
and a second spacing distance between the first portion of 
the second layer (e.g., word line of first embodiment) and the 
first substrate surface. In this embodiment, the first spacing 
distance is preferably less than the second spacing distance. 
This difference in first and second spacing distances 
enhances the introduction and tunneling of electrons from 
the substrate channel areas to the first layer (floating gate) 
during programming. This enhancement allows the current 
and potential differences used in programming to be 
reduced, thereby allowing more efficient operation and 
smaller isolation areas, which in turn allows for a more 
compact memory cell. 
The present invention may further comprise erasure 

means for selectively removing electrons from the first layer 
to the second layer, and the second layer of the present 
invention may be used as means for selecting the nonvolatile 
floating gate device of the present invention for erasure, 
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programming, and sensing operations, particularly in the 
context of a memory array device. This second feature of the 
present invention allows the present invention and further 
embodiments thereof to be constructed in a compact manner 
as the second layer serves more than one function. In 
contrast, the prior EEPROM art teaches the use of a separate 
select gate and the EPROM art teaches the use of ultra-violet 
light exposure for erasure. 
The above-described erasure means may further comprise 

the formation of one or more enhanced emission structures 
disposed on the surface of the first layer. Each emission 
structure comprises a rounded emitting surface having a 
radius of curvature which enables an enhancement of the 
local electric field near the rounded emitting surface. The 
enhanced emission structures reduce the applied voltage 
necessary for tunnelling of electrons from the first layer to 
the second layer so that the potential differences required for 
erasure may be substantially reduced. The reduction in 
erasure potential differences allows the use of lower voltages 
which can be generated and controlled "on-chip” (i.e., on the 
same substrate) and allows smaller isolation areas to be used 
and thereby makes for a more compact memory cell. 
As a further embodiment of the present invention, a 

plurality of memory cells according to the present invention 
equal in number to a page of binary data may be arranged 
along a word line or row, the selection of the word line 
during an erasure operation thereby erasing a page of binary 
data and the selection of the word line during a programming 
operation thereby writing a page of binary data. Thus, the 
full-featured capabilities of a memory array according to the 
present invention is provided while maintaining a compact 
memory cell size. This feature also permits the erasure of 
just one word line or page of memory data instead of an 
entire sector or block of memory data, as is the case with 
EPROM devices and flash EPROM devices. 
As a further embodiment of the present invention, a 

plurality of memory cells according to the present invention 
may be arranged in an array of word-line rows and bit-line 
columns having a virtual-ground array topology. The second 
substrate region of each memory cell may be coupled to a 
corresponding bit line and the second layer of each memory 
cell may be coupled to a corresponding word line. The first 
substrate region of the memory cell may be electrically 
coupled to the bit line of an adjacent memory cell to form a 
virtual ground array structure. The ability of the present 
invention to be incorporated into a virtual-ground array 
topology furthers the compact nature of a memory cell 
according to the present invention by eliminating the need 
for a dedicated grounding system. 

It may be appreciated that the features of the above further 
embodiments of the present invention may be selectively 
combined with one another and with other features 
described below in practicing the present invention to pro 
vide a full-featured, compact memory cell according to the 
present invention. 

Accordingly, it is an object of the present invention to 
provide a compact electrically-erasable and electrically 
programmable nonvolatile memory cell which is more com 
pact than prior art EEPROM non-volatile memory devices. 

It is another object of the present invention to provide a 
compact electrically-erasable and electrically-program 
mable nonvolatile memory cell which is byte alterable and 
page alterable, in contrast to prior art EPROM and flash 
EPROM memory devices. 

It is yet another object of the present invention to provide 
a programming means and method which significantly 
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6 
enhances the programming efficiency of the non-volatile 
memory device of the present invention, which furthers the 
provision of a more compact memory cell. 

It is yet another object of the present invention to provide 
a full-featured non-volatile memory capable of operating 
from a single low-level input power supply, such as 5 volts. 

It is still another object of the present invention to provide 
a compact memory cell that may be organized into pages 
which may be selectively erased and programmed. 

It is yet another object of the present invention to provide 
a compact memory cell that may be incorporated into an 
array having a virtual ground topology, thereby providing an 
even more dense memory array. 
These and other objects of the present invention will 

become apparent to those skilled in the art from the follow 
ing detailed description of the invention and from the 
accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic cross-sectional view of a non 
volatile memory cell and array constructed according to the 
present invention; 

FIG. 2 is a plan view of the memory cell and array of FIG. 
1; 

FIG. 3 is an approximate equivalent electrical circuit of 
the nonvolatile memory cell illustrated in FIGS. 1 and 2 
during a read, programming, and erasure operations of the 
memory cell; 
FIGS. 4A-4C are schematic cross-sectional views of 

various preferred embodiments of a non-volatile memory 
cell constructed according to the present invention; and 

FIG. 5 is a combined plan view and circuit diagram of a 
integrated circuit memory device according to the present 
invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

A portion of a first memory array embodiment of the 
compact page-erasable EEPROM nonvolatile memory 
devices according to the present invention is shown at 10 in 
FIG. 1. As discussed below in greater detail, memory array 
10 comprises a plurality of memory cells 15, of which FIG. 
1 shows three such memory cells 15 in a cross-section view 
along one word line of memory array 10. Memory array 10 
comprises a substrate 12 having a first conductivity type and 
a first surface 13. In a preferred embodiment of the present 
invention, the conductivity type of substrate 12 is p-type. 
Memory array 10 further comprises a plurality of substrate 
regions 20, 22, and 24 disposed in first surface 13 of 
substrate 12, each substrate region having a second conduc 
tivity type opposite to the first conductivity type of substrate 
12. In a preferred embodiment of the present invention, the 
conductivity type of the substrate regions 20, 22, and 24 is 
n-type. As discussed below in greater detail, substrate 
regions 20, 22, and 24 provide means for reading and writing 
information to the nonvolatile memory cells 15 of memory 
array 10 and comprise bit lines of memory array 10. In the 
preferred embodiments of the present invention and as 
shown in FIG. 1, the bit lines formed by substrate regions 20, 
22, and 24 are arranged in virtual-ground bit-line topology. 
However, it may be appreciated that the present invention 
may be practiced with the substrate regions 20, 22, and 24 
arranged in a conventional bit line topology with the addi 
tion of conventional ground lines. The above-mentioned 
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virtual-ground bit-line topology is discussed in greater detail 
below. 

Memory array 10 further comprises a plurality of first 
electrically-insulated conducting layers 30, 34, and 38 
spaced from substrate surface 13. Additionally, first layers 
30, 34, and 38 are each spaced and insulated from one 
another, and are also referred to herein as floating-gate layers 
30, 34, and 38, respectively. As discussed below in greater 
detail, each of floating-gate layers 30, 34, and 38 corre 
sponds to a separate nonvolatile memory cell in memory 
array 10, and each floating-gate layer serves to represent and 
retaininformation as a function of the charge stored thereon. 
In the preferred embodiments of the present invention, this 
information is preferably represented in binary digital form 
where charge levels above a predetermined level represent a 
first binary state and charge levels below the predetermined 
level represent a second binary state. However, it may be 
appreciated that the information stored on floating gate 
layers 30, 34, and 38 may be in analog, or continuous-type, 
form where the value of information is a monotonic function 
of the charge stored on the floating-gate layer. 
Along with first layers 30, 34, and 38, memory array 10 

further comprises a second electrically insulated conductive 
layer 40 which, as described below in greater detail, has the 
function of a word line as well as other functions. Second 
layer 40 overlays first surface 13 and each of first layers 30, 
34, and 38. Second layer 40 is also electrically isolated from 
first surface 13 and each of first layers 30, 34, and 38. As 
described below in greater detail, second layer 40 functions 
to select the memory cells it overlays for reading, program 
ming and erasure operations. Second layer 40 also functions 
as an erase electrode for those memory cells beneath layer 
40. 

As described below, memory array 10 preferably com 
prises additional second layers similar to second layer 40 
and disposed parallel thereto. Such an additional second 
layer is shown at 45 in FIG. 2 and discussed below in greater 
detail. As with second layer 40, a plurality of memory cells 
are disposed underneath each additional second layer 45. 
The additional second layers 45 provide additional rows in 
memory array 10. 

FIG. 2 shows a top-plan view of memory array 10. FIG. 
2 uses the same reference numerals used in FIG. 1. In FIG. 
2, each of the floating gate layers (first layers) are drawn 
with the following line notation: "-------'; the substrate 
regions (bit lines) 20, 22, and 24 are drawn with solid 
vertical lines; and second layer 40 is drawn with broken 
vertical lines having the following line notation: '-X-X-'. 
FIG. 2 also shows another second layer (word line) 45 of 
memory array 10 which is similar in function to second layer 
40 shown in FIG. 1. Second layer 45 is parallel to second 
layer 40 and overlays its own set of floating-gate layers. In 
the preferred embodiment of the memory array 10 of the 
present invention, word lines 40.45 are substantially per 
pendicular to substrate regions (bit lines) 20,22.24 in the 
top-plan view of FIG. 2. However, it may be appreciated that 
the practice of the present invention is not limited to having 
the word lines substantially perpendicular to the bit lines. 
For example, the word lines may be at a diagonal (i.e., 
askew) to the bit lines. 

In FIG. 2, the width of each of layers 40 and 45 are 
somewhat expanded so as to more clearly show the bound 
ary of the floating-gate layers 34. In a preferred embodiment 
of the present invention, the width of second layers 40 and 
45 substantially coincide with the widths of the floating-gate 
layers 34 which they respectively overlay so that gated 
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8 
conductive regions parallel to the lengths of the floating 
gates 34 are not formed in the substrate. Such parallel 
conduction paths could potentially disturb the reading, pro 
gramming, and erasure operations discussed below. In the 
alternative, however, it may be appreciated that isolation 
techniques such as field oxide may also be used to prevent 
the formation of such parallel-conduction paths and, conse 
quently, that the width of second layers 40 and 45 may not 
have to substantially coincide with the widths of the foat 
ing-gate layers 34 which they respectively overlay. 

In a preferred embodiment of the present invention, 
memory array 10 further comprises a plurality of isolation 
regions 16 as shown in FIG. 2 (dotted lines). Isolation 
regions 16 are disposed in the spaces between adjacent word 
lines (e.g., 40.45) which are bounded by adjacent bit lines 
(e.g., 20.22.24) to prevent unwanted communication 
between memory cells during reading, programming and 
erasing operations. In the preferred memory-array embodi 
ment of the present invention, an isolation region is provided 
in each free space which is surrounded by two adjacent word 
lines and two adjacent bit lines. Further, each isolation 
region 16 preferably comprises a field oxide region, as 
formed by methods well known to the art such as "LOCOS" 
(LOCal Oxidation of Silicon), thick oxide, and trench, and 
preferably provides a channel-to-channel punchthrough 
voltage of at least approximately 8 V, under un-gated con 
ditions. In a preferred embodiment of the present invention, 
the isolation regions 16 are formed by the "LOCOS' pro 
cess. However, the present invention is not limited to using 
the "LOCOS' manufacturing process to form isolation 
regions 16 as other oxide formation processes known to the 
art, presently and in the future, may be used to provided an 
equivalent means of isolating the memory cells of the 
present invention. Additionally, the present invention is not 
limited to isolation regions 16 comprising field oxide 
regions as other isolation techniques, such as mesa isolation 
and oxygen implantation, known in the art as well as future 
isolation techniques may be used to practice the present 
invention to provide an equivalent means of isolation. 

MEMORY CELL STRUCTURE 

Having now generally described the structure of memory 
array 10, the structure and operation of an exemplary 
memory cell 15 within memory cell 10 and according to the 
present invention is described. As shown in FIGS. 1 and 2, 
one of the memory cells in array 10 is generally outlined by 
a box 15. Memory cell 15 includes the previously defined 
elements of substrate 12, first substrate region 20 and second 
substrate region 22. Each substrate region 20,22 is disposed 
in the substrate surface 13 of surface 12. Substrate region 20 
serves as a ground line for memory cell 15 and substrate 
region 22 serves as a bit line for memory cell 15. As 
indicated by the division lines for memory cell 15, first 
substrate region 20 is shared between memory cell 15 and 
the memory cell adjacent and to the left of memory cell 15. 
Likewise, substrate region 22 is shared between memory 
cell 15 and the memory cell adjacent and to the right of 
memory cell 15. These two adjacent cells to cell 15 are 
referred to as the left-adjacent cell and the right-adjacent 
cell, respectively. In operation, substrate region 20 provides 
to the left-adjacent cell the functions that substrate region 22 
provides for memory cell 15. Likewise, substrate region 22 
provides to the right-adjacent cell the functions that sub 
strate region 20 provides for memory cell 15. For example, 
and as described below in greater detail, substrate region 20 
may selectively serve as ground line for memory cell 15 or 
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as a bit line for the left-adjacent cell, depending on whether 
memory array 10 is operating on memory cell 15 or the 
left-adjacent cell, respectively. Likewise, and as an example, 
substrate region 22 may selectively serve as bit line for 
memory cell 15 or as a ground line for the right-adjacent 
cell, depending on whether memory array 10 is operating on 
memory cell 15 or the fight-adjacent cell, respectively. 
The sharing of substrate regions 20 and 22 between 

memory cells of memory array 10 is a feature of the 
"virtual-ground array' topology, which is discussed below 
in greater detail. The sharing of substrate regions in the 
above described manner, aids in reducing the area of 
memory cell 15 but is not essential for the practicing of the 
present invention. It may be appreciated that the present 
invention may be practiced with a conventional-ground 
array topology where additional substrate regions are added 
to couple in a "true' ground reference. However, it may be 
appreciated that the ability of the present invention to use the 
above-described virtual-ground array topology may signifi 
cantly increase the compact nature of memory array devices 
according to the present invention. 
Memory cell 15 further comprises first electrically insu 

lated conductive layer 34 spaced from the substrate surface 
13. First layer 34 has a first portion 35 capacitively coupled 
to second substrate region 22 and a second portion 37 
overlaying a first predetermined channel area 51 of substrate 
surface 13, which is disposed between first substrate region 
20 and second substrate region 22. First layer 34 serves to 
store information in the form of electronic charge stored 
thereon in varying amounts and is referred to as a floating 
gate. As such, first layer 34 is also referred to as floating gate 
layer 34 or floating gate 34 herein. The storage of electrons 
on the floating gate layer 34 in varying amounts provides a 
means for storing binary digital information. For example, a 
charge level above a predetermined level may be used to 
represent a first binary state whereas a charge level below 
the predetermined level may be used to represent a second 
binary state. In a preferred embodiment of the present 
invention, memory cell 15 stores binary digital information 
in the form of charge levels above and below a predeter 
mined charge level. However, it may be appreciated that the 
memory cell of the present invention may be used to store 
analog information having a continuum of values corre 
sponding to a continuum of charge levels on floating gate 
layer 34. 
Memory cell 15 further comprises second electrically 

insulated conductive layer 40 having a first portion 41 
spaced from substrate surface 13 and overlaying a second 
predetermined channel area 52 of substrate surface 13. First 
portion 41 of second layer 40 is disposed generally inter 
mediate first substrate region 20 and second portion 37 of the 
floating gate layer 34, as shown in FIG.1. Second layer 40 
further has a second portion 43 overlaying floating gate layer 
34, floating gate layer 34 preferable having a small capaci 
tive coupling to the second layer 40. In a preferred embodi 
ment of the present invention, second layer 40 serves as a 
word-select line for selecting memory cell 15 (i.e., means for 
selecting cell 15), as well as other memory cells underlying 
second layer 40, for reading and programming. Additionally, 
second layer 40 serves as a combined select line and erase 
line for memory cell 15, as well as for other memory cells 
underlying second layer 40. The combined functions of 
second layer 40 greatly reduce the physical size of memory 
cell 15 over that of convention EEPROM/EPROM cells by 
eliminating the need for dedicated erasure, select, and con 
trol lines, as discussed below with reference to the reading, 
programming and erasure operations. 
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10 
As mentioned above, floating gate layers 30, 34, and 38 

are spaced and insulated from substrate surface 13 and from 
second layer 40. This spacing is provided by a dielectric 
shown at 50 in FIG. 1. As also mentioned above, the first 
portions of second layer 40 are spaced from substrate 
surface 13, which is also provided by dielectric 50. In a 
preferred embodiment of the present invention, dielectric 50 
comprises silicon dioxide (SiO2) for the dielectric insolation 
between substrate surface 13 and first layers 30, 34, and 38, 
between first layers 30, 34, 38 and second layer 40, and 
between substrate surface 13 and second layer 40. However, 
it may be appreciated that the present invention is not limited 
to the use of silicon dioxide as the insulating material 
between these layers and that other dielectric insulators, 
such as silicon nitride or a layer combination of oxide 
nitride-oxide, known to the art or to be developed in the 
future, can provide an equivalent function. 
Shown along with memory cell 15 in FIG. 1 are a set of 

symbol notations for indicating the application of voltages to 
selected electrodes of memory array 10. The notation Vois 
for representing the voltages applied to substrate region 20, 
the notation V is for representing the voltages applied to 
substrate region 22, the notation V is for representing the 
voltages applied to substrate region 24, and the notation V 
is for representing the voltages applied to second layer 40. 
Also shown along with memory cell 15 in FIG. 1 are an 
X-direction 60 in the plane of the cross-section shown in 
FIG. 1, a vertical plane 70, and a right edge 23 of substrate 
region 22. As discussed below in greater detail, direction 60, 
plane 70, and edge 23 are used in describing further pre 
ferred embodiments of the present invention. In one such 
further embodiment, floating gate layer 34 overlies substan 
tially all of substrate region 22 in the direction defined by 
X-direction 60. In another such further embodiment, right 
edge 23 of substrate region 22 substantially coincides with 
a side face 36 of floating gate layer 34 in plane 70. 
The compact nature and full-featured capability of the 

