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(57) Abstract: Charge storage stacks containing hetero-structure
variable silicon richness nitride for memory cells and methods for
making the charge storage stacks are provided. The charge storage
stack can contain a first insulating layer (212) on a semiconductor
substrate; n charge storage layers (214, 216) comprising silicon-rich
silicon nitride on the first insulating layer, wherein numbers of the
charge storage layers increase from the bottom to the top and a
k-value respectively the silicon richness of an n-1th charge storage
layer is higher than a k-value respectively the silicon richness of
an nth charge storage layer; n-1 dielectric layers (218) comprising
substantially stoichiometric silicon nitride between each of the n
charge storage layers; and a second insulating layer (220) on the nth
charge storage layers. In this context, the k-value is a refrective index
determined by an optical measurement.
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HETEROSTRUCTURE VARIABLE-SILICON-RICHNESS NITRIDE FOR
MULTI-LEVEL STORAGE FLASH MEMORY DEVICE

TECHNICAL FIELD
[0001] The subject innovation generally relates to charge storage stacks
containing hetero-structure variable silicon richness nitride for memory cells and

methods for making the charge storage stacks.

BACKGROUND
[0002] Various types of memories have been developed in the past as
electronic memory media for computers and similar systems. Such memories include
electrically erasable programmable read only memory (EEPROM) and electrically
programmable read only memory (EPROM). Each type of memory had advantages
and disadvantages. EEPROM can be easily erased without extra exterior equipment
but with reduced data storage density, lower speed, and higher cost. EPROM, in
contrast, is less expensive and has greater density but lacks erasability.
[0003] A newer type of memory called "Flash" EEPROM, or Flash memory,
has become extremely popular because it combines the advantages of the high density
and low cost of EPROM with the electrical erasability of EEPROM. Flash memory
can be rewritten and can hold its contents without power. It is used in many portable
electronic products, such as cell phone, portable computers, voice recorders, etc. as
well as in many larger electronic systems, such as cars, planes, industrial control
systems, etc.
[0004] Conventionally, Flash memory is constructed of many Flash memory
cells where a single bit is stored in each memory cell and the cells are programmed by
electron injection and may be erased by Fowler-Nordheim tunneling. However,
increased market demand has driven the development of Flash memory cells to
increase both the speed and the density. Newer Flash memory cells have been
developed that allow more than a single bit to be stored in each cell.
[0005] ' One memory cell structure involves the storage of more than one
level of charge to be stored in a memory cell with each level representative of a bit.
This structure is referred to as multi-level storage (MLS) architecture. This structure

inherently requires a great deal of precision in both programming and reading the
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differences in the levels to be able to distinguish the bits. If a memory cell using the
MLS architecture is overcharged, even by a small amount, the only way to correct the
bit error would be to erase the memory cell and totally reprogram the memory cell.
The need in the MLS architecture to precisely control the amount of charge in a
memory cell while programming also makes the téchnology slower and the data less
reliable. It also takes longer to access or "read" precise amounts of charge. Thus,

both speed and reliability are sacrificed in order to improve memory cell density.

SUMMARY
[0006] One aspect of the subject innovation described herein provides
charge storage stacks for method cells. The charge storage stack can contain a first
insulating layer on a semiconductor substrate; n charge storage layers comprising
silicon-rich silicon nitride on the first insulating layer, wherein numbers of the charge
storage layers increase from the bottom to the top and a k-value of an n-1th charge
storage layer is higher than a k-value of an nth charge storage layer; n-1 dielectric
layers comprising substantially stoichiometric silicon nitride between each of the n
charge storage layers; and a second insulating layer on the nth charge storage layers.
[0007] In another aspect of the subject innovation described herein,
provides charge storage stacks a first insulating layer on a semiconductor substrate; n
charge storage layers comprising silicon-rich silicon nitride on the first insulating
layer, wherein numbers of the charge storage layers increase from the bottom to the
top and silicon richness of an n-1th charge storage layer is higher than silicon richness
of an nth charge storage layer; n-1 dielectric layers comprising substantially
stoichiometric silicon nitride between each of the n charge storage layers; and a
second insulating layer on the two or more charge storage layers.
[0008] Yet another aspect of the subject innovation described herein
provides methods of forming charge storage stacks for memory cells. The method
can involves providing a first insulating layer on a semiconductor substrate; forming n
charge storage layers on the first insulating layer, wherein numbers of the charge
storage layers increase from the bottom to the top and a k-value of an n-1th charge
storage layer is higher than a k-value of an nth higher charge storage layer; forming n-
1 dielectric layers between each of the n charge storage layers; and forming a second

