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MULTI-STATE NON-VOLATILE INTEGRATED 
CIRCUIT MEMORY SYSTEMS THAT EMPLOY 

DELECTRIC STORAGE ELEMENTS 

CROSS-REFERENCE TO RELATED 
APPLICATION 

0001. This is a continuation-in-part of application Ser. 
No. 10/002,696, filed Oct. 31, 2001, by the same inventors 
and entitled “Multi-State Non-Volatile Integrated Circuit 
Memory Systems that Employ Dielectric Storage Ele 
ments,” which application is incorporated herein in its 
entirety by this reference. 

FIELD OF THE INVENTION 

0002 This invention relates most specifically to non 
volatile flash EEPROM (Electrically Erasable and Program 
mable Read Only Memory) cell arrays of a type using 
dielectric material charge Storage elements. 

BACKGROUND 

0003. There are many commercially successful non-vola 
tile memory products being used today, particularly in the 
form of Small cards, where the memory cells have conduc 
tive floating gates, commonly of doped polysilicon material, 
on which an electron charge is Stored to a level of the data 
State being Stored. A common form of Such memory cells has 
a “split-channel” between source and drain diffusions. The 
floating gate of the cell is positioned over one portion of the 
channel and the word line (also referred to as a control gate) 
is positioned over the other channel portion as well as the 
floating gate. This effectively forms a cell with two transis 
tors in Series, one (the memory transistor) with a combina 
tion of the amount of charge on the floating gate and the 
Voltage on the word line controlling the amount of current 
that can flow through its portion of the channel, and the other 
(the Select transistor) having the word line alone Serving as 
its gate. The word line extends over a row of floating gates. 
Examples of Such cells, their uses in memory Systems and 
methods of manufacturing them are given in U.S. Pat. Nos. 
5,070,032, 5,095,344, 5,315,541, 5,343,063, and 5,661,053, 
and in co-pending U.S. patent application Ser. No. 09/239, 
073, filed Jan. 27, 1999, which patents and application are 
incorporated herein by this reference. 
0004. A modification of this split-channel flash EEPROM 
cell adds a Steering gate positioned between the floating gate 
and the word line. Each Steering gate of an array extends 
over one column of floating gates, perpendicular to the word 
line. The effect is relieve the word line from having to 
perform two functions at the same time when reading or 
programming a selected cell. Those two functions are (1) to 
Serve as a gate of a Select transistor, thus requiring a proper 
voltage to turn the Select transistor on and off, and (2) to 
drive the Voltage of the floating gate to a desired level 
through an electric field (capacitive) coupling between the 
word line and the floating gate. It is often difficult to perform 
both of these functions in an optimum manner with a single 
Voltage. With the addition of the Steering gate, the word line 
need only perform function (1), while the added Steering 
gate performs function (2). Further, Such cells may operate 
with Source Side programming, having an advantage of 
lower programming currents and/or Voltages. The use of 
steering gates in a flash EEPROM array is described in U.S. 
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Pat. Nos. 5,313,421, 5,712,180, and 6,222,762, which pat 
ents are incorporated herein by this reference. 

0005 The foregoing incorporated references have their 
memory cells connected in what is generally referred to as 
a NOR configuration. The individual memory cells, which 
have one or two floating gate Storage elements, are con 
nected between adjacent bit lines to which adjacent cells in 
rows of cells are also connected. One bit line is connected 
to both source diffusions of one column of cells and drain 
diffusions of an immediately adjacent column of cells, in 
what is termed a virtual ground array. In another type of 
array architecture, generally referred to as a NAND con 
figuration, eight, Sixteen or more memory cells are con 
nected in Series with each other and Select transistors in 
Strings connected between individual bit lines and a com 
mon potential. Examples of Such arrays and their operation 
are described in U.S. Pat. No. 6,046,935, which patent is 
expressly incorporated herein in its entirety by this refer 
CCC. 

0006 There are various programming techniques for 
injecting electrons from the Substrate onto the floating gate 
through the gate dielectric. The most common programming 
mechanisms are described in a book edited by Brown and 
Brewer, “Nonvolatile Semiconductor Memory Technology,” 
IEEE Press, section 1.2, pages 9-25 (1998), which section is 
incorporated herein by this reference. One technique, termed 
“Fowler-Nordheim tunneling” (section 1.2.1), causes elec 
trons to tunnel through the floating gate dielectric under the 
influence of a high field that is established thereacross by a 
Voltage difference between the control gate and the Substrate 
channel. Another technique, termed channel "hot-electron 
injection” (Section 1.2.3), injects electrons from the cells 
channel into a region of the floating gate adjacent the cells 
drain. Yet another technique, termed "Source Side injection' 
(Section 1.2.4), controls the Substrate Surface electrical 
potential along the length of the memory cell channel in a 
manner to create conditions for electron injection in a region 
of the channel away from the drain. Source Side injection is 
also described in an article by Kamiya et al., “EPROM Cell 
with High Gate Injection Efficiency,'IEDM Technical 
Digest, 1982, pages 741-744, and in U.S. Pat. Nos. 4,622, 
656 and 5,313,421, which article and patents are incorpo 
rated herein by this reference. 
0007 Two techniques for removing charge from floating 
gates to erase memory cells are used in both of the two types 
of memory cell arrays described above. One is to erase to the 
Substrate by applying appropriate Voltages to the Source, 
drain, Substrate and other gate(s) that cause electrons to 
tunnel through a portion of a dielectric layer between the 
floating gate and the Substrate. 

0008. The other erase technique transfers electrons from 
the floating gate to another gate through a tunnel dielectric 
layer positioned between them. In the first type of cell 
described above, a third gate is provided for that purpose. In 
the Second type of cell described above, which already has 
three gates because of the use of a Steering gate, the floating 
gate is erased to the word line, without the necessity to add 
a fourth gate. Although this later technique adds back a 
second function to be performed by the word line, these 
functions are performed at different times, thus avoiding the 
necessity of making compromises to accommodate the two 
functions. 
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0009. It is continuously desired to increase the amount of 
digital data that can be Stored in a given area of a Silicon 
Substrate, in order to increase the Storage capacity of a given 
Size memory card and other types packages, or to both 
increase capacity and decrease size. One way to increase the 
Storage density of data is to Store more than one bit of data 
per memory cell. This is accomplished by dividing a win 
dow of a floating gate charge level Voltage range into more 
than two States. The use of four Such States allows each cell 
to Store two bits of data, a cell with Sixteen States Stores four 
bits of data, and so on. A multiple state flash EEPROM 
structure and operation is described in U.S. Pat. Nos. 5,043, 
940 and 5,172,338, which patents are incorporated herein by 
this reference. 

0.010 Increased data density can also be achieved by 
reducing the physical size of the memory cells and/or of the 
overall array. Shrinking the Size of integrated circuits is 
commonly performed for all types of circuits as processing 
techniques improve over time to permit implementing 
Smaller feature sizes. But Since there are limits of how far a 
given circuit layout can be shrunk by Scaling through simple 
demagnification, efforts are So directed toward redesigning 
cells So that one or more features takes up leSS area. 
0011. In addition, different designs of memory cells have 
been implemented in order to further increase data Storage 
density. An example is a dual floating gate memory cell 
connected in a NOR configuration, which can also be 
operated with the Storage of multiple States on each floating 
gate. In this type of cell, two floating gates are included over 
its channel between Source and drain diffusions with a select 
transistor in between them. A Steering gate is included along 
each column of floating gates and a word line is provided 
thereover along each row of floating gates. When accessing 
a given floating gate for reading or programming, the 
Steering gate over the other floating gate of the cell contain 
ing the floating gate of interest is raised Sufficiently high to 
turn on the channel under the other floating gate no matter 
what charge level exists on it. This effectively eliminates the 
other floating gate as a factor in reading or programming the 
floating gate of interest in the Same memory cell. For 
example, the amount of current flowing through the cell, 
which can be used to read its State, is then a function of the 
amount of charge on the floating gate of interest but not of 
the other floating gate in the same cell. An example of this 
cell array architecture, its manufacture and operating tech 
niques are described in U.S. Pat. No. 5,712,180 (FIGS. 9-), 
which patent is incorporated herein by this reference (here 
inafter referred to as the “Dual Storage Element Cell”). 
0012 Another type of memory cell useful in flash 
EEPROM systems utilizes a non-conductive dielectric mate 
rial in place of a conductive floating gate to Store charge in 
a non-volatile manner. Such a cell is described in an article 
by Chan et al., “A True Single-Transistor Oxide-Nitride 
Oxide EEPROM Device, IEEE Electron Device Letters, 
Vol. EDL-8, No. 3, March 1987, pp. 93-95. A triple layer 
dielectric formed of Silicon oxide, Silicon nitride and Silicon 
oxide (“ONO”) is sandwiched between a conductive control 
gate and a Surface of a Semi-conductive Substrate above the 
memory cell channel. The cell is programmed by injecting 
electrons from the cell channel into the nitride, where they 
are trapped and Stored in a limited region. This Stored charge 
then changes the threshold Voltage of a portion of the 
channel of the cell in a manner that is detectable. The cell is 
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erased by injecting hot holes into the nitride. See also 
Nozaki et al., “A 1-Mb EEPROM with MONOS Memory 
Cell for Semiconductor Disk Application,'IEEE Journal of 
Solid-State Circuits, Vol. 26, No. 4, April 1991, pp. 497-501, 
which describes a similar cell in a split-gate configuration 
where a doped polysilicon gate extends over a portion of the 
memory cell channel to form a separate Select transistor. The 
foregoing two articles are incorporated herein by this refer 
ence. The programming techniques mentioned above, by 
reference to section 1.2 of the book edited by Brown and 
Brewer, are also described in that Section to be applicable to 
dielectric charge-trapping devices. 
0013 U.S. Pat. No. 5,851,881, incorporated herein by 
this reference, describes the use of two Storage elements 
positioned adjacent each other over the channel of the 
memory cell, one being Such a dielectric gate and the other 
a conductive floating gate. Two bits of data are Stored, one 
in the dielectric and the other in the floating gate. The 
memory cell is programmed into one of four different 
threshold level combinations, representing one of four Stor 
age States, by programming each of the two gates into one 
of two different charge level ranges. 
0014) Another approach to storing two bits in each cell 
has been described by Eitan et al., “NROM: A Novel 
Localized Trapping, 2-Bit Nonvolatile Memory Cell, IEEE 
Electron Device Letters, vol. 21, no. 11, November 2000, pp. 
543-545. An ONO dielectric layer extends across the chan 
nel between Source and drain diffusions. The charge for one 
data bit is localized in the dielectric layer adjacent to the 
drain, and the charge for the other data bit localized in the 
dielectric layer adjacent to the Source. Multi-state data 
Storage is obtained by Separately reading binary States of the 
Spatially Separated charge Storage regions within the dielec 
tric. 