present invention will become clear from the following 
features, which may be used alone or in combination with 
one another in practicing various preferred embodiments of 
the present invention. 
As one preferred embodiment, the present invention may 

include an improved programming means for selectively 
tunneling electrons onto the floating gate 34 from substrate 
12. The improved programming means comprises a first 
means for selectively applying potential to first substrate 
region 20 and a second means for selectively applying 
potential to second substrate region 22. The first portion 35 
of floating gate 34 and substrate region 22 are further 
arranged such that a capacitive coupling exists therebetween 
which enables the coupling of a substantial amount of the 
potential applied to second substrate region 22 to the floating 
gate 34. This potential coupling substantially modifies the 
potential on the floating gate 34 during programming. Pref 
erably, at least approximately 25 percent of the potential 
applied to second substrate region 22 is coupled to floating 
gate layer 34 during programming. In further preferred 
embodiments, as discussed below in greater detail, approxi 
mately 50 percent to approximately 80 percent of the 
potential applied to second substrate region 22 is coupled to 
floating gate layer 34 during programming. 
The above-described capacitive coupling is substantially 

larger than that taught in the EEPROM and EPROM arts and 
is, in fact, taught against by the EPROM art. As discussed 
below in greater detail, the substantial coupling provided by 
the capacitive relationship between substrate region 22 and 
floating gate 34 serves to steer the floating gate during 
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programming and enhances the programmability and pro 
gramming efficiency of the present invention. As discussed 
below in greater detail, the electrons tunneled into floating 
gate 34 by this capacitive coupling during programming of 
memory cell 15 are generated in channel areas 51 and 52 as 
hot-electrons with sufficient energy to tunnel through dielec 
tric 50 to gate 34. In general, only a fraction of the 
hot-electrons generated in areas 51 and 52 are directed into 
the dielectric towards floating gate 34. The electric field 
between floating gate 34 and areas 51 and 52 is significantly 
increase by the voltage coupled to floating gate 34 from 
substrate region 22 by this capacitive coupling. This 
increases the fraction of hot-electrons directed towards and 
tunneled onto floating gate 34 and results in the greater 
tunneling efficiency. As such, the amount of hot-electrons 
generated in areas 51 and 52 may be reduced because of this 
increased efficiency. As the amount of hot-electrons gener 
ated in areas 51 and 52 is a function of the current density 
and potential difference between regions 20 and 22, the 
greater efficiency allows the use of lower potential differ 
ences and current densities between substrate regions 20 and 
22 during programming. In turn, the lower current and 
voltage levels allow operation from lower-level supply 
potentials, and enables the amount of isolation needed to 
prevent electrical "punch-through' between memory cells to 
be lessened. This latter benefit also allows for the reduction 
of area required for memory cell 15, leading to a more 
compact cell. 

Additionally, this coupling feature of this embodiment of 
the present invention allows a substantial portion of sub 
strate region 22 (or all of region 22) along X-direction 60 to 
be disposed underneath floating gate layer 34. This signifi 
cantly reduces the length of memory cell 15, thus making the 
memory cell 15 more compact. In contrast, the EEPROM 
and EPROM memory arts teach that a floating gate, such as 
layer 34, should be self-aligned to the source and drain n+ 
diffusion regions, such as regions 20 and 22, and that the 
capacitive coupling between the floating gate and the drain 
Substrate region should be minimized such that there is no 
substantial voltage coupling therebetween. 

It should be appreciated that the above-mentioned capaci 
tive coupling between region 22 and floating gate 34 may be 
achieved by having a predetermined relationship for the 
capacitances between floating gate 34, substrate region 22, 
second layer 40, and substrate 12. Specifically, as shown in 
FIGS. 1 and 3, there is a first capacitance C between 
floating gate 34 and second layer 40, a second capacitance 
C between floating gate 34 and substrate channel area 51, 
and a third capacitance C between floating gate 34 and 
second substrate region 22. (There are additional capaci 
tances, such as between second layer 34 and substrate region 
22, but they do not substantially impact on the above 
coupling in the manner described below.) The first and third 
capacitances are substantially fixed in value and may be 
calculated by techniques and methods well known in the art 
(e.g., parallel-plate approximation of C=AREAXDielectric 
Constant divided by dielectric thickness; C may also be 
determined by computer simulation.) The second capaci 
tance C between floating gate 34 and area 51 is variable in 
nature, depending on whether an inversion channel or a 
depletion zone is formed in area 51. As discussed below, the 
second capacitance may vary by +30% or more from a 
center value. 

As one way of ensuring that at least 25 percent of the 
voltage of substrate region 22 is coupled to floating gate 34 
during programming in this embodiment of the present 
invention, the third capacitance C between gate 34 and 
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12 
region 22 may be set to approximately 25 percent or more 
of the total capacitive coupling to floating gate 34 from 
surrounding conductive elements. (The principle for this is 
based on a formula for coupling voltages to a floating gate 
from one or more electrodes. The principle is well known in 
the floating gate device art and a mathematical basis therefor 
is derived below with reference to a more detailed discus 
sion of programming for a further embodiment of the 
present invention.) In this case, the principal surrounding 
electrodes comprise second layer 40, substrate area 51, and 
substrate region 22 and the total capacitance would comprise 
C+C+C. Thus, having C be at least 25 percent of the sum 
C+C+C would be one way of achieving at least a 25 
percent coupling of the potential of region 22 to the floating 
gate. 
As mentioned above, the second capacitance is variable in 

nature, which would appear to make it difficult to design the 
structure for this embodiment to have a third capacitance 
equal to or greater than 25 percent of the total sum of the 
above first, second, and third capacitances. However, as 
described below in greater detail, the second capacitance is 
substantially coupled in parallel with the third capacitance 
during much of the programming operation, and is typically 
smaller than the third capacitance. As such, the structure of 
memory cell 15 for this embodiment could be designed to 
meet the above criterion by neglecting the contribution of 
the second capacitance and by setting the third capacitance 
to be 25 percent or more of the sum of the first and third 
capacitances: C/(C+C)20.25. As such, the value of the 
third capacitance would be equal to or greater than one-third 
of the first capacitance. As the second capacitance adds in 
parallel with the third capacitance, the coupling percentage 
would increase as C. is added to both numerator and 
denominator: (C+C)/(C+C+C)20.25. In one preferred 
embodiment of the present invention, the value of C is set 
to be greater than the value of C to provide a ratio 
(C)/(C+C)20.50, and in another preferred embodiment 
the value of C is set to be greater than twice the value of C. 
to provide a ratio (C)/(C+C)20.67. In a further embodi 
ment detailed below, the value of C is set to be slightly 
more than three times the value of C to provide a ratio 
(C)/(C+C)20.75. 
With regard to this and other embodiments of the present 

invention, it should be appreciated that the EPROM prior art 
teaches against these embodiments since it teaches maxi 
mizing the capacitance C, which corresponds to the capaci 
tance between the control line and the EPROM floating gate, 
and the minimizing of the capacitance C, which corre 
sponds to the capacitance between the EPROM floating gate 
and the EPROM drain. Typically, the corresponding C 
capacitance in an EPROM device is ten times larger than the 
corresponding C capacitance in an EPROM device, giving 
a ratio of (C)/(C+C)=0.09. Furthermore, the EPROM art 
teaches that the control gate steers the floating gate rather 
than the drain region, as is done by substrate region 22 in this 
embodiment of the present invention. 

Before turning to further embodiments of the present 
invention, the variable nature of the second capacitance and 
the tracking of capacitance C with capacitance C. are 
briefly discussed. As mentioned above, the second capaci 
tance C2 from floating gate 34 to area 51 is variable in 
nature, depending on whether an inversion channel or a 
depletion Zone is formed in area 51. As is well known in the 
semiconductor device art, an inversion channel is formed in 
area 51 when the voltage of floating gate 34 is substantially 
positive with respect to area 51, i.e., substantially more than 
one threshold voltage above the potential of area 51. The 
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inversion channel acts substantially like a conductive plate 
and the second capacitance may be calculated according to 
a parallel-plate capacitor model, as described above. When 
the channel area 51 is inverted, the second capacitance 
attains its maximum value. As the voltage of the floating 
gate decreases with respect to the voltage of area 51, the 
channel becomes depleted and the second capacitance 
decreases to a minimum, which is approximately 40 percent 
of its maximum value. As also mentioned above, the second 
capacitance C adds with the third capacitance C. during 
most of the programming operation. This is because there is 
a substantially continuous inversion layer from the boundary 
54 of area 51 to substrate region 22 during programming 
and, consequently, the potential distribution in area 51 
substantially tracks the potential of region 22. Thus, the 
voltage of area 51 follows the voltage of region 22 and the 
second and third capacitances add together, as they are 
referenced to a common electrode: floating gate 34. 

Having thus described the nature of the second capaci 
tance C2, the discussion now turns to further aspects of the 
present invention which contribute to the compact nature 
and full-featured capability of the present invention. The 
features of the following embodiments may be combined 
with the above-described embodiment or others in practicing 
the present invention. 

In one aspect of the present invention, the programming 
means includes providing a first spacing distance (i.e., 
thickness) between second portion 37 of floating gate (first 
layer)34 and the first channel area 51 (substrate surface 13), 
and a second spacing distance between first portion 41 of 
second layer 40 and second channel area 52 (substrate 
surface 13). Preferably, the first spacing distance is less than 
the second spacing distance. As discussed below in greater 
detail, the step in spacing distances over channel areas 51 
and 52 generates an electric field into floating gate 34 from 
area 52. This electric field aids the introduction of electrons 
during the programming process and, therefore, allows 
lower programming currents and voltages to be used. This, 
in turn, makes it feasible for an on-chip generator to provide 
the programming voltages (due to the lower programming 
current) and for a more compact cell, since the voltage 
reduction allows for smaller isolation regions, as indicated 
above. The nature of the electric field enhancement is 
discussed below in greater detail after the nature of the 
hot-electron programming mechanism is discussed. 
A preferred embodiment of the present invention further 

comprises erasure means for selectively removing electrons 
from floating gate layer 34 to the second layer 40. As 
described below in greater detail, a high voltage (e.g., -20 
V) is applied to second layer 40 while substrate regions 20 
and 22 are grounded during the erasure operation. Prefer 
ably, second layer 40 provides means for selecting memory 
cell 15 for erasure by the selective application of the high 
voltage to second layer 40. Thus, second layer 40 may also 
be used to select memory cell 15 for erasure operations as 
well as for programming and reading operations, as indi 
cated above. The features of this embodiment allows the 
present invention to be constructed in a compact manner 
since the second layer serves more than one function. 

It may be appreciated that any of the above described 
embodiments of the present invention may be used to 
represent binary data information in the form of two charge 
levels, as for example in a digital memory device, or may be 
used to represent analog data information in the form of 
continuous charge levels, as in an analog memory circuit. 
Additionally and as discussed below in greater detail, it may 
be appreciated that the binary information may be repre 
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14 
sented as a first state having a first charge level set by the 
programming means of the present invention and second 
state having a second charge level set by the erasure means 
of the present invention. However, it may be appreciated that 
the binary states may have corresponding charge levels 
which are both set by the programming means after an 
erasure of the memory device. In this case, the programming 
means would tunnel two separate levels of charge to repre 
sent the two digital states. 

It may also be appreciated that the above features of these 
embodiments of the present invention may be used alone or 
in combination in practicing further embodiments of the 
present invention, described below. 

Having described the general structure of memory cell 15, 
the physical dimensions and characteristics of a preferred 
structural embodiment of memory cell 15 are now given 
with reference to FIG. 2. Note that isolation regions 16 
preferably comprises LOCOS isolation structures and 1.0 
micron lithography line widths are used. In this preferred 
embodiment, the dimensions of memory cell 15 are approxi 
mately 3.0 microns long (in the direction of second layer 40 
in FIG. 2) by 5.0 microns wide (in the direction perpen 
dicular to second layer 40 in FIG. 2). Approximately 3.0 
microns of the width in this preferred embodiment is used by 
isolation regions 16 to isolate memory cell 15 form neighbor 
memory cells. In this preferred embodiment of memory cell 
15, the width of substrate regions 20, 22, 24 (i.e., the 
narrowest dimension of these substrate regions in FIG. 2) is 
approximately 1.0 micron. Additionally, the dimensions of 
floating gate layer 34 are approximately 1.3 microns wide by 
approximately 1.7 microns long, the long dimension being 
in the same direction of word line (second layer) 40. The 
width of second layer 40 is approximately 1.3 microns. The 
overall area of this preferred embodiment of memory cell 15 
is approximately 15.0 square microns, which is approxi 
mately one-half the area that is currently required for form 
ing state of the art, full-featured floating-gate EEPROM 
devices. 

It may be appreciated that the dimensions of region 16 
may be smaller when trench isolation or self-aligned depos 
ited isolation processes are used for forming regions 16 than 
when a LOCOS isolation process is used. With these alter 
nate isolation processes, it is believed that the width of the 
isolation regions may be reduced from approximately 3.0 
microns to approximately 1.0 micron, and the corresponding 
width of memory cell 15 may be reduced from approxi 
mately 5.0 microns to approximately 2.3 microns. The 
overall cell area would then be approximately 7.0 square 
microns, which is approximately one fourth the area now 
required for forming state of the art, full-featured floating 
gate EEPROM devices. 

Although specific numerical dimensions have been given 
in this preferred embodiment, it may be appreciated that 
these dimensions may be scaled with respect to one another 
as taught in the art to either increase or decrease the physical 
size of memory cell 15. Such scaling may occur, for 
example, when the minimum lithographic dimension is 
varied or to accommodate the addition of metal-strapping 
lines for the bit lines (substrate regions 20, 22, 24) or for the 
word lines (second layers 40, 45). (A metal-strapping line is 
a top metal line which runs parallel to and above a corre 
sponding bit line or word line and is periodically connected, 
i.e., strapped, to its corresponding bit or word line. The 
metal-strapping line serves to reduce the resistance of the bit 
or word line, which is often made from higher resistive 
materials, such as substrate diffusion and polysilicon, than 
the strapping metal.) Such an example of metal-strapping is 
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discussed below as a further embodiment of the memory 
array and memory cell according to the present invention. 
With reference to FIG. 1, the composition and dimensions 

of various layers for the above preferred embodiment are 
now discussed. In this preferred embodiment, first layers 30, 
34, 38 and second layers 40, 45 each comprise a semi 
conductive polysilicon material having a layer thickness of 
approximately 250 nanometers to 400 nanometers. First 
layers 30, 34, and 38 are spaced from substrate surface 13 by 
approximately 20 nanometers. First portion 41 of second 
layer 40 is spaced from substrate surface 13 by approxi 
mately 40 nanometers and second portion 43 of second layer 
40 is spaced from the top surface of floating gate layer 34 by 
approximately 170 nanometers. The shortest distance 
between the outermost tip of corner 39 and second portion 
43 of second layer 40 is approximately 50 nanometers. In 
this preferred embodiment, substrate regions 20, 22, and 24 
are diffused into substrate 12 from surface 13 to a depth of 
approximately 300 nanometers or less and preferably have a 
sheet resistivity of approximately 10-50 ohms per square. 
Additionally, predetermined channel areas 51 and 52 are 
implanted with respective threshold-adjustment implants 
such that their threshold voltages (i.e., MOS-device VS) 
are approximately 3 volts and 1 volt, respectively. (A con 
ductivity threshold of 3 volts for area 51 means that the 
conductivity type of area 51 changes from its intrinsic first 
conductivity type to the second conductivity type when the 
voltage of floating-gate layer 34 is more than 3 volts greater 
than the voltage of area 51. (Channel area 51 increases in 
conductivity of the second type as the voltage difference 
between layer 34 and area 51 increases beyond 3 volts.) It 
is believed that the -3 W threshold implant for area 51 
increases the endurance of the device by centering the 
"programming' window to achieve the maximum cell 
endurance (i.e., maximum number of program/erase cycles). 
It is further believed that the threshold implant for area 51 
may be between approximately 2 V and approximately 4 V 
depending upon specific properties of the dielectric (oxide) 
and the specific structural dimensions. 