insulating layer on the nth charge storage layer.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0009] Figure 1 is a cross-sectional isometric illustration of a portion of a
flash memory device in accordance with one aspect of the specification.
[0010] Figures 2-7 are cross-sectional views of exemplary memory devices
containing memory cells in accordance with other aspects of the specification.
[0011] Figures 8-12 illustrate exemplary methods of forming charge storage

stacks in accordance with other aspects of the specification.

DETAILED DESCRIPTION
[0012] The innovation described herein provides charge storage stacks,
memory devices containing the charge storage stacks, and methods for making the
charge storage stacks. The charge storage stack can contain multiple layers. The
charge storage stack can contain two or more charge storage layers between a first
insulating layer and a second insulating layer, and one or more dielectric layers
between each of the two or more charge storage layers. The charge storage layer can
contain silicon-rich silicon nitride. The dielectric layer can contain silicon nitride
such as substantially stoichiometric silicon nitride.
[0013] Varying the silicon content of the silicon rich silicon nitride causes
the energy bandgap to change, which in turn affects the degree to which or amount of
electron/hole/charge trapping occurs in the resultant charge storage layer. Tuning the
silicon richness of the individual silicon rich silicon nitride layers allows for
modifying the properties of each individual silicon rich silicon nitride layer.
Consequently, the innovation described herein provides the ability to tailor the charge
storage stack a memory cell to meet the particular requirements associated with a
specific end-use for the memory device.
[0014] The charge storage stack can store electrons within predetermined
regions. The charge storage stack can have two or more storages nodes. When the
charge storage stack has two storage nodes, a memory cell containing the charge
storage stack may be referred to as dual bit memory cell or a mirror bit memory cell.
[0015] Each bit of memory cells can be programmed and/or erased to
multiple levels. When voltages utilized to program memory cells are increased or
sustained for longer periods of time, the number of electrons or amount of charge

stored in the memory cells can be increased or otherwise varied. This allows the
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memory cell to be utilized for additional data storage and/or programming states.
Different amounts of charge can correspond to different programmed states. This
technique may be referred to as multi-level cell technology, which is useful to
increase density and reduce manufacturing costs. For example, when the charge
storage stack can provide two storage nodes and a four level of Vt distribution (L1,
L2, L3, and L4), the charge storage stack can be programmed to multiple levels such
as sixteen different combinations of charge (e.g., L1-L1, L1-L2, L1-L 3, L1- L4, L2-
L1, L2-L.2, L.2-L3, L2-L4, L3-L1, L3-L2, L.3-L3, L3-L4, 1L4-L1, L4-L.2, L4-L3, and
L4-L4) providing the equivalent of four-bits-per-memory (e.g., a quad bit data
storage).

[0016] The trapped electrons in the charge storage stack tend to remain
generally localized due to the low conductivity of the charge storage layer and/or the
low lateral electric field therein. By containing two or more charge storage layers, the
multiple layer structure of the charge storage stack can provide containment of the
trapped electrons horizontally and/or vertically. As a result, the charge storage stack
can provide one or more of the following advantages: narrower Vt distribution for
multiple level memory cell (e.g., Flash memory céll), easier control of the multiple
levels to which the memory cell is programmed and/or erased, reduced disturbance to
neighboring bits and/or cells, and enhanced data retention.