SUMMARY OF THE INVENTION 

0015 The present invention includes two primary aspects 
that may either be implemented together or Separately. One 
primary aspect is directed to novel non-volatile memory cell 
Structures that use dielectric charge Storage elements rather 
than conductive floating gates. The other primary aspect is 
directed to the Storage of charge in one of more than two 
detectable levels at one or more limited, contained regions 
acroSS a dielectric charge Storage element over a channel of 
a memory cell transistor. More than one bit of data is thereby 
Stored in a Single localized region of the dielectric over a 
portion of the channel. Two or more Such independently 
programmable charge Storage regions, Spaced apart from 
each other along the length of the channel, may be provided 
in each memory cell of an array of Such cells, wherein more 
than one bit of data is Stored in each Such region. 
0016. This invention can be implemented in a number of 
prior flash memory Systems, Such as those described above 
in the Background. Where a prior memory cell array utilizes 
conductive floating gates as Storage elements, charge trap 
ping dielectric material is Substituted for the floating gates. 
The methods of making and operating Such non-volatile 
memory Systems with dielectric Storage elements are quite 
Similar to their conductive floating gate counterparts. Since 
charge does not move across a dielectric Storage material, 
the dielectric may usually extend over most other areas of a 
memory cell array, acroSS multiple rows and columns of 
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memory cells. Where the memory cell includes a select 
transistor, however, gate dielectric is Substituted within the 
Select transistor for the electron Storage material. 
0.017. Two or more electron storage elements can be 
provided within the Storage dielectric of each memory cell 
that has a gate Structure allowing independent control of the 
electric potential across the Substrate Surface in respective 
two or more portions along the length of the memory cell 
channel. In the preferred implementations of the present 
invention, only one charge Storage region is maintained 
within each Such storage element. The enlargement or 
movement of a region of the dielectric into which electrons 
are injected, which can occur as the number of erase/ 
programming cycles increases, thus does not affect an adja 
cent region within the same memory cell. This increases the 
number of erase/programming cycles that the memory can 
endure, thus increasing its effective life. This also makes it 
practical to Store more than two memory States within each 
charge region Since increased Voltages, which are usually 
necessary to operate an enlarged window of charge that 
includes more than two charge levels defining multi-State 
Storage, can also contribute to Such enlargement or move 
ment of the Storage regions. 
0.018. In a particular example, the Dual Storage Element 
Cell described above in the Background has charge-storing 
dielectric Substituted for each of the two floating gates of the 
memory cells. This dielectric is Sandwiched between con 
ductive Steering gates and the Substrate to form two func 
tionally Separate charge Storage elements over channels of 
the memory cells between their Sources and drains. One 
region of charge is Stored in each of these two Storage 
elements, which lie along the length of the cell channels on 
opposite sides of the Select transistors. The level of charge 
in a region affects the threshold level of the portion of the 
length of the cell channel beneath that region. Two or more 
Such charge levels, and thus two or more different threshold 
levels, are defined for programming into each of the two 
charge Storage regions of each memory cell. Programming 
and reading of a Selected one of the two charge Storage 
regions of an addressed cell is accomplished in the same 
manner as in the dual floating gate Systems, by turning on the 
Select transistor and driving the other channel portion 
Strongly conductive. This renders the Selected charge Storage 
region of the addressed cell responsive to Voltages placed on 
its Source, drain and gates. Specific examples of Dual 
Storage Element Cell arrays in which the charge Storage 
dielectric may be Substituted for floating gates are given in 
U.S. Pat. Nos. 6,091,633, 6,103,573 and 6,151,248, and in 
pending applications Ser. No. 09/667,344, filed Sep. 22, 
2000, by Yuan et al., entitled “Non-volatile Memory Cell 
Array having Discontinuous Source and Drain Diffusions 
Contacted by Continuous Bit Line Conductors and Methods 
of Forming.” Ser. No. 09/925,134, filed Aug. 8, 2001, by 
Harari et al., entitled “Non-Volatile Memory Cells Utilizing 
Substrate Trenches,” and Ser. No. 09/925,102, filed Aug. 8, 
2001, by Yuan et al., entitled “Scalable Self-Aligned Dual 
Floating Gate Memory Cell Array and Methods of Forming 
the Array,” which patents and patent applications are incor 
porated herein in their entirety by this reference. 
0019. In another specific example, a NAND array has its 
memory cell floating gates replaced by Storage element 
regions of a dielectric layer. This dielectric is Sandwiched 
between word lines and the Substrate Surface. Otherwise, the 
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array is operated as described in U.S. Pat. application Ser. 
No. 09/893,277, filed Jun. 27, 2001, which application is 
incorporated herein by this reference. Each Storage element 
region may be operated to Store more than two charge levels, 
thus Storing more than one bit of data in each Such region. 
0020 Additional aspects, advantages and features of the 
present invention are included in the following description 
of its exemplary embodiments, which description should be 
read in conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

0021 FIG. 1 shows a plan view of a first example of an 
array of memory cells, 

0022 FIGS. 2A and 2B are cross-sectional views of the 
array of FIG. 1, taken at respective sections I-I and II-II; 
0023 FIG. 3 is an enlarged view of the section of FIG. 
2A, showing one memory cell, plus exemplary threshold 
Voltage characteristics acroSS that cell; 
0024 FIG. 4 is a set of exemplary current-voltage char 
acteristic curves for the memory cell of FIG. 3 operated in 
four States, 

0025 FIG. 5 is an equivalent electrical circuit of the 
memory cell shown in FIG. 3, plus schematic representa 
tions of Some operating elements, 
0026 FIGS. 6A and 6B illustrate two different specific 
dielectric material configurations that may be used in 
memory cells for trapping charge, 

0027 FIG. 7 shows a plan view of a second example of 
an array of memory cells, 

0028 FIGS. 8A and 8B are cross-sectional views of the 
array of FIG. 7, taken at respective sections III-III and 
IV-IV; 

0029 FIG. 9 is an enlarged view of the section of FIG. 
8A, showing one memory cell, plus exemplary threshold 
Voltage characteristics acroSS that cell; 
0030 FIG. 10 shows a plan view of a third example of 
an array of memory cells, 

0031 FIGS. 11A and 11B are cross-sectional views of 
the array of FIG. 10, taken at respective sections V-V and 
VI-VI; 

0032 FIG. 12 is an enlarged view of the section of FIG. 
11 A, showing one memory cell, plus exemplary threshold 
Voltage characteristics acroSS that cell; 

0033 FIG. 13 is a section that shows a modification of 
the memory cells shown in FIG. 11A; 

0034 FIG. 14 illustrates in block diagram form a flash 
EEPROM system in which the arrays of memory cells 
according to the first, Second and third examples may be 
implemented; 

0035 FIG. 15 is a plan view of a fourth example of 
memory cells, 

0036 FIGS. 16A and 16B are cross-sectional views of 
the array of FIG. 15, taken at respective sections VII-VII 
and VIII-VIII; 
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0037 FIG. 17 is an electrical equivalent circuit of a 
String of memory cells of the fourth example; 
0038 FIGS. 18A, 18B and 18C illustrate one process for 
forming a memory array of the type illustrated in FIGS. 
15-17; and 
0039 FIG. 19 illustrates in block diagram form a flash 
EEPROM system in which the array of memory cells 
according to the fourth example may be implemented. 

DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

0040 Several specific memory cell configurations are 
described with respect to the drawings. In each of them, 
charge is Stored in at least one region of a charge trapping 
dielectric that is positioned between a conductive gate and 
the Substrate. These memory cell examples may be operated 
either in a binary mode, where one bit of data is Stored in 
each charge region, or in a multi-state mode, where more 
than one bit of data is Stored in each region. 
0041) First Memory Cell Example (FIGS. 1-6) 
0.042 A few cells of a two-dimensional array of cells is 
illustrated in FIG. 1 in plan view, with orthogonal sections 
shown in FIGS. 2A and 2B. Elongated, parallel source and 
drain diffusions 103, 104 and 105 are formed in a Surface 
101 of a semi-conductor Substrate 100, with their lengths 
extending in the y-direction and are Spaced apart in the 
X-direction. A dielectric layer 107 including a charge Storage 
material is formed on the Substrate Surface 101. Elongated, 
parallel conductive control gates 109, 110 and 111 have 
lengths extending in the X-direction and are Spaced apart in 
the y-direction. These gates can be made from doped poly 
Silicon material, as is typical. 
0043. The charge storage elements of this simple struc 
ture (which is one of its advantages) are the areas of the 
dielectric layer 107 between the source and drain diffusions 
103-105 and sandwiched between the control gates 109-111 
and the Substrate Surface 101. These Storage element areas 
are marked with cross-hatching in FIG. 1. The charge 
trapping material needs to be positioned only in these 
regions in order to form operable memory cells but may be 
extended over any other portions of the Structure that is 
convenient, including over the entire memory cell array. 
0044) This memory cell array may be formed by standard 
processing techniques, particularly those developed for 
making flash EEPROM arrays of the type utilizing a floating 
gate. The major processing Steps include forming an ion 
implant mask on the Substrate Surface through which ions 
are them implanted into the Source and drain regions 103 
105. This mask is then removed and the dielectric layer 107 
is formed over the entire array. A layer of conductive 
material, Such as doped polysilicon or polycide, is then 
deposited over the dielectric 107, an etch mask formed on its 
top Surface and the polysilicon is then etched through the 
mask to leave the control gates 109-111. In the case of 
polysilicon, these control gates are doped in order to make 
them conductive by either initially depositing the polysili 
con in a doped form or Subsequently doping it by implanting 
ions before it is separated into the elongated strips 109-111. 
When the polysilicon is etched, the layer 107 in the regions 
being etched may also be removed, Since those regions are 
unnecessary to the operation of the memory, to leave Strips 
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of the dielectric layer 107 under the control gates 109-111. 
Finally, another implant may be made into the Substrate 
between the control gate strips 109-111, using the control 
gates as a mask, in order to increase the electrical isolation 
between adjacent rows of cells. 
004.5 The programming and charge retention of such an 
array is illustrated in FIG. 3, where a portion of FIG. 2A 
including a single memory cell is enlarged. Programming is 
accomplished by the channel hot-electron injection tech 
nique described above in the Background. When appropriate 
voltages are placed on the substrate 100, source 104, drain 
105 and control gate 110, electrons are accelerated within 
the cell channel from the source toward the drain sufficiently 
to be injected into a region 115 within the dielectric layer 
107 adjacent the drain 105 and retained there. The actual 
programming Voltages applied depend upon details of the 
array Structure but the following are exemplary: Substrate 
100: O volts; source 104: O volts; drain 105: 5 volts; and 
control gate 110: 8 volts. 
0046) The preferred programming technique follows that 
of flash EEPROMs with conductive floating gates, as 
described in references discussed above in the Background. 
Simultaneous pulses of these programming Voltages are 
periodically applied to a number of cells in parallel and the 
programmed States of the cells are read in between program 
ming pulses. When an individual cell reaches its pro 
grammed level, application of programming pulses to that 
cell is terminated. It will be noted that the Source and drain 
diffusions are shared between cells in adjacent columns, and 
are operated in a virtual ground mode that is widely used in 
the operation of floating gate memory arrayS. 
0047 The length of the channel of the memory cell of 
FIG. 3 is noted to have two components, “L1” for the 
portion of the length outside of the charge Storage region 
115, and “L2” for the portion of the length under the region 
115. A curve 117 illustrates the threshold voltage (V) 
characteristics of the channel. The curve is flat along the 
channel length Segment L1 at a level depending upon any 
threshold altering implant that may have been made in the 
Substrate Surface 101 and the impact of any prior channel 
erase operations (described hereinafter). The charge Stored 
in the region 115 does not affect the threshold characteristics 
in the L1 Segment. But in the L2 channel Segment, the 
threshold is significantly affected by the Stored charge, and, 
as in the floating gate counterpart Systems, is the character 
istic that is measured to determine the Storage State of the 
cell. 

0048 Programming by Fowler-Nordheim tunneling 
through the layer of oxide formed on the channel region has 
its limitations. It can usually be used in only Some specific 
memory array configurations, such as NAND and AND 
configurations. It is not practical to program this first 
example, or either of the Second or third memory cell array 
examples described hereinafter, by this technique. But if 
programmed in this manner, the Storage region within the 
dielectric 107 would extend substantially uniformly across 
the entire channel length (L1+L2) instead of being confined 
to the region 115. 
0049. Each cell may be operated in binary, to store one bit 
of data, by detecting whether V is above or below one 
predetermined threshold level. But according to one primary 
aspect of the present invention, more than one bit of data 
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may be Stored in each cell by operating it to distinguish 
between more than two levels or ranges of V that are 
Separated by more than two predetermined threshold levels. 
A window of threshold levels in the L2 segment is shown in 
FIG. 3 to be divided into four states 0-3, as an example, 
which will store two bits per cell. More than four levels may 
alternatively be designated in order to Store more than two 
bits per Storage element. Exemplary current-voltage char 
acteristics are shown in FIG. 4 for the cell of FIG. 3 in each 
of its four Storage States as a result of an appropriate amount 
of charge being stored in the dielectric region 115. The 
quantity V, along the X-axis of FIG. 4 is the Voltage on the 
control gate 110 of the cell, and the quantity I on the 
y-axis is the current through the channel of the cell. 

0050. The memory cell shown in FIG. 3 is effectively a 
Split-channel cell because the charge Storage region 115 
extends acroSS only a portion of the channel. An electrical 
equivalent circuit of the cell is shown in FIG. 5, two 
transistorS Q1 and Q2 being connected in Series between 
adjacent source and drain diffusions 104 and 105 (bit lines). 
The transistor Q1 must be rendered conductive during 
programming or reading by providing a Sufficient combina 
tion of Voltages on the cell's elements. During read, a 
voltage Source 121 (V) is connected to the control gate 
110 (word line), a voltage source 125 (Vs) to the diffusion 
104 and a voltage source 127 (V) to the diffusion 105. 
0051) The cell of FIG. 3 can be read in the same manner 
as a cell having a conductive floating gate. There are two 
general ways. The control gate Voltage V may be held 
fixed and the current through the cell (I) measured by 
a Sense amplifier circuit 129 as an indication of the Storage 
State of the cell. The actual Voltages applied depend upon 
details of the array Structure but the following are exem 
plary: Substrate 100: 0 volts; source 104: 0 volts; drain 105: 
1 volts; and control gate 110: 3-5 volts. Alternatively, the 
control gate Voltage V may be varied and its value noted 
when the value of the cell current is determined by the sense 
amplifier 129 to cross a fixed threshold. That voltage value 
gives an indication of the Storage State of the cell. This 
example utilizes "forward” reading, Since the drain during 
programming is also the drain during reading. Alternatively, 
the reading may be performed in a “reverse' mode, where 
the drain and Source during programming are reversed 
during reading. 

0.052 The diagram of FIG. 5 also contains the compo 
nents used to program the cell, except that the Sense ampli 
fier 129 is typically not connected during programming. The 
voltage sources 121, 125 and 127 are connected as shown in 
FIG. 5 during programming but the values of the voltages 
Supplied are different. A number of cells along at least one 
word line may be erased together by applying appropriate 
Voltages to cause electrons to move from the dielectric 
charge trapping regions to the Substrate. An example Set of 
erase voltages is as follows: Substrate 100: O volts; source 
104: floating; drain 105: 5 volts; and control gate 110: -8 
volts. 