PROGRAMMING, ERASING, AND READING 
OPERATIONS 

Having now generally described the structure and features 
of memory cell 15 and the dimensions and characteristics of 
a preferred structural embodiment of memory cell 15, the 
programming, reading, and erasing operations performed on 
memory cell 15 according to the present invention are now 
described. In the following discussion, the preferred mecha 
nisms for performing these operations are generally 
described. Then, an approximate equivalent electrical circuit 
model is introduced as an aid in understanding these opera 
tions, particularly in the context of practicing the invention 
in a memory array. Finally, a detailed discussion of the 
programming, erasure, and reading operations is provided 
with reference to the above-described preferred structural 
embodiment of memory cell 15, the generally described 
mechanisms, and the introduced electrical circuit model. 
As indicated above, the representation of information in 

memory cell 15 is in the form of storing electrons on a 
floating gate conductor. The floating gate, when referenced 
to the substrate voltage or the voltage of another reference 
conductor, will have a voltage as a function of the charge 
disposed on the floating gate. For a simple exemplary 
two-conductor system, such as a single floating gate and a 
single external conductor, the floating gate voltage V with 
respect to the external conductor voltage V is a function 
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16 
of the net electronic charge Q on the floating gate divided 
by the capacitance C between the two electrodes: V-Qro/ 
C+V, as determined from the well-known electrostatics 
formula Q=CV. For more than one external conductor such 
as n external conductors, the relationship is more compli 
cated and is given by: 

ian 
Oro + X. C.V. (1) 

WFG = in 
X C. 

i=1 

where the index i represents the external conductors, V. 
represents the voltage of the i' external conductor with 
respect to a common ground, and C represents the capaci 
tance between the i' external conductor and the floating 
gate. The floating gate voltage V and the voltages V are 
referenced to a common reference potential, such as ground. 
Equation 1 may be further simplified to: 

QFG in C (2) 
Vec=- *C, V 

where C represents the summation of the capacitances Ci. 
In turn, equation 2 may be further simplified by noting that 
the first term Q/C has the units of voltage and, in the 
absence of external voltages V, represent the quiescent 
ground state voltage on the floating gate Vro, and by 
further noting that each C/C can be replaced by a corre 
sponding constant coupling ratio R, which ranges in value 
between 0 and 1: 

VFG = Wig+ : RV 
e 

(3) 

The voltages in equation 3 are, for ease of discussion, 
referenced to a common ground potential of Zero volts. For 
the floating gate layer 34 of memory cell 15, there are 
primarily three such R coupling coefficients: R for the 
capacitive coupling between floating gate layer 34 and 
second layer 40, R for the capacitive coupling between 
layer 34 and substrate channel area 51, and R for the 
capacitive coupling between layer 34 and substrate region 
22. The coupling coefficients R, R2, and R correspond to 
the capacitances C, C2, and C, respectively, discussed 
above with reference to the capacitive-coupling embodiment 
of the present invention. For the preferred structural embodi 
ment of memory cell 15 with the above-given structural 
parameters, typical values for each of these coefficients is as 
follows: R2-0.2, Ras0.2, and Ras0.6, and a typical value for 
the total capacitance Cris 5 femto-Farads (10 Farads). As 
can be seen, the capacitive coupling to second substrate 
region 22 (R) is greater than that to the capacitive coupling 
to second layer 40 (R), which is in accordance to the 
above-described capacitive-coupling embodiment of the 
present invention. As with capacitance C2, ratio coefficient 
R is variable in nature since C is variable. The value of 0.2 
is the maximum value for this ratio corresponding to when 
an inversion layer is formed in area 51, and is valid during 
much of the programming, reading, and erasing operations. 
R has a minimum value of approximately 0.09, as when a 
depletion zone is formed in area 51. For the purposes of 
discussing this embodiment of the present invention, a value 
of 0.2 is used. Equation 3 and these coefficients are used 
below in the detailed discussions on programming and 
erasure operations. 

Since the floating gate is electrically isolated by dielectric 
material as indicated in the above structure discussion, its 
voltage must be detected by indirect means. In a preferred 
embodiment of the present invention, a portion of the 
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floating-gate layer 34 is disposed over and in close proxim 
ity to a predetermined area of the substrate to form a channel 
region in the substrate. The conductivity of this area is 
modulated as a function of the floating gate's voltage, and in 
turn, the charge state of the floating gate. In the embodiment 
of the present invention shown in FIG. 1, this area is shown 
as first predetermined channel area 51. The conductivity 
modulation may be detected by applying an external sense 
voltage across the channel to determine the conductivity 
based on the amount of sense current that flows in response 
to the sense voltage. In the embodiment of the present 
invention shown in FIG. 1, the sense voltage is applied 
between substrate regions 20 and 22, as described in greater 
detail below. In an embodiment of the present invention in 
which binary digital information is stored, the floating gate 
layer 34 of memory cell 15 stores binary digital information 
in the form of two discrete charge. These charge levels are 
preferably chosen to provide a wide difference between 
conductivity states of the above-mentioned substrate area, 
such as area 51 in FIG. 1. In a preferred embodiment of the 
present invention, one charge level provides substantially 
Zero conductivity while the other charge level provides a 
significant amount of conductivity which can be detected by 
Current sensing circuits. However, it may be appreciated that 
digital information can be effectively stored by having two 
charge levels which both provide non-zero levels of con 
ductivity and which are measurably distinct. 

During the above conductivity sensing operations, prede 
termined channel area 52, which is adjacent to channel area 
51, is placed in a conductive state by second layer 40 so that 
the conductivity state of area 51 may be measured. In this 
way, second layer 40 comprises means for selecting memory 
cell 15 for reading (as well as programming) operations. 
Further details on sensing the conductivity state of area 51 
and on reading information from memory cell 15 are pro 
vided below. 
To change the net charge on the floating gate layer 34, 

electrons are introduced onto the floating gate to lower the 
net charge level (electrons have a negative charge) and are 
removed from the floating gate to increase the net charge 
level. In general, electrons are introduced onto the floating 
gate to lower the net charge level from a positive value to a 
less positive or to a negative value, and electrons are 
removed from the floating gate to raise the net charge level 
from a negative value to a less negative or to a positive 
value. The process of introducing electrons is called "pro 
gramming' and the process of removing electrons is called 
"erasing” or "erasure'. In the present invention, electrons 
are introduced onto the floating gate layer from the substrate 
regions by hot electrons being generated in the channel 
region and subsequently directed into the floating gate 
through the dielectric spacing layer 50 between the floating 
gate and the substrate. This process is termed hot-electron 
programming (HEP) and the memory devices according to 
the present invention are referred to as HEP-EEPROMs. 
Electrons are removed from the floating gate layer 34 by 
tunneling of electrons from the floating gate layer to an 
auxiliary conductor, such as second layer 40. This process is 
known as Fowler-Nordheim tunneling. The hot-electron 
tunneling and the Fowler-Nordheim tunneling mechanisms, 
as they are employed in the present invention, are discussed 
below in greater detail. 
To generate hot-electrons to be tunneled onto floating gate 

(first) layer 34, a potential difference is applied between 
substrate regions 20 and 22, with region 22 being more 
positive, and a current is caused to flow. Second layer 40 is 
set to a potential with respect to substrate region 20 which 
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causes second predetermined channel area 52 to change its 
conductivity so that electrons may flow from substrate 
region 20 towards substrate region 22 through channel area 
52. In this way, second layer 40 comprises means for 
selecting memory cell 15 for programming operations. In a 
preferred embodiment of memory cell 15, the conductivity 
type of area 52 is initially set to p-type (i.e., via the substrate 
doping), which substantially prevents the conduction of 
electrons through channel area 52. However, as well known 
in the semiconductor device arts, the effective conductivity 
type of area 52 may be modulated to n-type by the placement 
of second layer 40 (first portion 41) over channel area 52 and 
the application of a positive voltage greater than a prede 
termined threshold value, of for example l V, to second layer 
40. The conductivity type may be changed back to p-type by 
the application of a voltage less than the predetermined 
threshold value. As well known to the semiconductor art, the 
predetermined threshold value may be adjusted by changing 
the thickness of the dielectric space between channel area 52 
and first portion 41 of second layer 40 or by introducing a 
threshold implant as discussed above. 

Also during programming operations, the potential on 
floating gate layer 34 with respect to substrate region 20 is 
such that channel area 51 is caused to change its conduc 
tivity so that electrons may flow from channel area 52 to 
substrate region 22. (As discussed below in greater detail, 
the boundary between channel areas 51 and 52 is indicated 
by reference numeral 54 in FIG. 1.) In a preferred embodi 
ment of memory cell 15, the conductivity type of channel 
area 51, like channel area 52, is initially set to p-type (i.e., 
via the substrate doping), which substantially prevents the 
conduction of electrons through channel area 51. However, 
as for area channel 52, the effective conductivity type of 
channel area 51 may be modulated to n-type by the place 
ment of floating-gate layer 34 (second portion37) over area 
51 and the application of a positive voltage greater than a 
second predetermined threshold value between floating gate 
34 and channel area 51. During programming, the potential 
on floating gate layer 34 is sufficiently above the second 
predetermined threshold so as to invert the conductivity type 
of area 51. Typically, the charge on floating-gate layer 34 in 
the preferred embodiments is initially set by a preceding 
erase operation such that voltage on the floating-gate layer 
34 at the beginning of a program operation is at a positive 
value of approximately 7 V to 10 V, as discussed below in 
greater detail. 
With the conductivity type of channel areas 51 and 52 

changed to allow electrons to flow from substrate regions 20 
and 22, a sufficient voltage is applied across regions 20 and 
22 to create a high-electric field region at a point in substrate 
12 between regions 20 and 22, the point being located in 
portions of either or both of channel areas 51 and 52. In this 
high-electric field region, some electrons are accelerated to 
sufficient speed, direction, and energy to tunnel into second 
portion 37 of floating-gate layer 34 as hot electrons. To date, 
many details of a complete theoretical explanation of the 
hot-electron tunneling process are still unknown to the 
semiconductor device art (e.g., the exact point of tunneling 
and the minimum speed, energy and direction requirements). 
However, the effects and uses of the channel hot-electron 
tunneling mechanism have been well demonstrated empiri 
cally in EPROMs for over 20 years. 

Without limiting the invention to any particular theoreti 
cal explanation or model, it is theorized that the hot electrons 
are generated in a channel "pinch-off region located near 
the boundary 54 between channel areas 51 and 52. It is 
further theorized that there is a large electric field in the 
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pinch-off region which accelerates the hot electrons, the 
large electric field being directed from region 22 to region 20 
and being parallel to substrate surface 13. As known to the 
general electronics arts, electrons generally flow opposite to 
the direction of the local electric field. The large electric field 
is often characterized as being tangential since it is oriented 
parallel to substrate surface 13. It is further theorized that an 
avalanche breakdown process may occur in or near the 
pinch-off region to multiply the number of hot electrons. 
Normally, the hot-electrons would flow in a direction co 
linear with the direction of the large tangential electric field. 
However, in and around the pinch-off region, it is theorized 
that the hot-electrons interact with the semiconductor lattice 
structure in what are known in the solid-state physics art as 
"scattering events”, of which there are many types. As a 
consequence, the flow directions of the hot-electrons are 
altered away from the above-described co-linear direction 
into a broad distribution of directions. As a result, many of 
the electrons are directed towards substrate surface 13 and 
towards floating-gate layer34. It is further theorized that the 
hot-electrons have wide distributions of energy and direction 
and that some hot-electrons have sufficient energy and 
direction, or a sufficient combination thereof, to tunnel 
through the dielectric space 50 to the floating-gate layer 34. 

It is further believed that the location of the pinch-off 
region is a function of the applied potentials to substrate 
regions 20, 22 and to layers 34,40. Detailing the complete 
parametric relationship between the location and size of the 
pinch-off region and these applied potentials is beyond the 
scope of this document and is not necessary for practicing 
and understanding the present invention. However, the fol 
lowing qualitative relationships between the applied poten 
tials and the location of the pinch-off region are given for the 
above described structural values of memory cell 15. It is 
believed that the pinch-off region is generally located in 
boundary 54 and extends into approximately the latter third 
portion of channel area 52 which is next to boundary 54 for 
the following starting set of bias voltages: -0V on substrate 
regions 20, -8 V or more on substrate region 22 (bit line), 
~1.5 V on second layer 40 (word line), and ~12 V on 
floating-gate layer 34 (first layer). Slight variations from 
these starting set values, on the order of 1 to 2 volt 
excursions, are qualitatively given. The voltage on substrate 
region 20 is taken as a reference and, therefore, the variation 
in the size and location of the pinch-off region with respect 
to the voltage on region 20 is not discussed. As the voltage 
on substrate region 22 increases from its above starting 
value, the left end of the pinch-off region moves towards 
substrate region 20 and the right end of the pinch-off region 
moves slightly towards channel area 51. As the voltage on 
substrate region 22 decreases, the left and right ends of the 
pinch-off region move towards one another. As the voltage 
on second layer 40 increases from its above starting value, 
the left end of the pinch-off regions moves towards boundary 
54 and it is believed that the right end moves towards 
channel area 51. As the voltage on second layer 40 
decreases, the left end of the pinch-off region moves towards 
region 20 and it is believed that the right end of the pinch-off 
region moves towards area 52. Finally, as the voltage on 
floating gate layer 34 increases, the pinch-off region moves 
towards region 20. As the voltage on floating gate layer 34 
decreases, the pinch-off region moves towards region 22. 

It is also believed that a second and separate pinch-off 
region may form in predetermined channel area 51 near 
substrate region 22 under some bias conditions. It is believed 
that this may occur near the completion of the programming 
operation and that it may also generate hot-electrons which 
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may be tunneled onto floating-gate layer 34, and thereby 
contribute to the programming of layer 34. 
The programming mechanisms that are believed to be 

used by the present invention in tunneling electrons to 
floating gate 34 have thus far been described. Additional 
features are now described which comprise further means 
for enhancing the above-described programming mecha 
nisms. Specifically, the features described below are 
designed to enhance the generation of hot-electrons as well 
as the directing of hot-electrons from substrate 12 into 
floating gate layer 34, and thereby to improve the efficiency 
of cell programming. The first enhancing means, which has 
been described above, comprises means for modifying the 
voltage of floating-gate layer 34 by coupling voltage from 
substrate region 22 to layer 34 via the capacitive coupling 
between region 22 and layer 34. This may be accomplished 
by increasing the capacitive coupling between region 22 and 
layer 34, as previously described or by increasing the 
potential of region 22, as in a further embodiment. A positive 
voltage (with respect to substrate region 20) applied to 
substrate region 22 raises the potential of floating-gate layer 
34 to enhance the direction of electrons into layer 34 and 
thereby also increases the efficiency of the programming 
operation. 

It is believed that the enhancement in efficiency as a result 
of coupling potential to floating gate 34 from substrate 
region 22 occurs from the following effects. First, it is 
believed that the coupling of more positive potential to the 
floating gate layer 34 increases the n-type conductivity (i.e., 
inversion layer) of channel area 51 such that less potential 
voltage is "dropped' across area 51. This allows more of the 
potential applied between regions 20 and 22 to be "dropped' 
across the pinch-off region to enhance the generation hot 
electrons and the energy levels of the hot-electrons. Second, 
it is believed that the additional positive potential creates an 
additional electric field directed from second portion 37 of 
floating-gate layer 34 to area 51 which aids the tunneling of 
electrons into layer 34 (again, electrons flow, or tend to flow, 
opposite to the direction of the local electric field). The 
additional electric field is believed to be substantially per 
pendicular to substrate surface 13. 
The capacitive coupling between floating gate layer 34 

and second substrate region 22 may be enhanced as follows. 
In one preferred embodiment, first portion 35 offloating gate 
layer 34 overlays a substantial portion of second substrate 
region 22 in the direction indicated by X-direction 60. This 
provides a greater surface area over which capacitive cou 
pling between floating gate 34 and substrate region 22 may 
occur. Direction 60 is defined by the physical position of 
second substrate region 22 in relation to first substrate region 
20, with X-direction 60 being directed from first substrate 
region 20 to second substrate region 22 along the length of 
memory cell 15. In those embodiments of the present 
invention where the bit lines (20,22,24) are substantially 
parallel to one another and orthogonal to the word lines 
(40.45), X-direction 60 is the direction of the shortest 
distance from region 20 to region 22. 
More specifically, first portion 35 of floating gate layer 34 

preferably overlays substantially all of second substrate 
region 22 in a cross-sectional plane perpendicular to first 
surface 13 of substrate 12, as shown by the cross-sectional 
plane along word line 40 in FIG. 1. In this embodiment, 
second substrate region 22 includes a first perimeter right 
edge 23, as shown in FIG. 1, with second substrate region 22 
being disposed between its first perimeter edge 23 and first 
substrate region 20. The surface of first perimeter edge 23 
defines a first plane 70 which is perpendicular to substrate 12 
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and passes through first perimeter edge 23. In other words, 
plane 70 is perpendicular to substrate surface 13 and coin 
cides with, or comprises, first perimeter edge 23. In this 
embodiment, first portion 35 of floating gate layer 34 and 
second substrate region 22 are disposed substantially on the 
same side of first plane 70, as for example the left side of 
plane 70 shown in FIG. 1. Described in another way, first 
portion 35 of floating gate layer 34 is disposed substantially 
between first substrate region 20 and first plane 70. 