[0017] Although the charge storage stack can be applied to any type of
memory device, the innovation is hereinafter illustrated and described in the context
of an exemplary semiconductor device having one or more memory arrays containing
dual bit memory cells arranged in a virtual ground type array architecture. The dual
bit memory cell typically includes the charge storage stack on a semiconductor
substrate with implanted conductive bitlines. Wordlines are formed over the charge
trapping dielectric layer substantially perpendicular to the bitlines. Programming
circuitry controls two bits per cell by applying a signal to the wordline, which acts as
a control gate, and changing bitline connections such that one bit is stored by source
and drain being connected in one arrangement and a complementary bit is stored by
the source and drain being interchanged in another arrangement. The details of the
structure and manufacture of the dual bit flash memory device are not critical to the
practice of the subject innovation. The details of the structure and manufacture of the

dual bit flash memory device can be found in, for example, commonly-assigned U.S.
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Pat. No. 7,176,113, issued February 13, 2007, which is hereby incorporated by
reference.

[0018] The claimed subject matter is now described with reference to the
drawings, wherein like reference numerals are used to refer to like elements
throughout. In the following description, for purposes of explanation, numerous
specific details are set forth in order to provide a thorough understanding of the
subject innovation. It may be evident, however, that the claimed subject matter may
be practiced without these specific details. In other instances, well-known structures
and devices are shown in block diagram form in order to facilitate describing the
subject innovation.

[0019] Figure 1 is a cross-sectional isometric illustration of a portion of a
flash memory device 100. The flash memory devise can contain a memory cell 102
as indicated by a dashed line. The memory cell 102 can include a charge storage
stack 104 containing a first location 106 and a second location 108. The first location
106 and the second location 108 provide regions for storing an electrical charge, such
as electrons. For illustrative purposes, the mémory cell is shown as a dual cell
memory with two locations for storing electrical charges, although it is understood
that any number of locations maybe provided, as well.

[0020] The memory cell 102 can contain the charge storage stack 104 over a
semiconductor substrate 112. The charge storage stack 104 can contain a hetero-
structure variable silicon richness nitride. The memory cell 102 can further contain a
first poly 114 on the charge storage stack 104; a pair of bit lines 116 in the
semiconductor substrate 112 adjacent the charge storage stack 104 and under a bit line
dielectric 116; and a word line 118. The memory cell 102 can be separated from
adjacent memory cells by the bit line dielectric 120 such as oxides (e.g., silicon oxide,
high temperature oxide (HTO), high density plasma (HDP) oxide).

[0021] The charge storage stack 104 can provide locations (e.g., two charge
storage nodes 106, 108) between bit lines 116 for storage of electrical charges. Since
the memory cell 102 has the two charge storage nodes 106, 108 in the charge storage
stack 104, the memory cell 102 can store two physically distinct bits. Each bit within
the memory cell 102 serves as a binary unit of data (e.g., either 1 or 0) that can be

mapped directly to a memory array. Reading or programming one side of charge
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storage nodes 106, 108 can occur independently of whatéver data is stored on the
opposite side of the charge storage nodes 106, 108.

[0022] In one embodiment, the two charge storage nodes 106, 108 are not
physically separated in a charge storage stack 104. In another embodiment, the two
charge storage nodes 106, 108 are physically separated from each other by a central
dielectric (not shown) in the charge storage stack 104. Locations 106 and 108
indicate generally where respective bits of data can be stored in a memory cell 102. It
will be appreciated that the channel 122 has an effective length and that the bits will
be brought closer together as this length is reduced (e.g., as a result of scaling).
[0023] The charge storage stack 104 provides a storage medium for storing
electrons (not shown). As will be described in detail below, the charge storage stack
104 can contain a first insulating layer, at least two charge storage layers on the first
insulating layer, at least one dielectric layer between the charge storage layers, and a
second insulating layer on the charge storage layers (not shown). The charge storage
layer can provide two or more charge-storing locations for storing the electrons in a
single instance of the memory cell. The first insulating layer, the dielectric layers
between each of the charge storage layers, and/or the second insulating layer can
provide containment of the electrons. The electrons provide a substantial change in
the threshold voltage for the memory cell system 100 allowing for detection of the
stored electrons.