0053 FIG. 6 illustrates two exemplary structures for the 
charge storage dielectric layer 107 that may be used in all of 
the memory cell examples described herein. The first (FIG. 
6A) includes a layer 135 of silicon oxide (SiO), commonly 
just called “oxide,” grown on the Substrate surface 101, 
followed by a layer 137 of silicon nitride (SiN), commonly 
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just called “nitride,” being deposited over the layer 135. A 
layer 139 of oxide is then grown on the nitride layer 137 or 
deposited on it, or a combination of the two. This oxide 
nitride-oxide configuration is known as “ONO.” Electrons 
are trapped and stored in the nitride layer 137. Exemplary 
thicknesses of these layers are as follows: layer 135: 50 
Angstroms; layer 137: 70 Angstroms; and layer 139: 100 
Angstroms. The layer of conductive material from which the 
control gates are formed is then deposited on the ONO layer. 
0054 The second structure, shown in FIG. 6B, uses a 
tailored layer 141 of silicon rich silicon dioxide to trap and 
Store electrons. Such material is described in the following 
two articles, which articles are incorporated herein in their 
entirety by this reference: DiMaria et al., “Electrically 
alterable read-only-memory using Si-rich SIO injectors and 
a floating polycrystalline Silicon Storage layer, J. Appl. 
Phys. 52(7), July 1981, pp. 4825-4842; Hori et al., “A 
MOSFET with Si-implanted Gate-SiO Insulator for Non 
volatile Memory Applications.” IEDM 92, April 1992, pp. 
469-472. As an example, the thickness of the layer 141 can 
be about 500 Angstroms. 
0055 Second Memory Cell Example 
0056. Another example memory array is illustrated in 
FIGS. 7-9, which differs from the first example by the use of 
two Sets of orthogonally positioned conductive gates instead 
of just one set. FIG. 7 shows a few cells of the array in plan 
view and FIGS. 8A and 8B are cross-sectional views in two 
orthogonal directions. Parallel Source and drain diffusions 
151,152 and 153, formed in a surface 164 of a substrate 163, 
are elongated in the y-direction acroSS the array and Spaced 
apart in the x-direction. Conductive control gates 155, 156 
and 157, which may be referred to as Steering gates, are also 
elongated in the y-direction and Spaced apart in the X-direc 
tion. These gates are positioned alongside respective diffu 
sions 151,152 and 153. These diffusions are spaced further 
apart than those of the first example in order to allow for 
these control gates to be positioned acroSS the memory cell 
channels. A second set of conductive control gates 159, 160 
and 161, which form the word lines of the array, are 
elongated in the X-direction and Spaced apart in the y-direc 
tion. The conductive gates are typically formed of doped 
polysilicon but may alternatively be formed of other low 
resistance materials. 

0057 Referring to the sectional views of FIGS. 8A and 
8B, a layer of charge storing dielectric 165 is formed over 
the Substrate surface 164 of the array. This dielectric can be 
one of the two specific dielectrics described above with 
respect to FIGS. 6A-B. Another dielectric layer 167 is 
formed between the two Sets of conductive gates where they 
cross each other. This layer is made to be relatively thick in 
order to Sustain the potential Voltage differences between the 
two Sets of gates, Such as a 250 Angstroms thick oxide. 
0.058. It will be noted from FIG. 8A, and the enlarged 
sectional view of one memory cell thereof in FIG. 9, that the 
length of the individual memory cell channels is divided into 
two portions that are field coupled with different ones of the 
two sets of control gates. The word line 160 lies over the left 
approximately one-half of the channel length and the control 
gate 157 over the other. The charge storing dielectric 165 is 
Sandwiched between the Substrate Surface 164 and these 
gates A primary difference in operation of this array from 
that of the first example is that charge may be Stored in two 
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spatially separated regions 171 and 173 within the layer 165, 
and each of these regions may be individually programmed 
and read independently of the other. Programming by Source 
Side injection is preferred, which causes the charge Storage 
region 171 to be located adjacent an interior edge of the gate 
160 and the charge Storage region 173 adjacent an interior 
edge of the gate 157. However, if programmed by channel 
hot-electron injection, electrons are Stored in regions 172 
and 174 within the layer 165 instead of in the regions 171 
and 173. The regions 172 and 174 are adjacent respective 
ones of the cell diffusions 152 and 153. 

0059. This example cell effectively contains two charge 
Storage elements over its channel between adjacent Source 
and drain regions 152 and 153, one under the conductive 
gate 160 and the other under the conductive gate 157. The 
dielectric layer 165 may be limited to these areas or, as is 
usually more convenient, extended over more of the array. 
FIGS. 7-9 show the charge storage layer 165 extending over 
the entire array. 
0060 A curve 175 of FIG. 9 illustrates the varying 
threshold voltage characteristics (V) across the cells chan 
nel, when programmed in the regions 171 and 173 by source 
Side injection. The amount of charge Stored in the region 171 
imparts a V value 177 of the threshold under it, and the 
amount of charge Stored in the region 173 imparts a VF Value 
179 of the threshold under it. Each of the threshold values 
177 and 179 may be maintained in one of two storage states, 
where a Single breakpoint threshold value is Set between the 
states. Two bits of data are stored in each cell if this is done. 
Alternatively, each of the values 177 and 179 may be 
operated with more than two levels, as shown in FIG. 3 for 
the first example array. If each of the levels 177 and 179 is 
operated in four states, as shown in FIG. 3, a total of four 
bits of data are Stored in each memory cell. Of course, if one 
or both portions of the channel are operated in more than 
four levels, more than four bits of data are Stored in each cell. 
Also, if the cell is programmed by channel hot-electron 
injection instead of Source side injection, the curve 175 is 
modified by the levels 177 and 179 being moved apart to 
positions under the charge Storage regions 172 and 174. 
0061 Each of the threshold values 177 and 179 is pref 
erably programmed and read independently of one another. 
One Segment of the cell is turned on hard, thus eliminating 
any effect of its programmed threshold level, while the other 
is being programmed or read. Although the Specific Voltages 
applied to the array will depend upon its Specific structure, 
the following are approximate Voltages that might be used 
for programming the cell of FIG. 9 by channel hot-electron 
injection: 

0062 Programming the left segment, threshold 
value 177: Substrate 163: 0 volts; source 153: Vs=0 
volts; drain 152: V=5 volts; control gate 157: 
Vs=8 volts; and word line 160: Vw=10 volts. 

0063 Programming the right segment, threshold 
value 179: Substrate 163: 0 volts; source 152: Vs=0 
volts; drain 153: V=5 volts; control gate 157: 
Vs=8 volts; and word line 160; Vw=10 volts. 

0.064 Programming is also preferably accomplished in 
this example by alternately pulsing a plurality of cells with 
these voltages in parallel and Verifying their programmed 
States by reading them, the programming being terminated 
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on a cell-by-cell basis after reaching the desired level, as 
done with floating gate flash memory gate arrayS. 
0065) Exemplary reading voltages for the cell of FIG.9, 
when programmed in the manner described above, are as 
follows: 

0066 Reading forward the left segment, threshold 
value 177 by sensing the value of the cell current 
I, at fixed voltages: Substrate 163: 0 volts; source 
153: Vs=0 volts; drain 152: V=1 volt; control gate 
157: Vs=8 volts; and word line 160: Vw=6 volts. 

0067 Reading forward the right segment, threshold 
value 179 by sensing the value of the cell current 
I at fixed voltages: Substrate 163: 0 volts; source 
152: Vs=0 volts; drain 153: V=1 volt; control gate 
157: Vs=6 volts; and word line 160: Vw=8 volts. 

0068 Erasing of the memory cells is accomplished in this 
and the other two examples by the injection of holes into 
their charge trapping layers. These holes neutralize the 
negative charge of the electrons that were injected into the 
charge-trapping layer during a programming operation. It is 
the layer 165 in this second example (FIGS. 7-9) that 
receives the electrons during programming and the holes 
during erasing. There are two specific erasing techniques. In 
one, the holes are injected into a charge Storage portion of 
the layer 165 from the silicon Substrate by tunneling through 
an oxide portion of that layer that is in contact with the 
Substrate Surface, termed a “channel erase.” To bring this 
about, a negative potential is applied to the word line with 
respect to the Substrate, with the drain and Source either 
being grounded or left floating. In the other technique, the 
holes are injected into the layer 165 from a region of the 
Substrate near the drain or the Source. In this Second 
approach, referring to FIGS. 8 and 9, a combination of a 
negative voltage on both the word lines 159-161 and steer 
ing gates 155-157, and a positive voltage on the drains and 
sources 151-153, are applied. (In the cell shown in FIG. 3 
for the first example previously described, a positive Voltage 
is applied to the drain 105, the source 104 is left floating, and 
a negative voltage is applied to the word line 110.) 
0069. When cells have been programmed by source side 
injection, the channel erase technique is preferred. When 
programmed by the hot-electron injection technique, either 
of these two erasing techniques can be used. But when cells 
have been programmed by hot-electron injection, the chan 
nel erase has a disadvantage of tunneling holes across the 
entire channel, the result being an over erase of a portion of 
the charge trapping layer that does not contain electrons 
trapped by prior programming. This can cause the flat Zero 
portions of the curve 175 (FIG. 9) across the cell channel to 
be lowered to negative threshold values. 
0070 To simultaneously erase a plurality of cells in a 
block of cells in this Second example, the following Voltages 
are simultaneously applied to individual cells: Substrate 
163: 0 volts; source 152: Vs=5 volts; drain 153: V=5 volts; 
control gate 157: Vs=-8 volts; and word line 160: Vw=-8 
Volts. These voltages implement the Second erase approach 
described above. 