Note that it is not essential that the overlapping be 
complete, as side face 36 may be spaced from first plane 70 
by a predetermined distance such that second substrate 
region 22 underlaps first portion 35 of layer 34 by this 
predetermined distance in a direction perpendicular to first 
perimeter edge 23 (also plane 70). The overlap may also be 
taken to the point where the outermost perimeter edges of 
floating gate layer 34 and substrate region 22 substantially 
coincide. In such an embodiment, floating gate layer 34 
comprises a perimeter side face 36, as shown in FIG. 1, 
which substantially coincides with first plane 70, to provide 
a maximum amount of overlap between portion 35 and 
region 22 in the direction of X-direction 60. This is explicitly 
shown in an embodiment of memory cell 15 shown as 15a 
in FIG. 4A. 
As briefly discussed above, the thickness between channel 

area 51 and second portion 37 of floating-gate 34 may be set 
to a different value, preferably less, than the thickness 
between channel area 52 and first portion 41 of second layer 
40 to enhance the hot-electron tunneling current. As exem 
plary values, the first spacing distance (thickness) between 
substrate channel area 51 and second portion 37 may be set 
to 20 nanometers and the second spacing distance (thick 
ness) between substrate channel area 52 and first portion 41 
may be set to 40 nanometers. Without limiting this feature 
of the invention to any particular theoretical explanation or 
model, it is believed that the enhancement in hot-electron 
tunneling occurs from the following effects. First, it is 
believed that the smaller thickness between channel area 51 
and first portion 37 of layer 34 enhances the n-type conduc 
tivity (i.e., inversion layer) of area 51 with respect to that of 
channel area 52 such that less potential voltage is "dropped' 
across area 51 and more is "dropped” across area 52 (i.e., 
area 51 has higher conductance than area 52). This allows 
more of the potential applied between regions 20 and 22 to 
be "dropped" across the pinch-off region, which enhances 
the generation and energy level of hot-electrons when the 
pinch-off region is located in area 52. Second, it is believed 
that the smaller thickness tends to confine the pinch-off 
region more to channel area 52 and to boundary 54 rather 
than channel area 51. Third, it is believed that the smaller 
thickness enhances any electric field directed from second 
portion 37 offloating-gate layer 34 to area 51 which aids the 
tunneling of electrons into layer 34. (This electric field is 
believed to be substantially perpendicular to substrate sur 
face 13.) In may be appreciated that this feature may be 
combined with the above-described embodiment where 
additionally positive potential is coupled to the layer 34 via 
substrate region 22, to further enhance the direction of 
hot-electrons onto floating gate 34. 

Specific examples of applying voltages to memory cell 15 
during a programming operation are discussed in greater 
detail below, after discussing the approximate equivalent 
electrical circuit for memory cell 15. Having generally 
described the mechanisms for introducing (programming) 
electrons onto floating gate layer 34, the preferred mecha 
nism for removing (erasing) electrons is now described. 

In the preferred embodiments of the present invention, 
electrons are removed from floating gate layer 34 to second 
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layer 40 by the Fowler-Nordheim tunneling mechanism. In 
this mechanism, the tunnel-current density is proportional to 
the square of the electric field between layers 34 and 40 
times an exponential function of the electric field, as indi 
cated below: 

J=CE exp (-E/E) (4) 

where E is the electric field between layers 34 and 40 at the 
point of electron emission, and C and E are constants and 
are functions of the electron's effective mass and the effec 
tive barrier height between conductor 34 and the dielectric 
material between layers 34 and 40. From a practical point of 
view, a threshold amount of electric field Ery must be 
reached before a significant amount of current can be 
tunneled. In a preferred embodiment of the present inven 
tion, an exemplary significant amount of current is on the 
order of approximately 1x10 amperes per square centi 
meter (A/cm). Given the structural features and dimensions 
of layers 34, 40 and the dielectric therebetween, the thresh 
old electric field Ery corresponds to a tunneling threshold 
voltage V, which typically ranges between 11 V-15 V 
for enhanced-emission tunneling structures using a SiO, 
dielectric (50 nm-70 nm thick), as discussed in more detail 
below. 

During erasure operations according to the present inven 
tion, the voltage of second layer 40 is raised to a point where 
a 11 V-15 V potential difference between layers 40 and 34 
is developed. Due to the small capacitive coupling between 
layers 34 and 40, the voltage of layer 34 rises somewhat as 
the voltage of second layer 40 rises. However, the capacitive 
coupling between floating-gate layer34 and substrate 12 and 
substrate region 22 reduces the amount the voltage of 
floating-gate layer 34 rises in response to the voltage on 
second layer 40. When the voltage difference between layers 
40 and 34 reaches the threshold voltage V, electrons 
begin tunneling from floating-gate layer 34 to second layer 
40 and the voltage of the floating-gate layer 34 begins to rise 
with the voltage on second layer 40. Depending upon how 
fast the voltage on layer 40 is raised and upon the rate at 
which electrons can be tunneled from layer 34, the voltage 
difference between layers 40 and 34 may substantially 
exceed the threshold tunneling voltage V. At some point, 
the voltage on second layer 40 ends its rise and settles at a 
constant value. The tunneling of electrons from layer 34 
continues until either (1) the voltage difference between 
layers 40 and 34 settles back down to slightly less than 
Vry, or (2) the voltage of layer 40 is ramped down to a 
lower potential. During erasure operations according to the 
present invention, substrate regions 20 and 22 are preferably 
grounded to substantially zero volts and second layer 40 is 
raised up to a voltage of 20 V or more. 
One advantage of providing erasure of electrons to the 

second layer 40 rather than to a substrate region, as is done 
in the flash-EPROM device art, is that the junction isolation 
constraints for the substrate regions (such as regions 20 and 
22) may be relaxed. Consequently, the substrate regions may 
be spaced closer together to provide a more compact 
memory cell. The explanation for this is as follows. When 
erasure is done to a substrate region, as with many flash 
EPROM devices, a large voltage of approximately 15-20 V 
is applied to the substrate region with respect to the substrate 
and to other un-biased substrate regions. This voltage causes 
electrons to tunnel from the floating gate to the biased 
substrate region. The high voltage applied to the substrate 
region causes the p-n junction formed between the substrate 
region and the substrate to become reverse biased and the 
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depletion width of the p-n junction to extent outward. To 
prevent the junction from breaking down or from punching 
through to another substrate region, and hence shorting out 
the applied voltage needed for erasure, the substrate region 
must be formed with sufficientjunction depths with junction 
radii and must be placed a sufficient distance away from an 
adjacent substrate region in these flash-EPROM devices. As 
well known to the semiconductor fabrication art, the mag 
nitudes of the junction depths, junction radii, and spacings 
between adjacent substrate regions increase with the applied 
voltage. Thus, by providing erasure to second layer 40 rather 
than to a substrate region, the above junction depths, radii, 
and spacings used in the present invention may be much 
smaller than those used in currently available flash EPROM 
memory devices since such high voltages are not used. This 
further contributes to the ability to provide a more compact 
memory cell according to the present invention. On the other 
hand, other types of flash EPROM memory devices use 
small junction depths, radii and spacings but perform the 
erasure operation on a block of memory cells, or even over 
the entire memory array. The blocks are typically arranged 
along columns of the memory array and special grounding 
techniques are used for the block erasure which prevent 
large breakdown currents from occurring. This approach, 
however, is not compatible with full-featured capabilities of 
the EEPROM art, as a block of memory cells must be erased 
in order to erase a single memory cell or a row of memory 
cells. 
From an inspection of equation 4, the tunneling current 

during the erasure operation can be enhanced significantly 
by increasing the electric field during erasure. This may be 
done in the following ways, which are discussed with 
reference to three further embodiments of memory cell 
according to the present invention shown at 15a in FIG. 4A, 
15b in FIG. 4B, and 15c in FIG. 4C, respectively. The first 
way, of course, is by increasing the potential applied to 
second layer 40. This is particularly useful when the top 
surface of floating gate layer 34 is flat and smooth, such as 
shown by memory cell 15a shown in FIG. 4A. The reference 
numerals in FIG. 4A are the same as those shown in FIG. 1 
with the exception of the addition of the notation "a'. The 
square corner edges are shown at reference numeral 39a. In 
this embodiment, the threshold tunneling voltage Vry is a 
function of the thickness of the dielectric between layers 34 
and 40, the material properties of the layers 34 and 40, the 
material properties of the dielectric 50 between layers, and 
of the curvature of the corners of floating-gate layer 34. 
A second way of enhancing the tunneling current is by 

introducing one or more enhanced-emission structures on 
the top surface of floating gate layer 34 which is directed 
towards second layer 40. Each such enhanced-emission 
structure comprises a rounded emitting surface having a 
radius of curvature which enables an enhancement of the 
local electric field near the rounded surface, the enhance 
ment of the electric field being in the range of approximately 
2-10 times the electric field occurring over a flat, planar 
surface. Such an enhanced emission structure concentrates 
the electric field lines at its rounded emitting surface. Hence, 
the electric field at the points of electron emission can be 
greatly increased while maintaining or lowering the poten 
tial difference between layers 34 and 40. Such an enhanced 
emitting surface may comprise a radius of curvature which 
is small (i.e., less than) in relation to the spacing distance, or 
"dielectric thickness", between layers 34 and 40. The spac 
ing distance and "dielectric thickness' are explained as 
follows. As indicated above, second portion 43 of second 
layer 40 overlies floating gate layer 34 and is electrically 
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insulated therefrom. Preferably, second portion 43 is spaced 
from floating gate layer 34 by a selected distance to provide 
the electrical insulation, which is preferably provided by a 
dielectric material of a selected thickness. Therefore, the 
preselected distance is intended to mean the largest perpen 
dicular distance between portion 43 and floating gate layer 
34. Thus, with regard to the enhanced emitting surface, the 
value of the radius of curvature of the enhanced emission 
structure is preferably less than this selected distance 
between said first layer (34) and said second layer (40). 

In the embodiment of the present invention shown in FIG. 
1, exemplary enhanced emission structures are shown at 
reference numerals 39. Each of these structures is disposed 
as a comer edge of floating gate layer 34 on the top surface 
of floating gate layer 34 next to a side face 36 of floating gate 
layer 34. The top surface of layer 34 is disposed away from 
substrate surface 13 and each side face 36 disposed perpen 
dicular to substrate surface 13. Corner edge 39 is disposed 
between the top surface and side face 36 of layer 34, and 
facing second layer 40. Preferably, corner edge 39 forms an 
acute angle between the top surface and side face 36. Corner 
edge 39 preferably comprises a substantially rounded emit 
ting surface at which the electric field is greatly enhanced 
over the electric field present at, for example, the planar 
region at the middle of floating gate layer 34. 

Another example of an enhanced emission structure com 
prising a corner edge and having a similar function to edge 
39 of FIG. 1 is shown by memory cell 15b in FIG. 4B. The 
reference numerals in FIG. 4B are the same as those shown 
in FIG. 1 with the exception of the addition of the notation 
"b". The enhanced emission structures according to this 
embodiment are shown at 39b, 
A third way of enhancing tunneling current is by forming 

a texturized surface having a plurality of bumps (e.g., 
surface texture) on the top surface of floating-gate layer 34. 
The bumps are shown in memory cell 15c of FIG. 4C and 
are indicated by the serration on the top surface of layer 34. 
Each bump comprises an enhanced emission structure and 
may further comprise a small projection from the top surface 
of layer 34 and a spherically rounded top surface, or tip, 
having a radius of curvature which enables an enhancement 
of the local electric field near the rounded surface, the 
enhancement of the electric field being in the range of 
approximately 2-10 times the electric field provided over a 
flat, planar surface. An exemplary size of such an bump is a 
base width of approximately 140 nanometers and a height of 
approximately 360 nanometers. As is well known in the 
silicon processing art, polysilicon is not a single crystalline 
material but is comprised of an aggregation of numerous 
small individual crystals, often called grains. When oxi 
dized, it is believed that the grains at the surface of the 
polysilicon layer give rise to the bumps. Typically, a density 
of 5x10 bumps may be formed per square centimeter of top 
surface. Suitable bumps can be generated over a range of 
processing conditions and a range of sizes, and are not 
limited to the particular exemplary sizes stated above. 
Finally, the bumps may also each comprise a radius of 
curvature which is small (i.e., less than) in relation to the 
dielectric thickness between layers 34 and 40. 

It is believed that the rounded surfaces of the bumps 
concentrate the electric field lines (and hence strength) by 
attracting field lines away from the surface valley regions 
formed between bumps. The threshold tunneling voltage 
Vry is thus a function of the number and geometric shape 
of the enhanced emission structures and of the material 
properties of the layers 34.40 and of the dielectric. In 
general, the threshold tunneling voltage V for such 
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enhanced emission structures is substantially less than with 
embodiments having smooth conductor surfaces with com 
parable dielectric thicknesses. 
As a further feature of the present invention, such above 

described enhanced emission structures are included so as to 
reduce the threshold tunneling voltage and to thereby reduce 
the required voltage on second layer 40 during erasure. This 
allows the isolation requirements for an embodiment of the 
present invention using this feature to be relaxed and the cell 
size thereby reduced. Additionally, it may be appreciated 
that the above described enhanced emission structures may 
be combined with one another to further enhance the tun 
neling of electrons from floating gate 34 to second layer 40. 
For example, a further embodiment of the present invention 
may comprise both a texturized surface (bumps) and well as 
enhanced emission corners 39. 

In each of these further embodiments employing 
enhanced emission structures, the flat bottom surface of 
second layer 40 which faces the top surface of layer 34 is 
relatively smooth in comparison to the enhanced emission 
structures shown in memory cells 15 (FIG. 1), 15b (FIG. 
4B), and 15c (FIG. 4C). As such, the flat bottom surface of 
layer 40 which faces the top surface of layer 34 does not 
locally concentrate the electric field in the same above 
described manner that the enhanced emission structures on 
the top surface of layer 34 locally concentrate the electric 
field near their emitting surfaces. Additionally, the rounded 
bottom surface shape of these portions of layer 40 located 
opposite a corresponding edge 39 tend to lower the value of 
the local electric field entering such rounded surface por 
tions relative to the local electric field entering flat bottom 
surface of layer 40. These differences with respect to the 
enhanced emission structures in cell 15, 15b, and 15c make 
it harder to tunnel electrons from layer 40 to layer 34 than 
it is to tunnel electrons from layer 34 to layer 40. That is, 
these differences in structure lead to a substantial difference 
in "forward' and "reverse' tunneling current characteristics. 
More specifically, in the "forward” mode, a positive 

tunneling voltage is applied between layers 34 and 40 (with 
layer 40 being more positive) and electrons are tunneled 
from layer 34 to layer 40 with the aid of the enhanced 
emission structures present on the top surface of layer34. In 
the "reverse' mode, a much larger negative tunneling volt 
age would need to be applied (layer 40 being more negative) 
to tunnel electrons from layer 40 to layer 34, since the above 
described enhanced emission structures would have much 
more limited effect, in contrast to the forward mode. For a 
comparable magnitude of current, exemplary values of 
applied forward and reverse voltages are a forward tunneling 
voltage of Vrv in the range of approximately +11 to +15 V 
and a reverse tunneling voltage of Vry of approximately 
-25 V to -35 V. In the preferred embodiments of the present 
invention, the "reverse' mode is undesirable as it competes 
with the programming operations by removing electrons 
from floating gate 34. Thus, by increasing the negative 
voltage required for tunneling in the "reverse' mode, the 
effects of this competing erasure process can be significantly 
reduced. 
Thus, this difference between forward and reverse tun 

neling voltages lead to the characterization of the tunneling 
region between layers 34 and 40 as being uni-directional. In 
those embodiments of the present invention comprising one 
or more enhanced emission structures, the uni-directional 
nature of such structures helps to ensure that electrons will 
not be inadvertently introduced onto floating gate layer 34 
from layer 40. This aids in ensuring the integrity of a 
compact memory cell according to the present invention 
using this further feature. 
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26 
ELECTRICAL CIRCUIT MODEL 

Having generally described the structure of memory cell 
15 and the mechanisms for introducing (programming) 
electrons onto floating gate layer 34 and for removing 
(erasing) electrons from floating gate layer 34, an approxi 
mate equivalent circuit model for the memory cell according 
to the present invention is now described. Shown at 80 in 
FIG. 3 is an approximate equivalent electrical circuit of the 
non-volatile memory cell illustrated in FIGS. 1 and 2 during 
read, programming, and erasure operations of the memory 
cell. Circuit 80 comprises a first transistor 81 for modeling 
the modulating (gating) action of portion 41 of layer 40 over 
predetermined channel area 52, a second transistor 82 for 
modeling the gating action of portion 37 of floating gate 34 
over predetermined channel area 51, a coupling capacitor 84 
for representing the capacitive coupling between layer por 
tion 35 and substrate region 22, and a tunneling capacitor 86 
for modeling the Fowler-Nordheim tunneling current occur 
ring during erasure operations. The above-described capaci 
tances C, C, and C are also noted in FIG. 3, where 
capacitance C is associated with tunneling capacitor 86, 
capacitance C is associated with the gate-to-channel capaci 
tance of transistor 82, and capacitance C is associated with 
capacitor 84. To most easily correspond circuit 80 to 
memory device 15 shown in FIG. 1, appropriate reference 
numbers from FIG. 1 have been duplicated in FIG. 3 at the 
appropriate terminals of circuit components 81, 82, 84, and 
86. Each of these components is now discussed. 

Transistor 81 comprises a first conduction terminal (drain) 
formed by boundary 54, a second conduction terminal 
(source) formed by substrate region 20, and a modulation 
terminal (gate) formed by first portion 41 of second layer 40. 
Transistor 82 comprises a first conduction (drain) formed by 
substrate region 22, a second conduction terminal (source) 
formed by boundary 54 and coupled to the first conduction 
terminal (drain) of transistor 81, and a modulation terminal 
(gate) formed by second portion 37 offloating gate layer34. 
The voltages applied to the bit lines comprising substrate 
regions 20 and 22, respectively, are indicated by the notation 
Vo and V, respectively, as is done in FIG.1. The coupling 
of the conduction terminals of transistors 81 and 82 in the 
above-described manner forms a channel conduction path 
between V and Vo that has a conductance, as measured 
in mhos, which is modulated by the potentials on the gates 
of transistor 81 and 82. The potential on the gate of transistor 
82 is a function of the net charge on floating-gate layer 34 
and, as described above, represents the state of information 
being stored in memory cell 15 (circuit 80). Thus, the 
conductivity of the channel path between V and Vo is a 
function of the information being stored by memory cell 15. 
The potential on the gate of transistor 81 is coupled to the 
memory array control circuitry and is used to select the 
memory cell for reading of information and for program 
ming. In a preferred embodiment of the present invention, 
the gate of transistor 81 is coupled to a word line of a 
memory array, such as array 10 of FIG. 1. The voltage 
applied to the gate of transistor 81 (second layer 40) is 
indicated by the notation symbol V, as done in FIG. 1. 
Thus, to cause the channel path between V and Vo to 
become conductive, the gates of both transistors 81 and 82 
must be activated with sufficient voltage. 