[0024] Two conductive bit lines 116 are depicted in Figure 1 underlying the
charge storage stack 104. It will be appreciated that any number of such bit lines can
be implanted into the semiconductor substrate 112. The bit lines 116 typically contain
an implanted n-type material, such as arsenic, and may include an oxide portion (not
shown) in some examples. The two conductive bit lines 116 are spaced apart and
define a channel region 122 therebetween.

[0025] Two conductive word lines 118 are similarly depicted overlying the
charge storage stack 104. It will be appreciated that any number of such word lines
can be formed over the charge storage stack 104, The Word lines 118 can contain a
polysilicon material, for example, where the polysilicon material may be deposited
over the charge storage stack 104 and then patterned and etched.

[0026] Figures 2A and 2B illustrate a cross-sectional view of an exemplary

memory device 200 containing memory cells 202 as indicated by a dashed line. The
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memory cell 202 can include a charge storage stack 204 over a semiconductor
substrate 206 with bit lines 208 underlying the charge storage stack. The memory cell
202 can further include a semiconductor gate 210 over the charge storage stack 204.
[0027] The charge storage stack 204 can provide two or more locations
(e.g., charge storage nodes) between the bit lines 208 for storage of electrical charges.
By way of illustration, the memory device can store two spatially separated data bits,
including a left bit represented by the dashed circle A and a right bit represented by
the dashed circle B. The semiconductor substrate 206 and the semiconductor gate 210
provide access for reading and erasing storage locations of the electrical charges.
[0028] The memory device 200 can be designed to provide designated
operations, such as programming, reading, and erasing as well as deriving necessary
voltages to effect such operations. To effect the designated operations, predetermined
voltages can be connected to the memory cell 202 through the bit lines (e.g., a source
and a drain) 208 and the semiconductor gate 210. The memory cell 202 can not
interfere with other adjacent instances of the memory cell because each instance of
the memory cell can be programmed one at a time and only one instance of the
memory cell is active during programming.

[0029] The semiconductor substrate 206 can contain any suitable
semiconductor material on which electric devices such as memory cell transistors can
be formed. Examples of semiconductor materials include silicon, gallium arsenide,
indium phosphide, and the like. The semiconductor gate 210 typically contains
polysilicon. The semiconductor substrate 206 can be a p-doped layer and the
semiconductor gate 210 can be an n-doped layer.

[0030] The charge storage stack 204 can include multiple layers. The
charge storage stack 204 can contain a first insulating layer 212, two charge storage
layers 214, 216 on the first insulating layer 212, a first dielectric layer 218 between
the two charge storage layers 214, 216, and a second insulating layer 220 on the
charge storage layers. Although a charge storage stack can contain two or more
charge storage layers as will be described in detail below, by way of illustration, the
charge storage stack 204 in this example has two charge storage layers.

[0031] The first insulating layer 212 may be referred to as a bottom
dielectric layer or a tunneling dielectric layer. The second insulating layer 220 may

be referred to as a top dielectric layer. The charge storage layer 214, 216 can provide
7
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two or more charge-storing locations for storing the electrons in a single instance of
the memory cell. The first insulating layer 212, the first dielectric layer 218 between
the charge storage layers 214, 216, and/or the second insulating layer 220 can provide
containment of the electrons.

[0032] The first insulating layer 212 and/or the second insulating layer 220
can contain a dielectric oxide, such as silicon dioxide silicon oxide (e.g., SiO,), other
standard-K material (e.g., having a relative permittivity below about ten), or a high-K
material (e.g., having a relative permittivity, in one embodiment, above about ten and,
in anothér embodiment, above about twenty).

[0033] The first insulating layer 212 and/or the second insulating layer 220
can have any suitable thickness that depends on, for example, the desired
implementations, and/or the memory device being fabricated. In one embodiment, the
first insulating layer 212 and/or the second insulating layer 220 has a thickness of
about 10 Angstroms or more and about 500 Angstroms or less, independently. In
another embodiment, the first insulating layer 212 and/or the second insulating layer
220 has a thickness of about 20 Angstroms or more and about 300 Angstroms or less,
independently. In yet another embodiment, the first insulating layer 212 and/or the
second insulating layer 220 has a thickness of about 30 Angstroms or more and about
100 Angstroms or less, independently.