0071. The memory cell array of FIGS. 7-9 may also be 
formed by Standard processing techniques, particularly those 
developed for making flash EEPROM arrays of the type 
utilizing a floating gate. In one example process, the layer 
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165 is first formed over the entire Substrate area of the 
memory cell array. A first layer of polysilicon is then 
deposited over this area and etched through an appropriate 
mask to leave the control gates 155-157. The layer 165 in 
between the control gates 155-157 is removed as part of this 
etching process, in one example. The Source and drain 
regions 151,152 and 153 are then implanted through a mask 
formed by the control gates and other temporary masking 
material (not shown), thus being Self-aligned with one edge 
of the control gates 155-157. The layer 165 is then formed 
on the substrate surface 164 in between the control gates 
155-157 and simultaneously over the top and sides of the 
control gates 155-157. This is a continuous layer of ONO 
(FIG. 6A) or silicon rich oxide (FIG. 6B). The layer 167 
shown in FIGS. 8 and 9 can be part of the same layer 165 
or a combination of the layer 165 and other dielectric 
material. Such other dielectric material can be in the form of 
oxide spacers (not shown) formed along the vertical walls of 
the control gates 155-157 and/or a thick oxide layer (not 
shown) on the top surface of the control gates 155-157. This 
top Surface oxide is preferably formed by depositing the 
oxide on the top of the first polysilicon layer before it is 
separated into the gates 155-157. A second layer of poly 
Silicon is then formed over this continuous layer, and is then 
etched into the word lines 159, 160 and 161. 
0.072 It will be noted that this second example memory 
cell has a larger dimension in the X-direction by one reso 
lution element than does the first example of FIGS. 1-3, 
because of the added control (steering) gates 155-157. A 
Second polysilicon layer is also required in this second 
example. This added Structure and size, however, allows the 
amount of data that is stored in each cell to be doubled. 

0073. A useful modification of the cell of FIGS. 7-9 for 
Some purposes replaces the electron Storage layer under the 
control gates 155-157 with a thin (such as 200 Angstroms 
thick) gate dielectric, usually an oxide grown on the Sub 
strate Surface 164. This eliminates the second electron 
Storage region 173 but adds an independent Select transistor 
function to each cell. Erase can then be confined to indi 
vidual rows of cells. 

0074 Third Memory Cell Example 
0075). In this example, shown in FIGS. 10-13, an array of 
Dual Storage Element Cells, described above in the Back 
ground, is provided with its conductive floating gates 
replaced by portions of one of the dielectric charge trapping 
material layers described above with respect to FIGS. 
6A-6B. The making and operation of this array are similar 
to the arrays of Dual Storage Element Cells described in the 
patents and patent applications incorporated above into the 
Background and Summary. 

0076 FIGS. 10-12 show an array. Source and drain 
diffusions 185, 186 and 187 are formed in a surface 181 of 
a semi-conductive substrate 183, and have their lengths 
extending in the y-direction and are Spaced apart in the 
X-direction. As apparent from the plan view of FIG. 10, 
conductive steering gates 189, 190, 191, 192, 193 and 194 
are oriented in the Same way as the diffusions, being 
positioned on either side of the diffusions in the x-direction. 
Conductive word lines 197-199 are oriented with lengths 
extending in the X-direction and are Spaced apart in the 
y-direction. AS typical, these conductive lines are made of 
doped polysilicon material. 
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0077. As illustrated in the sectional views of FIGS. 11A 
and 11B, the steering gates 189-194 are positioned over a 
layer 201 of charge Storage material according to one of 
FIGS. 6A-6B. After the steering gates 189-194 are formed 
over the charge trapping layer 201, Strips of that layer 
extending in the y-direction are removed between every 
other of the Steering gates in the X-direction. The Source and 
drain regions 185-187 are implanted between the remaining 
regions between every other Steering gate in the X-direction. 
An oxide layer 203 is formed over the tops and sides of the 
steering gates 189-194 to isolate those steering gates from 
the word lines 197-199, and simultaneously formed over the 
exposed Substrate Surface 181 to provide gate oxide under 
the word lines 197-199. An example thickness of the dielec 
tric layer 203 is 200 Angstroms over the doped polysilicon 
steering gates 189-194, and 150 Angstroms on the substrate 
surface 181. The portions of the word line 198 shown in 
FIG. 11A, for example, that are formed immediately over 
the portion of the oxide layer 203 on the substrate surface 
181, Serve as the Select transistor gates in that row of 
memory cells. 
0078. Adjacent pairs of steering gates on either side of 
the diffusions 185-187 are preferably electrically connected 
together at a decoder for the Steering gates in order to reduce 
the complexity of the decoder. One Such pair includes 
Steering gates 191 and 192. Such adjacent pairs of Steering 
gates may alternatively be physically merged together by 
joining them over their intermediate diffusions, as described 
in several of the Dual Storage Element Cell patents and 
applications referenced above. 
0079 Individual storage elements can be defined to exist 
in regions of the dielectric trapping layer 201 under one of 
the steering gates 189-194 where one of the word lines 
197-199 crosses, as shown in cross-hatching in the plan view 
of FIG. 10. There are two such storage elements per 
memory cell. Each Storage element can be operated in two 
States (binary) in order to store 1 bit per storage element. The 
Storage elements may alternatively be operated to individu 
ally Store more than two States, Such as four States per 
Storage element, in a manner Similar to that described in the 
Dual Storage Element Cell U.S. Pat. No. 6,151,248. The 
operation of Such a dielectric Storage memory array is 
Similar to what is described in that patent, one difference 
being the use of lower Voltages on the Steering gates Since 
there are no floating gates. 
0080 With reference to FIG. 12, an enlarged view of one 
of the memory cells of FIG. 11A is given. Charge is trapped 
within the dielectric layer 201 in two regions 211 and 213, 
adjacent to each side of a select transistor gate 198' that is 
part of the word line 198, if programmed by the source-side 
injection technique. If programmed by the channel hot 
electron injection technique, on the other hand, these charge 
regions are located adjacent the Source and drain regions 186 
and 187 instead. The portions of the dielectric 201 within the 
memory cell on either side of the select transistor gate 198 
and beneath the word line 198 define the two storage 
elements of the cell that replace the two conductive floating 
gates of the Dual Storage Element Cell arrayS and Systems 
referenced above. The dielectric layer 201, however, can 
extend beyond these Storage elements. In one form, the layer 
201 is formed in strips having individual widths that extends 
in the X-direction between Select transistors of memory cells 
in adjacent columns and lengths that extend in the y-direc 
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tion acroSS a large number of rows of memory cells. These 
Strips, and the Select transistor gate dielectric between them, 
can be Self-aligned with edges of the Steering gates, Such as 
the edges of the steering gates 192 and 193 that are shown 
in FG, 12. 

0081. The effect of charge stored in the regions 211 and 
213 of the dielectric 201 is shown by a threshold voltage 
curve 215 of FIG. 12, similar to the other two examples 
described above, when programmed by Source Side injec 
tion. A curve portion 217 indicates a variation of the 
threshold voltage V of a portion of the memory cell channel 
under the charge region 211. Similarly, the effect of the 
charge region 213 on the channel is indicated by the portion 
219 of the curve 215. Each of these regions may be operated 
in two states (storing one bit per cell) or more than two states 
(storing more than one bit per cell), as previously described 
above for the other examples. If programmed by channel 
hot-electron injection, on the other hand, the curve portions 
217 and 219 are positioned further apart from each other, 
under the alternate locations of the charge trapped in the 
layer 201 that is mentioned above. 
0082 FIG. 13 shows an optional modification of the 
memory cell shown in cross-section of FIGS. 11A and 12. 
The difference is that the select gate portion of the word line 
198' extends into a groove or recess 221 in the Substrate 183, 
with the select transistor gate dielectric 205" formed between 
them along the bottom and walls of the groove 221. This 
Structure increases the length of the channel of the Select 
transistor without taking any additional area acroSS the 
Substrate Surface 181. 

0.083 Although the gates in the foregoing structure are 
preferably made of doped polysilicon material, other Suit 
able electrically conductive materials may be used in place 
of one or both of the polysilicon layers described. The 
Second layer, for example, from which the word lines 
197-199 are formed, may be a polycide material, which is 
polysilicon with a conductive refractive metal Silicide, Such 
as tungsten, on its top Surface in order to increase its 
conductivity. A polycide material is usually not preferred for 
the first conductive layer from which the Steering gates 
189-194 are formed because an oxide grown from a polycide 
as an interpoly dielectric is of lower quality than that grown 
from polysilicon. The same considerations apply for the 
second memory cell example described above. For the first 
memory cell example, Since only one layer of conductive 
gates is formed, those gates may be a polycide material. 
0084 Memory System Operation, in General 
0085. An example memory system in which the various 
aspects of the present invention may be implemented is 
generally illustrated in the block diagram of FIG. 14. This 
System is most specifically directed to use of the Second and 
third example arrays discussed above with control (Steering) 
gates elongated in the y-direction but also has application to 
the first example by elimination of the circuits that connect 
to Steering gates. 