Coupling capacitor 84 (C) comprises a first terminal 
formed by substrate region 22 and a second terminal formed 
by the first portion 35 of floating gate layer34. As such, the 
second terminal of coupling capacitor 84 (C) is coupled to 
the gate terminal of transistor 82 and provides means for 
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selectively coupling voltage to the gate terminal of transistor 
82 (floating gate) during programming, erasure, and reading 
operations. Tunneling capacitor 86 (C) comprises a first 
terminal formed by floating gate layer 34 and coupled to the 
gate terminal of transistor 82, and a second terminal formed 
by second layer 40 and coupled to word line V. The arrow 
symbol of tunneling capacitor 86 represents the preferred 
tunneling direction of electrons, the direction from floating 
gate layer 34 to second layer 40. The voltage on floating gate 
34 is represented in FIG. 3 by the symbol notation V. 

Circuit 80 is of particular use in understanding the appli 
cation of voltages Vo V, V, to memory cell 15 during 
reading, programming, and erasure operations. Circuit 80 is 
also of further use in understanding the operation of memory 
cell 15 within an array of such memory cells. In the preferred 
memory array embodiments of the present invention dis 
cussed below, a plurality of memory cells are organized into 
a matrix having m rows and n columns. (in describing the 
memory-array embodiments of the present invention, the 
index i is used to denote a particular row of the rows 1-mand 
the index j is used to denote a particular column of the 
columns 1-n.) Preferably, the cells of each row i have their 
respective gates coupled together and are selected as a group 
by the application of an appropriate voltage on thei" row (or 
word line). For the first word line, this is denoted as Vw, 
which has been shown in FIGS. 1-3. Further, the corre 
sponding substrate regions 20 of the cells in the same 
column are coupled together and the corresponding substrate 
regions 22 of the cells in the same column are coupled 
together. In the preferred embodiments, a particular memory 
cell may be activated for reading and for programming by 
activating its corresponding row via voltage V (its second 
layer 40) and by activating its corresponding column via a 
potential difference between its corresponding substrate 
regions 20 and 22 (Vo V). 
Above, it was stated that circuit 80 is an approximate 

equivalent electrical circuit of memory cell 15. The approxi 
mate nature of circuit 80 is due to the fact that circuit 80 
implies that the first conduction terminal (drain) of transistor 
81 is coupled to the second conduction terminal (source) of 
transistor 82 at a regular, ohmic-semiconductor junction 
(54). However, as can be seen in FIG. 1, and in the preferred 
embodiments of the present invention, these conduction 
terminals of transistor 81 and 82 are coupled together at a 
virtual, non-ohmic-semiconductor junction. As known in the 
semiconductor device-physics art, any hot electrons in a 
semiconductor channel region are "cooled' once they enter 
an ohmic semiconductor junction area, such as for example 
substrate regions 20 and 22. Such "cooling" is implied by 
the coupling of transistors 81 and 82 at boundary 54 in FIG. 
3, but in fact no such "cooling' occurs since there is no 
ohmic semiconductor junction area at boundary 54 in FIG. 
1. In the preferred embodiments of the present invention, 
there are electrons being "heated" at boundary 54 and there 
may be, depending upon bias conditions, hot-electrons pass 
ing through boundary 54. Circuit 80, therefore, is approxi 
mate in this one respect but nonetheless is useful given the 
above qualification of boundary 54 being a non-ohmic 
junction. This qualified understanding of circuit 80 is impor 
tant for programming operations, but much less important 
for reading and erasure operations. Finally, it may be appre 
ciated that the present invention and features thereof may 
still be practiced, although perhaps not as optimally from the 
point of view of compact size, by making boundary 54 
ohmic, as by forming an n-type doped region at boundary 
54. 
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28 
DETALED DISCUSSION OF CELL 

OPERATION 

Having generally described the structure of memory cell 
15, the mechanisms for introducing (programming) elec 
trons onto floating gate layer 34 and for removing (erasing) 
electrons from floating gate layer 34, and an approximate 
equivalent circuit model 80, the details of reading, program 
ming, and erasing information from memory cell 15 are now 
described. In the preferred embodiment of the present inven 
tion, memory cell 15 is first erased before programming 
operations if memory cell 15 is not already in an erased state 
(second binary data state described below). In a further 
preferred embodiment discussed below in greater detail, 
memory cell 15 is erased regardless of the memory state of 
cell 15. Then, during programming operations, electrons are 
introduced onto floating gate layer 34 if a first binary data 
state is to be stored in memory cell 15. If the second binary 
data state is to be stored, no electrons are introduced. In the 
preferred embodiment, a voltage is applied to substrate 
region 22 with respect to substrate region 20 to introduce 
electrons onto floating-gate layer 34 to "write' the first 
binary state and substantially no voltage is applied to 
substrate region 22 with respect to substrate region 20 to 
"write' the second binary state. In the preferred embodi 
ment, the "writing” of the second binary state substantially 
maintains the erased state of the floating gate. However, as 
mentioned above, it may be appreciated that the writing of 
the second state may comprise the introduction of a small 
amount of electrons onto the floating gate (“programming') 
which provides a distinguishable charge level from that of 
the first binary state. Thus, it may be appreciated that it is not 
essential for the writing of the second binary state to 
substantially maintain the erased state. 

Also during writing of the first and second binary states, 
the word line voltage V on second layer 40 is activated to 
select memory cell 15. The information may then be read, as 
required by the user of the memory array, by selecting 
memory cell 15 and by applying a sense voltage between 
regions 20 and 22, where the sense voltage is less than the 
potential used for programming to prevent inadvertent pro 
gramming of the device. 

This generally describes the erasure, programming, and 
reading operations and the relationships therebetween. Each 
of these operations is discussed below in greater detail with 
reference to preferred embodiments of the present invention 
and with reference to an operational voltages table, TABLE 
I. 

TABLE I shows the preferred voltages on substrate 
regions 20, 22, 24, and on layer 40 during the following 
operations: erasing memory cell 15, writing the first binary 
state, writing the second binary state (maintaining the erased 
state), reading memory cell 15 in a first manner, and reading 
memory cell 15 in a second manner. TABLE I also shows the 
voltages to be applied to other word lines, such as word line 
45 shown in FIG. 2, during these operations to 

TABLE 1. 

Erase Write 
all Write Second First Second 

Memory First State Read Read 
Cells on State (Maintain Mem- Mem 
a Word (Program case ory ory 
Line Cell) state) Cell Cell 

Substrate OW OW OW OW 2 V 
Region 20. 
(Bit Line Vo) 
Substrate OW 7 V-10 W 0 V 2V OW 
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TABLE 1-continued 

Erase Write 
all Write Second First Second 

Memory First State Read Read 
Cells on State (Maintain Mem- Men 
a Word (Program erase ory ory 
Line Cell) state) Cell Cell 

Region 22. 
(Bit Line V) 
Substrate OW OW OW 2 V 0 V 
Region 24. 
(Bit Line VB2) 
Second -20 W 1 V-2 V W-2 W 3 W- 3 W 
Layer 40. or 5W 5 W 
(Word Line higher 
Voltage Vwj) 
Second 0 V OW OW 0 V OV 
Layer 45. 
(All other 
Word Lines) 

prevent inadvertent reading, erasing, and programming of 
unselected memory cells. Each of the operations are pro 
vided in a respective column of TABLE I and each of the 
regions and layers is indicated in a respective row of TABLE 

In the preferred embodiment of the present invention, and 
for the purposes of simplifying the discussion, the voltage of 
substrate 12 is maintained at zero volts during the operation 
of the memory cell. However, it may be appreciated that the 
present invention is not limited to this substrate bias voltage 
and that other bias voltages may be used during program, 
erase, and reading operations, as may be taught by the 
semiconductor memory device art. 

For erasing memory cell data information, the present 
invention comprises erasure means for removing electrons 
from floating gate layer 34 to second layer 40, the erasure 
means comprising means for applying an erase voltage to 
second layer 40 having a value of approximately 20 V or 
higher and for applying a grounding bias voltages (-0 V) to 
both of substrate regions 20 and 22. Upon application of 
these voltages, as described previously, substrate region 22 
steers floating gate 34 towards ground, a tunneling voltage 
Vry is developed between second layer 40 and floating 
gate 34, and electrons are removed from floating gate 34 to 
second layer 40. The process of applying voltages to sub 
strate regions 20 and 22 and to second layer 40 by the 
erasure means may be formally described as follows, where 
a separate application means is used for applying voltages to 
each of these elements: 

(1) a first application means for selectively applying a first 
grounding bias potential to first substrate region 20 
(row 1, column 1 of TABLE I); 

(2) a second application means for selectively applying a 
second grounding bias potential to second substrate 
region 22, the first and second grounding bias poten 
tials being substantially the same (rows 1 and 2, first 
column of TABLE I); and 

(3) a third application means for selectively applying an 
erase control potential to second layer 40 (row 4, 
column 1 or TABLE I). 

With reference to circuit model 80 in FIG.3 and memory 
device 15 in FIG. 1, the above applied grounding bias 
potential on substrate region 22 is substantially coupled to 
floating-gate layer 34 via coupling capacitor 84 (C) and the 
gate capacitance of transistor 82 (C). In the preferred 
embodiment of the present invention, the combined capaci 
tance of coupling capacitance 84 (C) and of the gate of 
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30 
transistor 82 (C) is larger than the capacitance of tunneling 
capacitor 86 (C). The preferred embodiment of the present 
invention, the combined capacitance of coupling capaci 
tance 84 (C) and of the gate of transistor 82 (C) is larger 
than the capacitance of tunneling capacitor 86 (C). Thus, 
the potential of floating-gate layer 34 is steered towards the 
grounding bias potential (e.g., -0V) by means of the sum of 
capacitance 84 (C) and the gate capacitance of transistor 82 
(C2). The erase control potential (e.g., D-20 V), as coupled 
by tunneling capacitor 86, has a weak effect. With reference 
to the above discussion on the erasure mechanism, the erase 
control potential and the grounding bias potentials are 
selected such that electrons are removed from floating gate 
layer 34 to second layer 40 upon application of the ground 
ing bias potential to substrate regions 20 and 22, and the 
erase control potential to second layer 40. It may be appre 
ciated that the above discussion of erasure in memory cell 15 
is applicable to memory cells 15a, 15b, and 15c shown in 
FIG. 4. 

For writing data information onto floating gate layer 34, 
preferably after the floating gate has been erased by the 
above erasure means, the present invention comprises pro 
gramming means for selectively applying a first data poten 
tial difference across substrate regions 20 and 22 when the 
first binary state is to be written and a second data potential 
difference across substrate regions 20 and 22 when the 
second binary state is to be written. The programming means 
further comprise means for applying a programming control 
potential of ~1 V to -2 V to second layer 40 so as to create 
a conducting channel in channel area 52. Preferably, the first 
data potential difference is in the range of approximately 
7-10 volts, with region 22 being more positive than region 
20, and is sufficient to generate hot-electrons in one or both 
of channel areas 51 and 52. Additionally, the second data 
potential difference is near zero voltage so as to maintain the 
erased state of floating gate 34. The process of applying 
voltages to substrate regions 20 and 22 and to second layer 
40 by the storing means may be formally described as 
follows: 

(1) means for applying one of a first data potential 
difference and a second data potential difference 
between first substrate region 20 and second substrate 
region 22, the first data potential difference being 
applied when data to be stored in memory cell 15 has 
one binary state and the second data potential differ 
ence being applied when data to be stored has the other 
binary state (columns 2 and 3 of rows 1 and 2 of 
TABLE I); The potential difference is applied by a first 
application means for applying a first potential to 
substrate region 20 and a second application means for 
applying a second potential to substrate region 22; 

(2) a third application means for selectively applying a 
program control potential to second layer 40, the pro 
gram control potential being selected to invert the 
conductivity type of the second predetermined channel 
area 52 to provide a conduction path between first 
substrate region 20 and first predetermined channel 
area 51. 

The first, second, and third application means may each 
comprise standard read/write circuitry known to the semi 
conductor memory art. With reference to the above discus 
sion on the hot-electron generation mechanisms, it may be 
appreciated that the first data potential difference is selected 
such that electrons are introduced onto floating gate layer 34 
from substrate 12 upon application of the first data potential 
difference and the program control potential as described 
above. Additionally, and as an additional feature of the 
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present invention, the second data potential difference is 
selected such that electrons are prevented from being intro 
duced onto floating gate layer 34 from substrate 12 upon 
application of the second data potential difference and the 
program control potential as described above. 

During the write operation in the preferred embodiment of 
the present invention, substrate region 20 is biased with a 
ground potential and a potential representing the desired 
binary state is applied to substrate region 22 to provide the 
first and second data potential differences. However, it may 
be appreciated that the opposite case may be practiced where 
a bias potential of approximately 7 to 10 volts is applied to 
substrate region 22 and a potential representing the desired 
binary state is applied to substrate region 20 to provide the 
above-described first and second data potential differences. 
Thus, there are two way in which the first and second data 
potential differences may be applied. 
In the first way: 

(1) the first application means further for applying a 
program bias potential to first substrate region 20 of 
preferably zero volts; and 

(2) the second application means further for selectively 
applying one of a first data potential. (-7 V-10V) and 
a second data potential(-0 V) to second substrate 
region 22, the first data potential being applied when 
the data to be stored in memory cell 15 is the first binary 
state and the second data potential being applied when 
the data to be stored is the second state. 

In the second way: 
(1) the first application means further for selectively 

applying one of a first data potential (-0 V) and a 
second data potential (-7 V-10 V) to first substrate 
region 20, the first data potential being applied when 
the data to be stored in memory cell 15 is the first binary 
state and the second data potential being applied when 
the data to be stored is the second state; and 

(2) the second application means further for applying a 
program bias potential of preferably -7 V-10 V to 
second substrate region 22. 

For reading of data information from memory cell 15 (i.e., 
sensing), the present invention encompasses at least two 
alternate reading means, or reading mode operations, each of 
which is discussed below. Each of the reading mode opera 
tions comprises a read reference potential of -0 V being 
applied to one of substrate regions 20 and 22 and a sense 
potential of -2 V being applied to the other of the substrate 
regions 20 and 22. The two reading mode operations differ 
in the direction of the sense current between regions 20 and 
22. Each of the first and second reading means comprises the 
following application means: 

(1) the above-described first application means further for 
selectively applying one of the reference and sense 
potentials to first substrate region 20 (row 1, columns 
4 and 5 of TABLE I); 

(2) the above-described second application means further 
for selectively applying the other of the reference and 
sense potentials to second substrate region 22 (row 2, 
columns 4 and 5 of TABLE I); 

(3) the above-described third application means further 
for selectively applying a read control potential to 
second layer 40. 

In the above-mentioned preferred embodiment of the 
present invention, the read control potential ranges between 
approximately 3 V and approximately 5 V for both first and 
second reading means, as indicated in the fourth row, fourth 
and fifth columns of TABLE I. The read control potential is 
also referred to as the sense control potential. 
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With reference to circuit model 80 in FIG.3 and memory 

device 15 in FIG. 1, the above reference and sense potentials 
on substrate regions 20 and 22 set up a potential difference 
between regions 20 and 22 for sensing the state of floating 
gate layer 34 and the above applied read control potential 
second layer 40 inverts the conductivity type of channel area 
52 so that the potential difference between regions 20 and 22 
may be applied across channel area 51, thereby sensing the 
state of floating gate 34. One difference between the first and 
second reading means is that the polarity of the sensing 
voltage, and subsequent sensing current, are opposite (i.e., 
reversed from one another). Another difference, as discussed 
below in greater detail, is that less voltage is coupled to 
floating gate 34 by the second reading means (second 
reading mode) than by the first reading means (first reading 
mode). 

Having thus described preferred programming, erasure, 
and sensing (reading) operations according to the present 
invention, it may be appreciated that second layer 40 pro 
vides means for enabling the selection of the programming 
means, erasure means, and sensing (reading) means for 
memory cell 15, particularly when memory cell 15 is formed 
as part of a memory array of Such cells. 

Having described the preferred programming and erasure 
means of the present invention, it may be appreciated that 
the memory cell of the present invention may be utilized in 
the following ways. First, it may be appreciated that a 
memory cell according to the present invention may be used 
in a “write-one-time' manner where the memory device is 
manufactured in an erase condition. The user would write 
data to the device once and would not utilize the above 
described erasure means. (The user, however, would be 
utilizing other features of present invention which provide 
for a compact memory cell.) Second, it may be appreciated 
that the above-described erasure means may be used con 
ditionally to erase the memory cell only when its state is 
being changed from a programmed state (first binary state) 
to an erased state. In this case, electrons are removed from 
floating gate layer 34 by the erasure means before the second 
data potential difference is applied between substrate regions 
20 and 22 by the programming means. The conditional 
erasure has the benefit of increasing the endurance of the 
memory cell as it avoids a cycle of erasure followed by 
programming when the first binary state is to be written to 
a memory cell already in the first binary state. However, it 
has a disadvantage of complicating the operation of the 
memory cell. Finally, it may be appreciated that the erasure 
operation may occur unconditionally before each program 
ming operation for a more simple operation of the memory 
device. In this case, electrons are removed from floating gate 
layer 34 by the erasure means before either the first or 
second data potential differences are applied between sub 
strate regions 20 and 22 by the programming means. 