0.086 A large number of individually addressable 
memory cells 11 are arranged in a regular array of rows and 
columns, although other physical arrangements of cells are 
certainly possible. Bit lines, designated herein to extend 
along columns of the array 11 of cells, are electrically 
connected with a bit line decoder and driver circuit 13 
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through lines 15. Word lines, which are designated in this 
description to extend along rows of the array I 11 of cells, 
are electrically connected through lines 17 to a word line 
decoder and driver circuit 19. Steering gates, which extend 
along columns of memory cells in the array 11, are electri 
cally connected to a steering gate decoder and driver circuit 
21 through lines 23. The Steering gates and/or bit lines may 
be connected to their respective decoders by techniques 
described in a co-pending patent application by Harari et al. 
entitled “Steering Gate and Bit Line Segmentation in Non 
Volatile Memories," U.S. Ser. No. 09/871,333, filed May 31, 
2001, which application is incorporated herein by this ref 
erence. Each of the decoders 13, 19 and 21 receives memory 
cell addresses over a bus 25 from a memory controller 27. 
The decoder and driving circuits are also connected to the 
controller 27 over respective control and Status Signal lines 
29, 31 and 33. Voltages applied to the steering gates and bit 
lines are coordinated through a buS 22 that interconnects the 
Steering gates and bit line decoder and driver circuits 13 and 
21. 

0087. The controller 27 is connectable through lines 35 to 
a host device (not shown). The host may be a personal 
computer, notebook computer, digital camera, audio player, 
various other hand held electronic devices, and the like. The 
memory system of FIG. 14 will commonly be implemented 
in a card according to one of Several existing physical and 
electrical standards, Such as one from the PCMCIA, the 
CompactFlashTM Association, the MMCTM Association, and 
others. When in a card format, the lines 35 terminate in a 
connector on the card that interfaces with a complementary 
connector of the host device. The electrical interface of 
many cards follows the ATA standard, wherein the memory 
System appears to the host as if it was a magnetic disk drive. 
Other memory card interface Standards also exist. Alterna 
tively to the card format, memory Systems of the type shown 
in FIG. 14 are permanently embedded in the host device. 
0088. The decoder and driver circuits 13, 19 and 21 
generate appropriate Voltages in their respective lines of the 
array 11, as addressed over the buS 25, according to control 
signals in respective control and status lines 29, 31 and 33, 
to execute programming, reading and erasing functions. Any 
Status Signals, including Voltage levels and other array 
parameters, are provided by the array 11 to the controller 27 
over the same control and status lines 29, 31 and 33. A 
plurality of sense amplifiers within the circuit 13 receive 
current or Voltage levels that are indicative of the States of 
addressed memory cells within the array 11, and provides 
the controller 27 with information about those states over 
lines 41 during a read operation. A large number of Such 
Sense amplifiers are usually used in order to be able to read 
the States of a large number of memory cells in parallel. 
During reading and program operations, one row of cells is 
typically addressed at a time through the circuits 19 for 
accessing in the addressed row a number of cells that are 
selected by the circuits 13 and 21. In one embodiment, 
during an erase operation, all cells in each of many rows are 
addressed together as a block for Simultaneous erasure. 
0089 Operation of a memory system such as illustrated 
in FIG. 14 is described in patents and pending applications 
identified above, and in other patents and pending applica 
tions assigned to SanDisk Corporation, assignee of the 
present application. Those of the cited references that 
describe the Structure, processing or operation of a memory 
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System using floating gates as the Storage elements will be 
recognized as being relevant to implementing the Systems 
using dielectric Storage elements in place of the floating 
gates. In addition, U.S. patent application Ser. No. 09/793, 
370, filed Feb. 26, 2001, describes a data programming 
method applied to either floating gate or dielectric Storage 
element Systems, which application is incorporated herein 
by this reference. 
0090 Fourth Memory Cell Example 
0091) A fourth example, illustrated in FIGS. 15-17, 
applies the dielectric Storage techniques to a NAND array, 
the floating gate version of which is generally described in 
the Background above. Conductive word lines 241-244, 
elongated in the X-direction and Spaced apart in the y-direc 
tion, extend acroSS Strips 245-249 of charge Storage dielec 
tric and intermediate isolation regions 251-254 formed of 
dielectric in trenches of the semi-conductor Substrate 257, as 
best seen in the cross-section of FIG. 16A. The dielectric 
strips 245–249 are elongated in the y-direction and spaced 
apart in the X-direction with one of the dielectric isolation 
strips 251-254 positioned therebetween. The dielectric strips 
251-254 are preferably formed by typical silicon trench 
isolation (STI) techniques. Alternative techniques for pro 
Viding electrical isolation between adjacent columns of 
memory cells may be used instead. 
0092. The dielectric strips 245-249 are formed directly on 
the Surface of the Substrate 257. The dielectric material and 
other characteristics are preferably those of one of the two 
described above with respect to FIGS.6A and 6B. The word 
lines 241-244 are, in turn, positioned directly on top of these 
dielectric Strips in regions that become charge Storage 
regions. Charge Storage regions 265-267 are indicated in 
FIG. 16A along the word line 242, and regions 269, 265, 
271 and 272 in FIG. 16B along the dielectric strip 246. 
Doped Source and drain regions are formed in Surface areas 
of the Substrate 257 between the word lines and the isolation 
dielectric. For example, Source and drain regions 261-263 
are positioned in between word lines of a column formed 
between dielectric isolation strips 251 and 252. This column 
forms one String of Series connected memory cells, as shown 
in the cross-sectional view of FIG. 16B and represented by 
an electrical equivalent circuit diagram in FIG. 17. At each 
end of the String is a Switching Select transistor, shown in 
FIG. 16B at one end to have a gate 275 and at the other end 
to have a gate 277. Terminals 279 and 281 form electrical 
ends of the String of Storage and Select transistors. One of 
these terminals is usually connected to an individual bit line 
and the other to a common potential. There are a very large 
number of Such transistor column Strings, arranged in col 
umns extending in the y-direction, in a typical memory cell 
array. 

0093 FIGS. 15-16B illustrate the use of dielectric charge 
Storage material in one specific NAND memory cell array 
Structure. It will be recognized that dielectric charge Storage 
material may also serve as charge Storage elements in other 
specific NAND array structures. 
0094 Typically in existing NAND arrays of memory 
cells with conductive floating gate Storage elements, a group 
of memory cells, one cell in each of Several Such column 
Strings that is in a Selected common row, are Selected for 
Simultaneous reading or programming. The row is Selected 
by placing appropriate Voltages on the word lines. During a 
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reading operation, the word lines of the rows within the 
associated NAND strings are raised to a relatively high 
Voltage in order to render the memory cell transistors in 
those rows along each of the involved Strings highly con 
ductive, with the exception of the one row of cells that is 
desired to be read. During a programming operation, the 
Voltage of the word line of the Selected row in the associated 
NAND Strings is raised to a higher Voltage compared with 
the word lines of the non-Selected rows of the associated 
NAND strings. Likewise, the select transistors at the ends of 
the Strings of Selected columns of cells are appropriately 
biased and appropriate Voltages applied to their end termi 
nals in order to carry out the desired reading or programming 
function. The same procedure can be applied to a NAND 
array of memory cells with dielectric Storage media, Such as 
that of FIGS. 15-17. 

0095. As with the other examples previously described, 
charge Stored in the dielectric of a memory cell affects the 
threshold voltage of that cell. For example, the level of 
charge stored in the region 265 of the dielectric strip 246 
establishes the threshold voltage level of the memory cell 
transistor formed by that region, the adjacent Source and 
drain regions 261 and 262, a portion of the Substrate between 
the Source and drain that forms the cell's channel, and a 
portion of the word line 242 positioned over the channel. 
Each of the memory cell charge Storage regions may be 
operated in two States or in more than two States, as 
previously described above for the other examples. 

0096. One process for forming the NAND structure illus 
trated in FIGS. 15-16B includes first forming a layer of the 
charge Storage dielectric material Such as ONO over the 
entire area of the Substrate to be occupied by the array. A 
mask of silicon nitride material is formed on top of the ONO 
layer to define parallel, elongated trenches in the Substrate 
used to isolate adjacent NAND Strings. An etching Step then 
removes the dielectric layer and forms trenches in the 
Substrate through openings of the mask. Silicon oxide is then 
deposited over the structure to fill in the trenches and 
openings of the mask. ExceSS oxide is removed, followed by 
removal of the silicon nitride mask material. The result is the 
Structure shown in FIGS. 16A and 16B without the word 
lines (WLS). The word lines are then formed by depositing 
a layer of doped polysilicon material over at least the array 
area and then etching away portions of the material through 
another mask in order to leave the word lines as shown in 
FIGS. 16A and 16B. An ion implant can then be made 
through the charge Storage dielectric layer into regions of the 
Substrate that remain exposed between the thick isolation 
dielectric and the word lines, thereby to form the source and 
drain regions. 