Having described the means for programming, erasing, 
and reading from memory cell 15 at a level needed for 
practicing the preferred embodiments of the present inven 
tion, a more detailed analysis is given for these operations 
for a preferred embodiment comprising the above detailed 
structural parameters and the above operational voltages 
detailed in TABLE I. In this analysis, specific values of 
floating gate voltages during the operations are given. In the 
above detailed structural parameters, the following capaci 
tive coupling coefficients were presented: the capacitive 
coupling ratio between floating gate layer 34 and second 
layer 40 was given as Ras0.2, the capacitive coupling ratio 
between layer 34 and substrate channel area 51 was given as 
Ris0.2, and the capacitive coupling ratio between layer 34 
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and substrate region 22 was given as Ras0.6. (As mentioned 
above, ratio R is associated with capacitance C, ratio R is 
associated with capacitance C2, and ratio R is associated 
with capacitance C.) Additionally, the threshold voltage for 
area 51 (transistor 82) was given as -3 V and the threshold 
voltage for channel area 52 (transistor 81) was given as ~1 
V. 

In this preferred embodiment, information is stored in 
digital form having two digital states wherein the first digital 
state is represented by a floating gate voltage which is 
substantially a first predetermined margin voltage AVA 
below the threshold voltage for channel area 51 during the 
read operation, and wherein the second digital state is 
represented by a floating gate voltage which is substantially 
a second predetermined margin voltage AVA above the 
threshold voltage for area 51 during the read operation. For 
the purposes of discussion, the voltage on floating gate layer 
34 is represented by V and the threshold voltage for 
channel area 51 is represented as V, (the subscript 
notation "FG" representing portion 37 of floating gate layer 
34 which is disposed over area 51). In this preferred embodi 
ment, the threshold voltage Vro is approximately 3 volts 
and the first and second margin voltages are equal in 
magnitude to approximately Vasl volt. The voltages 
present on the floating gate for each of the binary states 
during a read operation are as follows: 

Vror-Viro-Var (first binary state) (5) 

Vror-Vrrot-Vaar (second binary state) (6) 

where the superscripts "0" and "1" to the floating gate 
voltage 'V' represent the first and second binary states, 
respectively, and the subscript “R” indicates that these 
floating-gate voltages are taken during the read operation. 
As discussed below, the floating gate charge on layer 34 
corresponding to the voltage Vrar is set during the pro 
gram operation and the floating gate charge on layer 34 
corresponding to the voltage Vro is set during the erasure 
operation. With a VA of 1 V, there is approximately a 2 V 
difference in the floating gate voltages for programmed and 
erased states. Using the relationship Q=CV and the exem 
plary total capacitance C of 5 ft, the charge difference 
between programmed and erase states on floating gate layer 
34 is approximately 10 femto (1x10') Coulombs. 

During each of the program, erase, and read operations, 
the voltage on the floating gate is altered from its quiescent 
ground-state value by the capacitive coupling from sur 
rounding electrodes, as well as by the introduction and 
removal of electrons. The quiescent ground state is defined 
herein as the condition where the voltages of the surround 
ing electrodes are in their normal "resting' state, which is 
approximately zero volts for the surrounding electrodes in 
this preferred embodiment. During the read operation, where 
preferably no electrons are added or removed from floating 
gate layer 34, the potential of floating-gate layer 34 is raised 
an amount AV upon application of the read potentials to 
second layer 40 and substrate regions 20 and 22, and 
subsequently lowered by AV when the reading potentials 
are removed after completion of the read operation. With 
reference to equations 1-3 above, AV is a function of the 
capacitive coupling the floating gate has to each of the 
surrounding electrodes and of the voltages of the surround 
ing electrodes during read operations. Exemplary values of 
AV range between -1.0 V to -3.0 V, as discussed below. 

Likewise, during the erase operation, the potential of 
floating gate layer 34 is raised by an amount AV upon 
application of the erase potentials to second layer 40 and 
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substrate regions 20 and 22 (in the absence of electron 
tunneling) and subsequently lowered by AV when the erase 
potentials are removed after completion of the erase opera 
tion. Exemplary values of AV range between -3.0 V to -5.0 
V, as discussed below. Likewise, during the programming 
operation, the potential of floating gate layer 34 is raised by 
an amount AV upon application of the programming poten 
tials to second layer 40 and substrate regions 20 and 22 (in 
the absence of electron tunneling) and subsequently lowered 
by approximately AV when the erase potentials are 
removed after completion of the programming operation. 
Exemplary values of AV range between -5.0 V to -7.0 V, 
as discussed below. 
As indicated above, the application of the read voltage 

increases the potential of the floating gate by a predeter 
mined amount AV due to the capacitive coupling of volt 
ages from second layer 40 and substrate region 22, as 
discussed above. Thus, when the read operation is com 
pleted, the voltage on the floating gate is reduced by AV 
when the memory cell is returned to its quiescent ground 
state. The floating gate voltage for each of the binary states 
during the quiescent ground state is AV less than its 
corresponding value give by equations 5 and 6, and is given 
below as: 

Vroo'-Virg-War-AVR (first binary state) (7) 

Vega'-Vrrot-Var-AVR (second binary state) (8) 

where the subscript "G” to the floating gate voltage V 
represents the ground quiescent state where each of substrate 
regions 20 and 22 and second layer 40 are at zero volts. 
From the above coupling coefficients and from the voltages 
given in TABLE I, the voltage change AV may be calcu 
lated according to equation 3 for each of the read operations. 
For the first read operation, a AV of approximately 2.6 volts 
is obtained by multiplying the voltage of layer 40 by the 
coefficient R (to obtain -1 V) and by adding it to the 
product of the voltage of substrate region 22 and coefficient 
R (to obtain -1.6 V, for a total of -2.6 V). For the second 
read operation, a AV of approximately 1.0 volts is obtained 
by multiplying the voltage of layer 40 by the coefficient R. 
(-1 V) and neglecting the effect of substrate region 22 as its 
voltage is substantially zero. 
From the above ground-state floating gate voltages for the 

binary states given by equations 7 and 8, the requirements of 
the program and erasure operations may be readily deter 
mined for this further embodiment of the present invention. 
As mentioned above, the floating gate voltage for the first 
state V' is set during the program operation. This means 
that at the end of the programming operation, while the 
programming voltages are still applied to couple AVP to the 
floating gate, the voltage of the floating gate is at: 

Vra'-Vara-Var-AVR+AVP (9) 

where the subscript "P" on the floating gate voltage V 
represents the end of the programming state. From the above 
coupling coefficients and from the voltages given in TABLE 
I for the “Write First State' column, the voltage change AV 
may be calculated according to equation 3. For this calcu 
lation, the voltage on second layer 40 is taken as ~1.2 V, the 
voltage on substrate 22 is taken as -8 V and the voltage of 
substrate channel area 51 is taken effectively as 4 V to yield 
a AV of: 

Substituting this value of AV into equation 9 yields a value 
for VeT.84 V-AV, or a value of -5.24 V when 
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practicing the first reading-mode operation (AV=2.6V) and 
-6.84V when practicing the second reading-mode operation 
(AV=1.0 V). 

For substrate channel area 51 to be conductive, the 
"virtual' source terminal of channel area 51, which is near 
boundary 54, must be at least one threshold voltage (-3V) 
below the floating gate potential. Thus, at the end of pro 
gramming, boundary 54 is approximately at 2.24 V when the 
first reading-mode operation is used in practicing this pre 
ferred embodiment or approximately 3.84 V when the 
second reading-mode operation is used. In both of these 
cases, the voltage difference across channel area 52 is 
sufficient to generate and inject hot electrons into floating 
gate layer34, given the voltage on second layer 40. This may 
be readily seen by examining the operating condition of 
transistor 81, which corresponds to channel area 52. Under 
the above bias conditions, the gate-to-source voltage Vos of 
transistor 81 is 1.2V and the drain-to-source voltage Vos is 
2.24 V and 3.84 V, respectively, for the two reading-mode 
operations. As indicated above, channel hot-electrons are 
provided for tunneling to floating-gate layer 34 by the 
pinch-off region formed near the virtual source of transistor 
82. As known in the semiconductor MOS art, the pinch-off 
region is present when transistor 81 is in the classical 
"saturation” mode of operation, as defined by the relation 
ship V)(V-V), where V8 is the threshold voltage 
of transistor 81. For this preferred embodiment of the 
present invention, the threshold voltage for transistor 81 
V, is -1 V, which yields a value of -0.2V for the quantity 
(Vos-Vs). As can be seen, the Vos values of 2.24 V and 
3.84 V for the read-mode operations are both greater than 
0.2 V and, hence, a pinch-off region is formed whereby 
channel hot electrons may be injected into layer 34. It may 
be appreciated that the number of hot electrons generated 
with sufficient energy and direction to tunnel to layer 34 is 
greater in the case of the drain potential being at 3.84 V 
(when the second reading-mode operation is used) rather 
than the case of the drain potential being at 2.24V (when the 
first reading-mode operation is used). 

Depending upon structural parameters and applied volt 
ages, the time required for lowering the floating-gate voltage 
to the above specified values of V'op during programming 
preferably ranges between approximately 2 microseconds to 
approximately 200 microseconds. As mentioned above, the 
charge difference between erase and program states is 
approximately 10 fo. From the well-known equation Q=I*t, 
where I is average tunneling current and t is time, the 
average program tunneling current required to add 10 fo to 
floating-gate layer 34 of this preferred embodiment would 
be ~5 nano-amperes for 2 microseconds and -0.5 nano 
amperes for 200 microseconds. The "programming time' 
may be determined empirically for a specific cell structure 
and set of applied voltages. It may be appreciated that, in 
practicing the present invention in the context of a memory 
array device, one may use a fixed programming time which 
is related to the empirically determined programming time 
plus an extra amount of time to account for process and 
voltage variations. It may also be appreciated that the 
memory cell may be periodically "tested' during the pro 
gramming operation by a read-mode operations to determine 
the effectiveness of the programming time and voltages and 
thereby determine when to end the programming operation. 

In terms of programming current, the memory cell of this 
embodiment of the present invention draws approximately 1 
mA to 4 mA of current during the programming operation. 
This amount of current at -7 V to ~10 V can be readily 
provided by an on-chip high-voltage generator comprising, 
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for example, a charge pump or voltage-doubling circuit. 
Therefore, it may be appreciated that a memory cell and 
array device according to the present invention may be 
entirely operated from a single 5-V power source, i.e., a 
so-called 5-V-only memory device. It may be further appre 
ciated that it may be possible to further optimize the struc 
ture of the present invention such that a programming 
voltage of 5 V could be used instead of -7-10 V. This would 
also result in a 5-V-only memory device. 

It may be appreciated that the EPROM memory device art 
currently teaches that the programming current is on the 
order of 50 mA to 300 mA at a voltage much higher than the 
~7 V-10 V range used in the preferred embodiment of the 
present invention. Thus, it may be appreciated that the above 
features of the present invention lead to more than a ten-fold 
reduction in the high-voltage current consumption for this 
and other preferred embodiments of the present invention 
over that currently taught in the EPROM art. The reduction 
in current consumption in the present invention is substan 
tially matched by an increase in the efficiency of hot-electron 
generation and of tunneling of hot-electrons in the floating 
gate. In this preferred embodiment, the increased efficiency 
is due to the following means: (1) lowering the potential on 
second layer 40 which, it is believed, increases the percent 
age of hot-electrons per total current flow, (2) the step 
reduction of oxide thickness (e.g., 40 nm to 20 nm) between 
substrate channel areas 51 and 52, which introduces a 
substantially perpendicular field component into floating 
gate layer 34 from area 51 that increases the number of 
hot-electrons tunneling into the floating gate, and (3) the 
substantial amount of voltage being coupled to floating-gate 
layer 34 from substrate region 22, which furthers this 
perpendicular field component. 

In contrast, the EPROM art currently does not teach these 
means for increasing hot-electron tunneling efficiency and, 
in fact, teaches against the substantial voltage coupling from 
substrate region 22 to floating-gate layer 34 and against the 
lowering of potential on second layer 40. More specifically, 
the EPROM art teaches the minimizing of capacitive cou 
pling from the floating gate to the substrate regions, such as 
regions 20 and 22, and the maximizing of capacitive cou 
pling from the floating gate to a control electrode, which 
serves the function of a selecting the memory cell during 
programming operations. Along these lines, the EPROM art 
teaches the coupling of high potential, typically on the order 
of 10 volts and more, to the control electrode during 
programming, for the purpose of increasing the total number 
of injected hot-electrons by increasing the total current flow, 
which is not the same as increasing the efficiency of hot 
electron generation and injection. 
A similar analysis for the required conditions for the erase 

operation may be done. The purpose of the following 
discussion is to provide the constraints on the erasure 
voltage Vas applied to second layer 40 and the tunneling 
threshold voltage Vry needed to ensure that the floating 
gate voltage for the erase state V'ro is set correctly at the 
end of the erasure operation. As mentioned above, the 
floating gate voltage for the second state Vro is set during 
the erase operation. This is because an erase operation, in 
this embodiment, is performed first and the resulting charge 
state of the floating gate layer is maintained during the 
writing (maintaining) of the second binary state, as given in 
the “Write Second State' column of TABLE I. Therefore, 
the floating gate voltage for the second state V' is set 
during the erase operation. 
The floating gate voltage at the end of the erasure opera 

tion, while the erasure voltages are still applied, is substan 
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tially equal to the floating gate voltage at the ground state 
Vroo a plus the erasure coupling voltage AV: 

Vrce=Vrrot-Var-AVrl-AVE (11) 

where the subscript "E" on the floating gate voltage V 
represents the end of the erasure state. From the above 
coupling coefficients and from the voltages given in TABLE 
I for the "Erase Memory State' column, the voltage change 
AV may be calculated according to equation 3 as simply 
0.2Verase, where Verase is the potential applied to second 
layer 40 (e.g., 20 V or greater). Equation 11 may then be 
re-written as: 

Vrge=Vrrot-Var-AVR 02" Verase (12) 

As mentioned above, the potential difference between 
second layer 40 and floating gate layer 34 settles to a value 
Substantially equal to the tunneling threshold voltage Vry. 
In other words, at the end of the erasure operation the 
following relationship substantially holds: Veras-Vr 
Vege. This relationship may be combined with equation 12 
at the point of Vice to yield: 

VeRASE-VTUN-Vargt-VMARAVrt0.2Verase (13) 

which can be simplified as: 

0.8 Verase-Vrun-Wrrot-War-AVR (14) 

Given the threshold voltage Varo, margin voltage Var, 
and read coupling voltage AV, equation 14 provides a 
design relationship for Verase and Vry. In other words, the 
quantity (0.8Veras-Vr) for this preferred embodiment 
of the present invention is set to a constant (the right-hand 
side of equation 14), which depends upon which reading 
mode operation is used. This constant is approximately 1.4 
V when the first reading-mode operation is used in the 
practicing of this preferred embodiment, and is approxi 
mately 3.0 V when the second reading-mode operation is 
used. In this preferred embodiment of the present invention, 
the structure of the memory cell is designed to yield a 
tunneling threshold of approximately 14.5 volts. Thus, the 
erase voltage Vas is approximately 20 V when the first 
reading-mode operation is used in practicing this preferred 
embodiment and is approximately 22 V when the second 
reading-mode operation is used. 

In the preferred embodiment of the present invention, the 
voltage V.As may be generated by an "on-chip” high 
voltage charge-pump-type generator, such as that taught in 
U.S. Pat. No. 4326,134 issued to Owen, et al. In the 
preferred embodiment of the present invention, the time 
required for an erasure operation is on the order of a few 
milliseconds or less. 

Having thus described a detailed analysis for the means 
for programming, erasing, and reading from memory cell 15 
for a preferred embodiment of the present invention, a 
discussion of practicing these operations in the context of a 
memory array is now given with reference to FIGS. 1 and 2 
and Table 1 above. During any of the erase, write, and read 
operations detailed above, all word lines except for a 
selected word line (e.g. second layer 40) are set in an 
unselected voltage state, such as 0 volts. This may be seen 
in the fifth row of TABLE I where the voltages for second 
layer 45, which represents all unselected layers, are provided 
as 0 volts for both write operations, the erase operation, and 
for both reading-mode operations. 

For the erase operation in the preferred embodiments of 
the memory device according to the present invention, all 
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the memory cells underlying a selected word line, such as 
second layer 40, are erased at the same time. As discussed 
below in greater detail, this allows for page-erasable and 
page-programmable features (the former feature is not cur 
rently found in FLASH-Erasable EPROM devices). After 
the memory cells along a selected word line have been 
erased, each cell can be selectively programmed, as dis 
cussed below. 

For memory devices employing a standard ground array 
("true ground'), programming and reading may occur for 
one or all of the memory cells underlying a selected word 
line. In a virtual-ground array embodiment of the memory 
device according to the present invention, however, not all 
of the memory cells underlying a selected word line may be 
programmed or read at the same time. This is because of the 
dual functionality of the bit lines, i.e. that of serving selec 
tively as ground line or as a bit line, of a virtual-ground array 
structure. The operations of programming and erasing in a 
virtual ground array topology are discussed below in greater 
detail. 
As indicated in TABLE I, substrate region 24 is grounded 

during the programming operations of memory cell 15, 
shown in FIGS. 1 and 2. In this case, a current flows from 
substrate region 24 to substrate region 22 in the right 
adjacent memory cell to memory cell 15. Although substrate 
region 22 is raised to a relative high potential, few hot 
electrons are tunneled onto to the floating gate of this 
right-adjacent memory cell because the current in the right 
adjacent memory cell is directed away from its correspond 
ing floating gate layer and in a direction opposite to that in 
normal programming. As an alternative, substrate region 24 
may be left in a floating state to minimize this current 
through the right-adjacent memory cell. This may be impor 
tant when an on-chip high voltage generator is used to 
provide the voltage of approximately 7 volts to approxi 
mately 10 volts to substrate region 22. As an additional 
alternative, a somewhat higher voltage of approximately 5 
volts may be applied to substrate region 24 to prevent or 
reduce the current flowing in the right-adjacent memory cell. 
For the memory cell left-adjacent to memory cell 15, sub 
strate region 20 is at 0 volts, since it is serving as a ground 
line in this instance, and no programming of the floating gate 
layer of this left-adjacent memory cell occurs. 
For programming the memory cells along a entire word 

line (row), it may be appreciated that a number of 
approaches may be used. For example, using the voltages 
given in TABLE I, one may first program the even-num 
bered memory cells along a selected word line followed by 
programming the odd-numbered memory cells. This would 
allow the even-numbered bit lines to be first used as true bit 
lines and then used as reference potential (ground) lines, and 
vice versa for the odd-numbered bit lines. As another 
approach, the memory cells along a word line may be 
programmed by a series of three separate programming 
operations in which each separate operation programs one 
third of the memory cells of the selected word line. In such 
a separate operation, every third cell is programmed. This 
allows the bit lines adjacent a cell which is being pro 
grammed to be left in a floating state so as to minimize the 
current draw to the surrounding bit lines. For example, 
substrate region 20 would be grounded to near 0 volts, 
substrate region 22 would be placed at the programming 
voltage of approximately 7 volts to 10 volts, and substrate 
region 24 and the substrate region to the left of region 20 
would both be left in a floating state. As a final programming 
approach, the memory cells along a selected word line may 
be programmed one at a time and in sequential order, 
starting from end of the word line to the other end. 
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For reading operations, the current flow between adjacent 
bit lines is used to sense the state of the floating-gate layer 
34 of the memory cell underlying the selected word line. As 
such, it is important that currents to adjacent cells be either 
prevented or accounted for. In the first reading-mode and 
second reading-mode shown in TABLE I, the potential of 
substrate region 24 tracks the potential of substrate region 22 
so that no current flows between these regions, thus allowing 
the current into substrate region 22 to be reflective of the 
stored state on floating gate 34. It may also be appreciated 
that substrate region 24 may be left in a floating state so as 
to not conduct current from Substrate region 22. 

In terms of reading information from all the memory cells 
in a selected word line, it may be appreciated that a number 
of ways may be used to access information in all of the 
memory cells, just as there are in the programming opera 
tion. For example, one cell at a time may be read out or every 
third cell may be read out in a manner similar to that 
indicated above for the programming operation. In addition, 
it may be appreciated that the memory operation may be 
done in two phases, in the first phase reading the even 
numbered cells and in the second phase reading the odd 
numbered cells. This may be readily done when the first 
reading-mode operation is used in practicing the present 
invention. As another way, it may be appreciated that for 
reading a byte of data, that a word line may contain several 
interleaved bytes of data. In such a case, the bit lines may be 
arranged such that all the bits in the desired byte may be read 
in one step from the associated word line. 

ARRAY EMBODIMENTS 

Having generally described practicing the read, erase, and 
programming operations in the context of a memory array, 
further features of the present invention, demonstrated in the 
form of a further preferred embodiment of the memory array 
of the present invention, are now given. This further embodi 
ment is intended to demonstrate the page-erasable and 
virtual-ground array features of the present invention as well 
as other further refinements of the present invention. 
A first preferred embodiment of an integrated circuit 

memory device according to the present invention is shown 
at 100 in FIG. 5. As with array 10 in FIGS. 1 and 2, memory 
device 100 is disposed on a substrate 12 of a first conduc 
tivity type having a first surface 13. Memory device 100 
comprises an array 110 of memory cells according to the 
present invention, as for example memory cell 15 shown by 
FIGS. 1 and 2, and means for interconnecting a plurality of 
such memory cells. As interconnecting means, memory 
array 110 includes a plurality of rows disposed substantially 
parallel to one another and a plurality of columns disposed 
substantially parallel to one another and substantially per 
pendicular to the rows of array 110. Each row of array 110 
comprises a word line, shown at 141, 142, ...,149 in FIG. 
5 and the columns of array 110 each comprise a bit line of 
a virtual-ground array topology, each bit line being shown at 
reference numerals 121, 122, . . . 129. Array 110 further 
includes a grounding bit line B shown at 120 at the left end 
of array 110 to complete the virtual-ground memory array 
structure. In the preferred embodiments of memory device 
100, array 110 comprises 512 rows and 512 columns to form 
a 256K-bit memory array. For ease of reference, the word 
lines 141, 142, ... 149 are also labeled as W through W, 
the bit lines 121, 122. . . 129 are labeled as B through B, 
and the grounding bit line is labeled as B. 
Memory cells 15 of the present invention are intercon 

nected into array 110 in the following manner. With the 
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exception of grounding bit line 120 (B), one memory cell 
15 is disposed at each intersection of a row and column. For 
a memory cell that is disposed in the i' row and the j" 
column, the second layer 40 of the memory cell is electri 
cally coupled to word line W, the second substrate region 22 
is electrically coupled to bit line B, and the first substrate 
region 20 is electrically coupled to the preceding, adjacent 
bit line B, or Be when j=1. The above-described connec 
tion of memory cell 15 into array 110 demonstrates the 
ability of the present invention to be incorporated into a 
virtual-ground array topology, and thereby furthers the com 
pact nature of a memory cell according to the present 
invention by eliminating the need for a separate, dedicated 
grounding system. 
Memory array device 100 further comprises an address 

port 101 for receiving a plurality of address lines, a control 
port 102 for receiving a plurality of control signals for 
controlling the reading and writing operation of memory 
device 100, and a data I/O port for receiving a plurality of 
data I/O lines. In the preferred embodiment of memory array 
device 100, address port 101 receives 15 address lines 
represented as A14:0), data port 103 receives 8 data I/O 
lines represented as I/O7:0), and control port 102 receives 
3 control signals. Further, the control signals received at port 
102 are the standard chip enable signal CE\, the output 
enable signal OE\, and the write enable signal WEV. As the 
functionality of these control signals is well known to the 
semiconductor memory art, a derailed discussion of the 
functionality of these control signals is not provided. 
Memory device 100 further comprises a word line control 

means 150 which is responsive to the high-order address 
lines 14:6) and the control signals at port 102 and is for 
selecting the appropriate row word line W through W. as 
specified by the high-order address and the instructions 
provided to control port 102. Word line control means 150 
uses the high-order address lines A14:6) to uniquely select 
one of the word lines W from the total word lines W. 
through W, as known in the semiconductor memory art. 
For this, means 150 comprises output select lines 151, 152, 
. . . .159 coupled to word lines 141, 142, . . . .149, 
respectively, which are thereby coupled to the respective 
second layers 40 of the memory cells 15 in the correspond 
ing word lines (rows). As indicated above, the second layer 
40 of memory cell 15 provides means for enabling the 
selection of the programming means, erasure means, and 
sensing (reading) means for memory cell 15, particularly 
when memory cell 15 is formed as part of a memory array 
of such cells. Thus, the selection of one of word lines 141, 
142, . . . .149 enables the selection of the programming 
means, erasure means, and sensing (reading) means for the 
memory cells 15 coupled to the selected word line. As such, 
word line control means comprises an address means for 
selecting a word line in array 110 for the programming 
means, erasure means, and sensing (reading) means of the 
present invention. 
Memory device 100 further comprises a column control 

means 160 responsive to the low-order address bits A5:0, 
the control signals at port 102, and the data signals at port 
103 for exchanging data between port 103 and the columns 
of array 110 as required by the read/write instructions 
provided at port 102 and the address lines A(5:0). Column 
control means 160 uses address lines A5:0 to uniquely 
select one byte (a group of 8 bits) from a total of 64 such 
bytes in the selected row for exchanging data between port 
103 and the selected row. 

In conjunction with the interconnecting means, memory 
device 100 further comprises a grounding means for selec 
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tively coupling a reference potential to the memory cells 
within array 110. In the virtual-ground topology, the ground 
ing means is provided by column control means 160 dis 
cussed above and by the electrical couplings between the 
first substrate regions 20 of the memory cells to adjacent bit 
lines, as discussed above. In a standard ground array topol 
ogy, the grounding means may be provided by dedicated 
ground lines disposed parallel to either the word lines orbit 
lines and by electrical couplings between the first substrate 
regions 20 of the memory cells and the dedicated ground 
lines. 

This organization of word lines with 512 bits associated 
with each word line is commonly referred to as a page 
word-line organization. With this organization in the present 
invention, one may erase a page of data by selecting a single 
word line, and then subsequently write an entire page of data 
into the erased memory cells along the selected word line. 
Specifically, with 512 columns, there are 512 memory cells 
15 for each row or word line 141, 142,...,149. Therefore, 
the selection of a given word line by control means 150 
enables the programming means to write a page of binary 
data, the sensing means to read a page of binary data, and the 
erasure means to erase a page of binary data. In many uses 
of nonvolatile memory array devices, as well as volatile 
RAM memory array devices, information is often read and 
written to the memory devices on a page basis as system 
storage for program and data segments are often organized 
in groups of pages (e.g., computer cache memory). Thus, the 
present invention has the capability of conforming to the 
page organization of many application users. 

In contrast, prior art EPROM memory cells are organized 
to erase the entire array with U-V light exposure, and flash 
EPROM memory devices are organized to erase along 
columns rather than rows (i.e., these EPROMS erase 
memory cells along a selected column). However, such 
EPROM devices use row-oriented addressing for reading 
and programming. Thus, to re-write information along a 
selected row in these EPROM devices, each column inter 
secting the selected row must be erased, which thereby 
erases several other rows that are not intended to be re 
written. Therefore, these EPROM memory arrays generally 
erase the entire memory array, or substantial portions thereof 
spanning many pages, before the EPROM memory device 
may be reprogrammed. When reprogramming is undertaken, 
many row word lines must be rewritten, at the expense of 
time to re-write the data which was not intended to be 
re-written and at the expense of reducing the endurance of 
the EPROM cells. In this respect, the page-eraseability 
feature of the present invention provides a significant advan 
tage. 

Related to the page-erasable feature of the present inven 
tion is a page-write feature. Many nonvolatile EEPROM 
memory devices provide, as an industry standard convention 
for EEPROM devices, a means for writing an entire page of 
data at one time so as to reduce the average writing time to 
the EEPROM memory device. This is known as the page 
write mode in the EEPROM art. As the selecting means, 
erasure means, and programming means of the present 
invention are organized along word line boundaries, a 
memory array according to the present invention is capable 
of writing 512 bits of data to a single selected word line and 
is therefore incompatible with the page-writing convention 
now used in the industry. 
For the page-write feature, memory device 100 further 

comprises a page-write control means 170 which is respon 
sive to the address lines at port 101 and the control lines at 
102 for coordinating the operations of word line control 
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means 150 and column control means 160 during a page 
write operation. During a page write, word line control 
means 150 and column control means 160 are instructed to 
first erase the memory cells along the selected word line, as 
specified by address lines A14:6), and then to receive the 
data to be written to the erased cells in the selected word 
line. By the page-write convention, 512 bits of data are then 
provided to column control means 160 for writing into the 
memory cells underlying the selected word line. These bits 
are provided as 64 bytes which are provided to I/O port 103 
in a serial manner as I/O port 103 accepts a byte at a time. 
It may be appreciated that the user may, during the accep 
tance of the page bytes, provide a corresponding identifica 
tion on address lines A5:0) along with each byte so that 
column control means 160 may properly route the bits in 
each byte to the memory cells along the selected word line. 
It may also be appreciated that memory device 100 may be 
designed such that the user may provide these bits in 
sequential address order to I/O port 103 and that column 
control means 160 may automatically route the bits to the 
proper columns without the need for the corresponding 
identifications on address lines A(5:0). It may be further 
appreciated that column control means 160 may comprise a 
plurality of column data latches equal in number to the 
number of columns in array 110 for temporarily storing of 
the bits in the 64 bytes. After receiving all bits to be written, 
column control means 160 may then proceed to transfer the 
bits of the column data latches to the corresponding non 
volatile memory cells of the selected word line, as for 
example by any of the above-described ways. 

For reading and programming, it may be appreciated that 
column control means 160 may use any of the above 
discussed methods for reading and programming cells in the 
context of a virtual-ground topology. As such, memory array 
100 comprises, as part of column control means 160, a 
grounding means for selectively coupling a reference poten 
tial to selective bit lines 120, 121, ...,129 in array 110 as 
needed during the reading and programming operations. For 
erasure, column control means 160 comprises means for 
substantially grounding each of the bit lines 120,121, . . . 
,129 while the potential of the selected word line is raised to 
an appropriate erase voltage. 

Thus, it may be appreciated that device 100 provides a 
page organized and page erasable/programmable device. It 
may be further appreciated that the selection of one of the 
row word lines W-W of device 100 during an a erase 
operation thereby erases a page of binary data within device 
100 and that the selection of the same row word line during 
a programming operation allows the writing of a page of 
binary data to memory device 100. This significantly 
increases the ease of use of the memory devices according 
to the present invention in contrast to conventional EPROM 
memory devices in which the erase operation is not readily 
organized around the use of the word line, as indicated 
above. Thus, this page-eraseability and page-addressability 
feature of the present invention provides full-feature capa 
bilities while maintaining a compact memory cell size. 

Having thus described the above features of the present 
invention in the context of a preferred embodiment of the 
memory device, further refinements of the array structure 
according to the present invention are provided with refer 
ence to the memory device shown in FIG. 5. These refine 
ments provide means for reducing the distributed resistance 
of the word and bit lines of an array according to the present 
invention, such as array 110. It may be appreciated that the 
word lines may comprise polysilicon material having a sheet 
resistivity ranging between 20 and 200 ohms per square. For 
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a large array, such a high resistance may significantly 
increase the time required for reading, programming, and 
erasure operations. Likewise, the bit lines may comprise a 
substrate doped region which has a sheet resistivity on the 
order of 10 to 50 ohms per square. Such a high resistivity 
may also contribute to an increase in time for performing 
reading, programming, and erasure operations. 
To overcome the effects of the high resistivity in both of 

these cases, the memory device of the present invention 
further comprises, for each word or bit line, a strapping 
means for reducing the electrical resistance of a correspond 
ing word line or bit line. Each such strapping means is 
disposed parallel to its corresponding word line or bit line 
and makes electrical contact to its corresponding word line 
or bit line at predetermined, periodic spatial locations along 
its corresponding line. In general, the strapping means 
comprises a metal line which has a resistivity on the order 
of 0.03 ohms to 1 ohm per square. In further embodiments 
of the strapping means, the strapping means for the word 
lines are disposed above the word lines and isolated by 
dielectric from other conductors except at the periodic 
contact points to the corresponding word line. For the bit 
line, the strapping means may be disposed above the cor 
responding bit line and isolated by dielectric from other 
conductors in a similar manner or may be disposed in the 
Substrate in the form of a "buried bit line' structure. 
An exemplary strapping means for a word line is shown 

at 180 in FIG. 5 for word line W, reference numeral 144. 
Strapping means 180 makes contact to word line 144 at 
predetermined spaced contacts 181, 182, and 183 through 
the dielectric material which separates the strapping means 
from word line 144. In a similar fashion, an exemplary 
strapping means 190 for bit line 124 (B) is shown in FIG. 
5. Strapping means 190 makes contact to bit line 124 at 
contacts 191, 192, and 193 through the dielectric material 
which separates strapping means 190 and bit line 124. 
Although only one strapping means for each of a word line 
and bit line are shown in FIG. 5, it may be appreciated that 
corresponding strapping means may be provided for all 
word lines and all bit lines in the memory array according to 
the present invention. Due to the visual complexity of FIG. 
5, a strapping means for each word line and each bit line are 
not shown so as to simplify the discussion of FIG. 5 and to 
make FIG. 5 more understandable. 
While the present invention has been particularly 

described with respect to the illustrated embodiments, it will 
be appreciated that various alterations, modifications and 
adaptations may be made based on the present disclosure, 
and are intended to be within the scope of the present 
invention. While the present invention has been described in 
connection with what is presently considered to be the most 
practical and preferred embodiments, it is to be understood 
that the present invention is not limited to the disclosed 
embodiments but, on the contrary, is intended to cover 
various modifications and equivalent arrangements included 
within the scope of the appended claims. 
What is claimed is: 
1. A nonvolatile floating gate device comprising: 
a substrate of a first conductivity type having a first 

surface, a first substrate region and a second substrate 
region, each said substrate region being disposed in 
said first surface and being of a second conductivity 
type opposite to said first conductivity type; 

a first electrically insulated conductive layer spaced from 
said first surface having a first portion capacitively 
coupled to said second substrate region and a second 
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portion overlaying a first predetermined channel area of 
said first surface disposed between said first substrate 
region and said second substrate region, said second 
portion spaced from said first channel area by a first 
spacing distance, 

a second electrically insulated conductive layer having a 
first portion spaced from said first surface and disposed 
generally intermediate said first substrate region and 
said second portion of said first layer and a second 
portion overlaying said first layer, said first portion of 
said second layer overlaying a second predetermined 
channel area of said first surface and being spaced 
therefrom by a second spacing distance; 

programming means for selectively tunneling hot elec 
trons onto said first layer from at least said second 
channel area substantially only by hot electron injec 
tion, said programming means comprising a first appli 
cation means for selectively applying a first potential to 
said first substrate region, a second application means 
for selectively applying a second potential to said 
second substrate region, and a third application means 
for selectively applying a program control potential to 
said second layer, said program control potential being 
selected to invert the conductivity type of said second 
channel area to provide a conduction path between said 
first substrate region and said first channel area, said 
first and second application means acting to create a 
potential difference between said first and second sub 
strate regions, said capacitive coupling between said 
first portion of said first layer and said second substrate 
region coupling a substantial amount of said second 
potential to said first layer, said programming means 
forming a primary inversion region in said second 
channel area adjacent to said first substrate region, a 
primary pinchoff region in said second channel area 
and adjacent to said primary inversion region, and a 
secondary inversion region in said first channel area 
and adjacent to said primary pinchoff region, said 
primary pinchoff region being formed such that hot 
electrons are generated therein and caused to tunnel 
from said substrate surface to said first layer by hot 
electron injection; and 

means for sensing the potential of said first layer; and 
wherein the position of said second substrate region in 

relation to said first substrate region defines a first 
direction, said first direction being directed from said 
first substrate region to said second substrate region, 
and wherein said first portion of said first layer overlays 
substantially the entire length of said second substrate 
region along said first direction; and 

wherein said first spacing distance is less than said second 
spacing distance such that a step in the thickness of the 
dielectric layer is formed above said primary pinchoff 
region to enhance the tunneling of hot electrons from 
said substrate to said first layer during programming. 