0097 Another process for forming a slightly different 
NAND dielectric storage array is illustrated by FIGS. 18A, 
18B and 18C. These views show the development of the 
structure along section VII-VII of the plan view of FIG. 15. 
Reference numbers of elements of FIGS. 18A-18C that 
correspond to elements of FIGS. 15-16B are the same with 
a double prime (") added. 
0098. In a first series of processing steps illustrated in 
FIG. 18A, a layer of silicon nitride is deposited on the 
surface of the substrate 257", usually after growing a thin 
layer 296 of silicon dioxide on the substrate surface 257". A 
mask is then formed on the nitride layer with openings 
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elongated in the y-direction (FIG. 15) and the nitride layer 
is etched away through the mask to leave nitride Strips 
291-295 that are elongated in the y-direction and spaced 
apart in the X-direction. The Substrate is then etched in the 
Spaces between the nitride Strips that Serve as a mask, 
thereby forming isolation trenches in the Substrate. Those 
trenches (FIG. 18B) are then filled with silicon oxide by 
depositing a thick oxide layer over the Structure and then 
removing it to leave the portions 251", 252", 253"and 
254"that fill the substrate trenches and extend slightly above 
the Substrate Surface. 

0099. A next series of steps is illustrated by FIG. 18C. 
The nitride strips 291-295 are removed by a selective etch 
that leaves the trench oxide between them and the Substrate 
surface under them mostly unaffected. A layer 297 of charge 
storage dielectric, such as ONO, is then formed over the 
entire memory cell array area, covering the exposed Sub 
Strate Surface areas and the portions of the isolation dielec 
tric extending above the substrate surface. Word lines are 
then formed by depositing a layer of doped polysilicon 
material over the entire area, forming a mask on top of the 
polysilicon layer with openings that are elongated in the 
X-direction and Spaced apart in the y-direction, and then 
removing the polysilicon though the mask openings. This 
leaves the word lines extending acroSS the Structure, includ 
ing the word line 242"of FIG. 18C. Source and drain 
regions of the substrate (not shown in the views of FIGS. 
18A-18C) can then be implanted through the charge storage 
dielectric layer 297 between the word lines and isolation 
oxide that serve as an implant mask. 
0100. It can be noted that the resulting structure of FIG. 
18C has its charge storage dielectric layer 297 extending 
over the entire array area, while that of FIGS. 16A and 16B 
limits this dielectric layer to strips in between the thick 
isolation dielectric layers. In either case, a charge Storage 
dielectric layer is provided over the channels of the NAND 
Storage transistors where it is need to Store charge. 
0101 Memory System Utilizing an Array of the Fourth 
Example Memory Cell 

0102) Another example memory system in which the 
various aspects of the present invention may be imple 
mented is illustrated by the block diagram of FIG. 19. 
Memory cell array 1 including a plurality of memory cells 
arranged in a matrix is controlled by a column control circuit 
2, a row control circuit 3, a c-source control circuit 4 and a 
c-p-well control circuit 5. This System is particularly Suited 
to use a memory cell array 1 that is of the NAND type 
described above with respect to FIGS. 15-18. A control 
circuit 2 is connected to bit lines (BL) of the memory cell 
array 1 for reading data Stored in the memory cells, for 
establishing a State of the memory cells during a program 
operation, and for controlling potential levels of the bit lines 
(BL) to promote the programming or to inhibit the program 
ming. One terminal of each string of NAND memory cells 
described above, for example, can be connected to one of the 
bit lines, and the other terminal of the String to a common 
potential Such as ground. The row control circuit 3 is 
connected to word lines (WL) to apply reading or program 
ming Voltages to the word lines. These voltages, combined 
with the bit line potential levels controlled by the column 
control circuit 2, cause Selected memory cells along one of 
the word lines to be read or programmed in parallel. An erase 
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Voltage is also applied by the circuits 2 to a p-type region on 
which the memory cells are formed. The c-source control 
circuit 4 controls a common Source line (labeled as 
“c-source” in FIG. 18) connected to the memory cells. The 
c-p-well control circuit 5 controls the c-p-well Voltage. 

0103) The data stored in the memory cells are read out by 
the column control circuit 2 and are output to external I/O 
lines 51 via internal I/O lines 53 and a data input/output 
buffer 6. Program data to be stored in the memory cells are 
input to the data input/output buffer 6 via the external I/O 
lines 51, and transferred to the column control circuit 2. The 
external I/O lines 51 are connected to a controller 43. The 
controller includes various types of registers and other 
memory including a volatile random-access-memory 
(RAM) 45. 
0104 Command data for controlling the flash memory 
device are inputted to command circuits 7 through internal 
control lines 55 through external control lines 57 that are 
connected with the controller 43. The command data 
informs the flash memory of what operation is requested. 
The input command is transferred to a State machine 8 that 
controls the column control circuit 2, the row control circuit 
3, the c-Source control circuit 4, the c-p-well control circuit 
5 and the data input/output buffer 6. The state machine 8 can 
output a status data of the flash memory such as READY/ 
BUSY or PASS/FAIL. 

0105 The controller 43 is connected to, or connectable 
with, a host System Such as a personal computer, a digital 
camera, or a perSonal digital assistant. It is the host that 
initiates commands, Such as to Store or read data to or from 
the memory array 1, and provides or receives Such data, 
respectively. The controller converts Such commands into 
command Signals that can be interpreted and executed by the 
command circuits 7. The controller also typically contains 
buffer memory for the user data being written to or read from 
the memory array. A typical memory System includes one 
integrated circuit chip 47 that includes the controller 43, and 
one or more integrated circuit chipS 49 that each contain a 
memory array and asSociated control, input/output and State 
machine circuits. The trend, of course, is to integrate the 
memory array and controller circuits of a System together on 
one or more integrated circuit chips. 

0106) Either of the memory systems of FIG. 14 or FIG. 
19 may be embedded as part of the host system, or may be 
included in a memory card that is removably insertible into 
a mating Socket of a host System. Such a card may include 
the entire memory System. Alternatively, the controller and 
memory array (with associated peripheral circuits) may be 
provided in Separate cards. Several card implementations are 
described, for example, in U.S. Pat. No. 5,887,145, which 
patent is expressly incorporated herein in its entirety by this 
reference. 

0107. Other Memory Cell Configurations 
0108. Other configurations of memory cell arrays that use 
conductive floating gates may similarly be modified to 
replace the floating gates with charge trapping dielectric 
material, and then to operate each charge Storage region of 
the array either in binary (two states) or multi-states (more 
than two states). For example, certain configurations 
described in patents and patent applications referenced 
above position either of the Storage elements or Source/drain 
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diffusions in trenches, the trenches either being rectangular 
in cross-section or V-shaped. In these embodiments, the 
conductive Storage elements can also be replaced with 
charge trapping dielectric material. 
0109) Conclusion 
0110. Although the various aspects of the present inven 
tion have been described with respect to Specific examples 
thereof, it will be understood that the invention is entitled to 
protection within the full Scope of the appended claims. 

It is claimed: 
1. A method of Storing data, comprising: 
utilizing dielectric material positioned within memory 

cells for non-volatile charge Storage that affect an 
operating parameter of the individual memory cells 
according to a level of charge Stored in at least one 
common region thereof extending over less than an 
entire channel of the memory cells, 

defining more than two values of Said operating parameter 
that result from more than two levels of charge Stored 
in Said at least one common region of the dielectric 
material in individual cells, thereby to Store more than 
one bit of data in Said at least one common region of the 
dielectric material, and 

measuring the level of the memory cells operating 
parameter, thereby to read the more than one bit of data 
stored in individual cells. 

2. The method of claim 1, wherein said more than two 
levels of charge Stored in common regions of individual ones 
of the dielectric material are exactly four levels of charge, 
thereby to provide exactly four values of Said operating 
parameter to Store exactly two bits of data in individual ones 
of the common regions. 

3. The method of claim 1, wherein said more than two 
levels of charge Stored in common regions of individual ones 
of the dielectric material are more than four levels of charge, 
thereby to provide more than four values of Said operating 
parameter to Store more than two bits of data in individual 
ones of the common regions. 

4. The method of claim 1, wherein measuring the memory 
cells operating parameter includes measuring a level of 
current flowing through the individual memory cells with a 
fixed voltage on a control gate. 

5. The method of claim 1, wherein measuring the memory 
cells operating parameter includes measuring a level of 
Voltage on a control gate that causes a level of current 
flowing through the individual memory cells to reach a 
predetermined value. 

6. The method of claim 1, wherein utilizing dielectric 
material includes utilizing a layer of Silicon nitride. 

7. The method of claim 1, wherein utilizing dielectric 
material includes utilizing a layer of Silicon rich Silicon 
dioxide. 

8. The method of claim 1, wherein utilizing dielectric 
material includes positioning Said dielectric material over a 
portion of a channel of the individual memory cells in Series 
with a Select transistor. 