2. The nonvolatile floating gate device of claim 1 wherein 
at least 25 percent of said second potential is capacitively 
coupled to said first layer. 

3. The nonvolatile floating gate device of claim 1 wherein 
said first layer capacitively coupled to said second layer, and 
wherein the capacitive coupling between said first portion of 
said first layer and said second substrate region is greater 
than one third of the capacitive coupling between said first 
layer and said second layer. 

4. The nonvolatile floating gate device of claim 1 wherein 
said first layer is capacitively coupled to said second layer, 
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and wherein the capacitive coupling between said first 
portion of said first layer and said second substrate region is 
greater than the capacitive coupling between said first layer 
and said second layer. 

5. The nonvolatile floating gate device of claim 1 wherein 
said second region includes a first perimeter edge, said 
second region being disposed between said first perimeter 
edge and said first substrate region, the surface of said first 
perimeter edge defining a first plane perpendicular to said 
substrate such that said first plane comprises said first 
perimeter edge, and wherein said first portion of said first 
layer is disposed substantially on the same side of said first 
plane as said second region. 

6. The nonvolatile floating gate device of claim 5 wherein 
said first layer comprises a perimeter side face substantially 
coinciding with said first plane. 

7. The nonvolatile floating gate memory device of claim 
1 wherein said programming means further comprises 
means for applying one of a first data potential difference 
and a second data potential difference between said first and 
second substrate regions, said first data potential difference 
being applied when data to be stored in said device has one 
binary state, said second data potential difference being 
applied when data to be stored in said device has the other 
binary state, said first data potential difference and said 
program control potential being selected such that electrons 
are tunneled onto said first layer from said substrate upon 
application of said first data potential difference between 
said first and second substrate regions and application of 
said program control potential to said second layer. 

8. The nonvolatile floating gate device of claim 7 wherein 
said second data potential difference is selected such that 
electrons are prevented from being tunneled onto said first 
layer from said substrate 12 upon application of said second 
data potential difference between said first substrate region 
and said second substrate region and application of said 
program control potential to said second layer. 

9. The nonvolatile floating gate memory device of claim 
8 further comprising erasure means for selectively tunneling 
electrons from said first layer to said second layer, said 
erasure means acting to remove said electrons from said first 
layer before said second data potential difference is applied 
between said first and second substrate regions by said 
programming means. 

10. The nonvolatile floating gate memory device of claim 
7 wherein said erasure means further acting to remove said 
electrons from said first layer before said first data potential 
difference is applied between said first and second substrate 
regions by said programming means. 

11. The nonvolatile floating gate memory device of claim 
7 wherein said first potential comprises a first bias potential 
and wherein said second potential comprises one of a first 
data potential and a second data potential, said first data 
potential being applied when data to be stored in said device 
has one binary state, said second data potential being applied 
when data to be stored in said device has the other binary 
state, said first bias potential and said first data potential 
being selected such that electrons are tunneled onto said first 
layer from said substrate upon application of said first data 
potential to said second substrate region, said first bias 
potential to said first substrate region, and said program 
control potential to said second layer. 

12. The nonvolatile floating gate memory device of claim 
7 wherein said second potential comprises a first bias 
potential and wherein said first potential comprises one of a 
first data potential and a second data potential, said first data 
potential being applied when data to be stored in said device 
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has one binary state, said second data potential being applied 
when data to be stored in said device has the other binary 
state, said first bias potential and said first data potential 
being selected such that electrons are tunneled onto said first 
layer from said substrate upon application of said first data 
potential to said second substrate region, said first bias 
potential to said first substrate region, and said program 
control potential to said second layer. 

13. The nonvolatile floating gate device of claim 1 
wherein said sensing means comprises: 

a reference potential and a sense potential; 
means for selectively applying one of said reference 

potential and said sense potential to said first substrate 
region; 

means for selectively applying the other of said reference 
potential and said sense potential to said second sub 
strate region; and 

means for selectively applying a sense control potential to 
said second layer, said sense control potential being 
selected to invert the conductivity type of said substrate 
underlying said first portion of said second layer to 
provide a conduction path between said first substrate 
region and said first channel area, said sense potential 
and reference potential being selected to develop a 
potential difference across said first channel area, the 
conductivity of said first channel area being a function 
of the stored binary state of said first layer, said 
potential difference developing a sense current between 
said first substrate region and said second substrate 
region such that the magnitude of said sense current is 
a function of said stored binary state. 

14. The nonvolatile floating gate device of claim 1 further 
comprising erasure means for selectively tunneling electrons 
from said first layer to said second layer. 

15. The nonvolatile floating gate device of claim 14 
wherein said erasure means comprises: 
means for selectively applying a first bias potential to said 

first substrate region; 
means for selectively applying a second bias potential to 

said second substrate region; 
means for selectively applying an erase control potential 

to said second layer, said erase control potential, said 
first bias potential and said second bias potential being 
selected Such that electrons are tunneled from said first 
layer to said second layer upon application of said first 
bias potential to said first substrate region, said second 
bias potential to said second substrate region, and said 
erase control potential to said second layer. 

16. The nonvolatile floating gate device of claim 15 
wherein said third bias potential is substantially equal to said 
second bias potential. 

17. The nonvolatile floating gate device of claim 14 
wherein said erasure means for selectively tunneling elec 
trons from said first layer to said second layer comprises one 
or more enhanced emission structures disposed on said first 
layer, each said emission structure comprising a rounded 
emitting surface having a radius of curvature which enables 
an enhancement of the local electric field near said rounded 
emitting surface. 

18. The nonvolatile floating gate device of claim 17 
wherein said second portion of said second layer is spaced 
from said first layer 34 by a selected distance, and wherein 
the value of said radius of curvature is less than said distance 
between said first layer and said second layer. 

19. The nonvolatile floating gate device of claim 17 
wherein said first layer further comprises a top surface 
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disposed away from said first surface of said substrate and 
a perimeter side face disposed perpendicular to said first 
surface of said substrate, and wherein one of said enhanced 
emission structures comprises a corner edge of said first 
layer disposed between said top surface and said side face 
and facing said second layer. 

20. The nonvolatile floating gate device of claim 19 
wherein said corner edge forms an acute angle between said 
top surface and said face. 

21. The nonvolatile floating gate device of claim 14 
wherein said first layer further comprises a top surface 
disposed away from said first surface of said substrate and 
wherein said erasure means comprises a texturized surface 
disposed on said top surface of said first layer, said textur 
ized surface comprising a plurality of enhanced emission 
Structures. 

22. An integrated circuit memory device comprising: 
a substrate of a first conductivity type having a first 

surface; 
a plurality of nonvolatile memory cells interconnected as 

an array of such cells, said array having a plurality of 
rows disposed substantially parallel to one another and 
a plurality of columns disposed substantially parallel to 
one another and substantially perpendicular to said 
rows, each said row comprising a word line and each 
said column comprising a bit line, one said memory cell 
disposed per intersection of each said row and each said 
column; 

grounding means for selectively coupling a reference 
potential within said array; and 

each of said memory cells comprising: 
a first substrate region electrically coupled to said 

grounding means and a second substrate region 
electrically coupled to the corresponding bit line of 
said memory cell, each said substrate region being 
disposed in said first surface and being of a second 
conductivity type opposite to said first conductivity 
type; 

a first electrically insulated conductive layer spaced 
from said first surface having a first portion capaci 
tively coupled to said second substrate region and a 
second portion overlaying a first predetermined 
channel area of said first surface disposed between 
said first substrate region and said second substrate 
region, said second portion spaced from said first 
channel area by a first spacing distance; 

a second electrically insulated conductive layer electri 
cally coupled to the corresponding word line of said 
memory cell, said second layer having a first portion 
spaced from said first surface and disposed generally 
intermediate said first substrate region and said second 
portion of said first layer and a second portion over 
laying said first layer, said first portion of said second 
layer overlaying a second predetermined channel area 
of said first surface, said first layer being capacitively 
coupled to said second layer and being spaced there 
from by a second spacing distance; 

programming means for selectively tunneling hot elec 
trons onto said first layer from at least said second 
channel area substantially only by hot electron injec 
tion, said programming means comprising a first appli 
cation means for selectively applying a first potential to 
said first substrate region, a second application means 
for selectively applying a second potential to said 
Second substrate region, and a third application means 
for selectively applying a program control potential to 
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said second layer, said program control potential being 
selected to invert the conductivity type of said second 
channel area to provide a conduction path between said 
first substrate region and said first channel area, said 
first and second application means acting to create a 
potential difference between said first and second sub 
strate regions, said capacitive coupling between said 
first portion of said first layer and said second substrate 
region coupling a substantial amount of said second 
potential to said first layer, such that hot electrons are 
generated in at least said second channel area and 
caused to tunnel from said substrate surface to said first 
layer, said programming means forming a primary 
inversion region in said second channel area adjacent to 
said first substrate region, a primary pinchoff region in 
said Second channel area and adjacent to said primary 
inversion region, and a secondary inversion region in 
said first channel area and adjacent to said primary 
pinchoff region, said primary pinchoff region being 
formed such that hot electrons are generated therein 
and caused to tunnel from said substrate surface to said 
first layer by hot electron injection, wherein said first 
spacing distance is less than said second spacing dis 
tance such that a step in the thickness of the dielectric 
layer is formed above said primary pinchoff region to 
enhance the tunneling of hot electrons from said sub 
strate to said first layer during programming; and 

means for selectively sensing the potential of said first 
layer; and 

wherein at least one of said word lines comprises the 
second layers of the memory cells disposed within its 
row such that said second layers form said at least one 
word line as a continuous strip of conductive material. 

23. The integrated circuit memory device of claim 22 
wherein at least 25 percent of said second potential is 
capacitively coupled to said first layer of said at least one 
memory cell. 

24. The integrated circuit memory device of claim 22 
wherein said first layer of said memory cell is capacitively 
coupled to said corresponding second layer, and wherein the 
capacitive coupling between said first portion of said first 
layer of said memory cell and said corresponding second 
substrate region is greater than one third of the capacitive 
coupling between said first layer of said memory cell and 
said corresponding second layer. 

25. The integrated circuit memory device of claim 22 
wherein said at least one of said memory cells further 
comprises erasure means for selectively tunneling electrons 
from said first layer to said second layer, and wherein said 
second layer is responsive to said corresponding word line 
and is further for enabling the selection of said programming 
means, said sensing means, and said erasure means for said 
memory cell. 

26. The integrated circuit memory device of claim 25 
wherein said erasure means of at least one said nonvolatile 
memory cell comprises: 

a first means for selectively applying a first bias potential 
to said first substrate region of said at least one memory 
cell; 

a second means for selectively applying a second bias 
potential to said second substrate region of said at least 
one memory cell; 

a third means for selectively applying an erase control 
potential to said second layer of said at least one 
memory cell, said erase control potential, said first bias 
potential and said second bias potential being selected 
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such that electrons are tunneled from said first layer of 
said at least one memory cell to said second layer upon 
application of said first bias potential to said first 
substrate region, said second bias potential to said 
second substrate region, and said erase control potential 
to said second layer. 

27. The integrated circuit memory device of claim 22 
wherein said programming means of at least one said 
nonvolatile memory cell further comprises means for selec 
tively applying one of a first data potential difference and a 
second data potential difference between said first substrate 
region and said second substrate region of said at least one 
memory cell, said first data potential difference being 
applied when data to be stored in said at least one memory 
cell has one binary state, said second data potential differ 
ence being applied when data to be stored in said at least one 
memory cell has the other binary state, said first data 
potential difference being selected such that electrons are 
tunneled onto said first layer of said at least one memory cell 
from said substrate upon application of said first data 
potential difference between said first substrate region and 
said second substrate region, and application of said pro 
gram control potential to said second layer. 

28. The memory device of claim 22 wherein said ground 
ing means comprises means for coupling the first substrate 
region of at least one memory cell to the bit line of an 
adjacent memory cell to form a virtual ground array struc 
ture. 

29. The memory device of claim 25 wherein said device 
further comprises an address means for selecting a word 
line, and wherein the number of memory cells along a given 
row in said array is equal in number to a page of binary data, 
such that the word line of said given row enables said 
programming means to write a page of binary data, said 
sensing means to read a page of binary data, and said erasure 
means to erase a page of binary data when the word line for 
said given row is selected by said address means. 

30. The memory device of claim 22 wherein at least one 
of said rows comprises a strapping means for reducing the 
electrical resistance of its corresponding word line, each said 
strapping means disposed parallel to its corresponding word 
line and making electrical contact to its corresponding word 
line at predetermined, periodic spatial locations along said 
corresponding word line. 

31. The memory device of claim 22 wherein at least one 
of said columns comprises a strapping means for reducing 
the electrical resistance of its corresponding bit line, each 
said strapping means disposed parallel to its corresponding 
bit line and making electrical contact to its corresponding bit 
line at predetermined, periodic spatial locations along said 
corresponding bit line. 

32. The device according to claim 1 wherein said floating 
gate is spaced from said substrate such that electrons are 
coupled to the floating gate substantially only by hot elec 
tron injection when said first potential, second potential, and 
said program control potential are applied. 
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33. A nonvolatile floating gate device comprising: 
a substrate of a first conductivity type having a first 

Surface, a first substrate region and a second substrate 
region, each said substrate region being disposed in 
said first surface and being of a second conductivity 
type opposite to said first conductivity type; 

a first electrically insulated conductive layer spaced from 
said first surface having a first portion capacitively 
coupled to said second substrate region and a second 
portion overlaying a first predetermined channel area of 
said first surface disposed between said first substrate 
region and said second substrate region, said portion 
spaced from said first channel area by a first spacing 
distance; 

a second electrically insulated conductive layer having a 
first portion spaced from said first surface and disposed 
generally intermediate said first substrate region and 
said second portion of said first layer and a second 
portion overlaying said first layer, said first portion of 
said second layer overlaying a second predetermined 
channel area of said first surface and being spaced 
therefrom by a second spacing distance; 

a primary inversion region in said second channel area 
adjacent to said first substrate region; 

a primary pinchoff region in said second channel area and 
adjacent to said primary inversion region; 

a secondary inversion region in said first channel area and 
adjacent to said primary pinchoff region; and 

wherein a first potential is applied to said first substrate 
region, a second potential is applied to said second 
substrate region, and a control potential is applied to 
said second layer such that hot electrons are generated 
in said primary pinchoff region and caused to tunnel 
from said substrate surface to said first layer by hot 
electron injection; and 

wherein a portion of said first channel area adjacent to 
said second channel area has a positive threshold 
voltage with respect to said floating gate. 

34. The device of claim 33 wherein said threshold voltage 
is between approximately 2 V and approximately 4 V. 

35. The device of claim 33 wherein the entire portion of 
the first channel area which is overlaid by said first layer has 
a positive threshold voltage with respect to said floating 
gate. 

36. The device of claim 33 wherein said positive threshold 
voltage is greater than the threshold voltage between said 
second layer and said second channel area by at least 
approximately one volt. 

37. The device of claim35 wherein said positive threshold 
voltage is between approximately 2 V and approximately 4 
V. 
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