9. The method of claim 1, wherein utilizing dielectric 
material includes positioning Said dielectric material over 
two regions of a channel of the individual memory cells in 
Series with a Select transistor in between said two channel 
regions. 

May 1, 2003 

10. A method of operating a non-volatile memory of a 
type including an array of memory cells that individually has 
a charge Storage dielectric positioned between a conductive 
gate electrode and a Surface of a Substrate within a Semi 
conducting channel that extends acroSS the Surface between 
Source and drain regions, comprising: 
programming Selected ones of the cells by applying 

Voltages to their gates, Sources and drains Sufficient to 
transfer electron charge into a common region of their 
charge Storage dielectric to a level that adjusts a thresh 
old of a defined portion of their individual channels to 
one of more than two threshold levels corresponding to 
the data being programmed, thereby to Store more than 
one bit of Such data in the dielectric common region of 
individual ones of the cells, and 

reading Selected ones of the cells by applying Voltages to 
their gates, Sources and drains to generate a parameter 
that is related to the programmed one of more than two 
threshold levels of the individual cells. 

11. The method of claim 10, wherein said more than two 
threshold levels includes exactly four threshold levels, 
thereby to store exactly two bits in the common dielectric 
region of the individual cells. 

12. The method of claim 10, wherein said more than two 
threshold levels includes more than four threshold levels, 
thereby to store more than two bits in the common dielectric 
region of the individual cells. 

13. A non-volatile memory of a type including an array of 
memory cells that individually has a charge Storing dielec 
tric material positioned between a conductive gate electrode 
and a Surface of a Substrate within a Semi-conducting 
channel that extends acroSS the Surface between Source and 
drain regions, comprising: 
programming means including Voltage Sources connect 

able with the gates, Sources and drains for transferring 
charge to at least one defined region of the charge 
Storing dielectric of individual addressed ones of the 
memory cells to levels that adjust a threshold of at least 
one defined portion of their individual channels to one 
of more than two threshold levels corresponding to the 
data being programmed, thereby to Store more than one 
bit of Such data in the dielectric Storage material of 
individual ones of the cells, and 

reading means including Voltage Sources and Sense ampli 
fiers connectable with the gates, Sources and drains for 
generating a parameter that is related to the pro 
grammed one of more than two threshold levels of the 
individual cells. 

14. A non-volatile memory, comprising: 
Source and drain diffusions Spaced apart acroSS a Substrate 

Surface to define lengths of channel regions therebe 
tWeen, 

conductive gates individually positioned over at least a 
portion of the individual channels, 

dielectric charge Storage material positioned between the 
conductive gates and the Substrate Surface within the 
channel regions, 

a programming circuit including a Source of Voltages 
connectable to the diffusions and gates that causes 
electrons to be transferred from the Substrate into 
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regions of the charge Storage dielectric occupying leSS 
than the channel length to one of more than two defined 
ranges according to data being programmed, and 

a reading circuit including Sense amplifiers connectable to 
at least the diffusions for identifying one of more than 
two defined ranges of charge Stored in individual 
charge Storage regions. 

15. The memory of claim 14, wherein the charge Storage 
dielectric includes Silicon nitride. 

16. The memory of claim 14, wherein the charge Storage 
dielectric includes Silicon rich Silicon dioxide. 

17. The memory of claim 14, wherein said more than two 
defined ranges includes exactly four ranges of charge. 

18. The memory of claim 14, wherein said more than two 
defined ranges includes more than four ranges of charge. 

19. A non-volatile memory System, comprising: 
an array of memory cells, wherein the individual memory 

cells include: 

a channel having a length extending between Source 
and drain regions within a Substrate Surface, 

at least first and Second conductive gates positioned 
over different portions of the channel along its 
length, and 

at least first and Second Storage elements of dielectric 
charge trapping material Sandwiched between 
respective ones of Said at least first and Second 
control gates, 

a programming circuit including a Source of Voltages 
connectable to the Source and drain regions and to at 
least first and Second gates that causes electrons to be 
transferred from the Substrate into said at least first and 
Second storage elements to a level according to data 
being programmed, and 

a reading circuit including a Sense amplifier connectable 
to at least one of the Source and drain regions for 
determining a Single level of charge Stored in each of 
Said at least first and Second Storage elements. 

20. The memory system of claim 19, wherein said at least 
first and Second Storage elements are formed from the charge 
trapping material extending continuously between the 
Source and drain regions. 

21. The memory system of claim 19, wherein the indi 
vidual memory cells include a Select transistor gate posi 
tioned between Said at least first and Second Storage ele 
ments and coupled with the channel through a gate dielectric 
Sandwiched therebetween. 

22. The memory system of any one of claims 19-21, 
wherein the programming circuit includes a Source of Volt 
ages that causes electrons to be transferred into Said at least 
first and Second Storage elements to one of more than two 
defined ranges according to more than one bit of data being 
Stored, and wherein the reading circuit includes Sense ampli 
fiers connectable to at least the Source or the drain for 
identifying levels of charge within one of more than two 
defined ranges Stored in each of Said at least first and Second 
charge Storage elements. 

23. A non-volatile memory, comprising 
elongated Source and drain diffusions formed in a Semi 

conductor Substrate with their lengths extending in a 
first direction thereacroSS and being Spaced apart in a 
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Second direction, the first and Second directions being 
perpendicular to each other, thereby defining memory 
cell channels in the Substrate between adjacent diffu 
Sions, 

conductive control gates having lengths extending in the 
first direction, being positioned in the Second direction 
Over channel regions immediately adjacent the diffu 
Sions and being Spaced apart in the Second direction 
Over an intermediate region of the cell channels, 

dielectric Storage material positioned at least between the 
control gates and a Surface of the Substrate within the 
memory cell channels, thereby to form two storage 
transistors in the cell channels adjacent the diffusions, 
and 

conductive word lines having lengths extending in the 
Second direction and being Spaced apart in the first 
direction, the word lines further being positioned over 
the control gates and extending therebetween over the 
intermediate channel regions to provide gates for Select 
transistors in the channels between the two storage 
transistors. 

24. The non-volatile memory of claim 23, which addi 
tionally comprises: 

a programming circuit including a Source of programming 
Voltages connectable to the diffusions, control gates 
and word lines for adding charge to regions of the 
dielectric Storage material in one of more than two 
defined charge Storage levels according to data being 
Stored, and 

a reading circuit including Sense amplifiers connectable to 
at least the diffusions for identifying one of more than 
two defined ranges of charge Stored in individual 
charge Storage regions. 

25. The non-volatile memory of claim 24, wherein the 
programming circuit operates to transfer charge into Said 
more than two defined ranges within a common region the 
dielectric material. 

26. A non-volatile memory System formed on a Semicon 
ductor Substrate, comprising: 

(a) an array of memory cells, including: 
a plurality of conductive word lines with lengths 

extending acroSS the Substrate in a first direction and 
being Spaced apart in a Second direction, the first and 
Second directions being orthogonal with each other, 

a plurality of discrete Source and drain regions formed 
in the substrate between the word lines in a plurality 
of columns extending in the Second direction and 
being spaced apart in the first direction, and 

regions of dielectric charge trapping material Sand 
wiched between the conductive word lines and a 
Surface of the Substrate in the columns, 

thereby to provide a plurality of Series connected 
Storage transistors in the individual columns between 
terminations thereof, 

(b) circuits peripheral to the array, including, 
a programming circuit that includes a Source of Volt 

ages connectable to the word lines, to terminations of 
at least one of the columns of Storage transistors and 
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to the Substrate to cause charge to be transferred into 
addressed regions of dielectric charge trapping mate 
rial, and 

a reading circuit including at least one Sense amplifier 
connectable to the termination of at least one 
addressed column of Storage transistors for deter 
mining a parameter related to a level of charge Stored 
in an addressed one of Said dielectric regions within 
the at least one addressed column. 

27. The memory system of claim 26, wherein the dielec 
tric regions of individual columns are provided in a layer of 
dielectric charge trapping material formed in Strips extend 
ing continuously along lengths of the columns in the Second 
direction. 

28. The memory system of claim 27, additionally com 
prising lengths of isolation dielectric extending in the Second 
direction and Spaced apart in the first direction between the 
continuous Strips of dielectric charge trapping material. 

29. The memory system of claim 26, wherein the pro 
gramming circuit is characterized by transferring charge into 
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addressed individual regions of dielectric charge trapping 
material to cause their memory cells to be programmed into 
one of more than two threshold levels corresponding to data 
being programmed, and wherein the reading circuit is char 
acterized by generating a parameter related to the pro 
grammed more than two threshold levels of the addressed 
one of Said dielectric regions. 

30. The memory system of claim 26, wherein the plurality 
of Series connected Storage transistors in the individual 
columns numbers eight or more. 

31. A flash non-volatile memory formed on a semicon 
ductor Substrate with a NAND architecture wherein a charge 
Storage element of individual memory cells consists of 
dielectric charge trapping material Sandwiched between a 
conductive word line and a channel region of a Storage 
tran-Sistor. 