[0034] The charge storage layers 214, 216 can contain silicon-rich silicon
nitride (SRN or SiRN). Silicon-rich silicon nitride is a type of silicon nitride that has
1) a greater number of silicon atoms than the number of silicon atoms in
stoichiometric silicon nitride, or 2) a lesser number of nitrogen atoms than the number
of nitrogen atoms in stoichiometric silicon nitride. Stoichiometric silicon nitride has
the chemical formula SixNy where x = 3 and y = 4. While silicon-rich silicon nitride
also has the chemical formula SixNy, it has a composition where the ratio of x/y is
greater than 3/4. In one embodiment, silicon rich silicon nitride has the chemical
formula SiyNy, wherein x is greater than 3 and less than about 8 and y is 4. In another
embodiment, silicon rich silicon nitride has the chemical formula SiyN, wherein x is
greater than 3 and less than about 7 and y is about 4. In yet another embodiment,
silicon rich silicon nitride has the chemical formula Si,Ny wherein x is greater than 3
and less than about 6 and y is about 4. In still yet another embodiment, silicon rich

silicon nitride has the chemical formula Si,Ny wherein x is greater than 3 and less
8
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than about 5 and y is about 4. Silicon-rich silicon nitride can have desirable
conductive properties compared to the stoichiometric silicon nitride. For example, the
silicon-rich nitride impfoves the erase function, such as Fowler-Nordheim tunneling,
for erasing the locations with the electrical charges by an approximately three or more
orders of magnitude over nitride alone. |

[0035] Layers of the charge storage stack 204 can have any suitable k-value
(i.e., refractive index) for storing electrons. The k-value is an extinction coefficient,
determined by an optical indirect measurement of phase and intensity change. The k-
value can be measured at a wavelength of 248 nm using spectroscopic ellipsometer
VUV-VASE® manufactured by J.A. Woollam Co., Inc.” In one embodiment, a charge
storage layer has a higher k-value than a first insulating layer 212, a second insulating
layer 220, and/or a dielectric layer between charge storage layers.

[0036] Charge storage layers can have a higher k-value than a dielectric
layer between charge storage layers. In one embodiment, when a charge storage layer
contains silicon-rich silicon nitride and a dielectric layer between charge storage
layers contains substantially stoichiometric silicon nitridé, the charge storage layer
has a k-value higher than zero and the dielectric layer has a k-value of about zero. In
another embodiment, the charge storage layers have a k-value of about 0.1 or more
and about 2 or less, and the dielectric layer has a k-value of about zero.

[0037] The charge storage layers 214, 216 can have any suitable k-value for
storing electrons. In one embodiment, charge storage layers have the about same k-
value each other. A first charge storage layer 214 has the about same k-value as a
second charge storage layer 216. In another embodiment, charge storage layers 214,
216 have different k-values from each other. A first charge storage layer 214 can
have a higher k-value than a second charge storage layer 216. In one embodiment, a
first charge storage layer 214 has a higher k-value than a second charge storage layer
216 by about 0.05 or more and about 0.7 or less. In another embodiment, a first
charge storage layer 214 has a higher k-value than a second charge storage layer 216
by about 0.07 or more and about 0.6 or less. In yet another embodiment, a first
charge storage layer 214 has a higher k-value than a second charge storage layer 216
by about 0.1 or more and about 0.5 or less.

[0038] In one embodiment, a first charge storage layer has a k-value of

about 0.4 or more and about 2 or less, and a second charge storage layer has a k-value
9
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of about 0.1 or more and about 1.7 or less. In another embodiment, a first charge
storage layer has a k-value of about 0.7 or more and about 1.8 or less, and a second
charge storage layer has a k-value of about 0.2 or more and about 1.5 or less. In yet
another embodiment, a first charge storage layer has a k-value of about 1 or more and
about 1.6 or less, and a second charge storage layer has a k-value of about 0.3 or more
and about 1.2 or less.

[0039] When the charge storage layers 214, 216 contain silicon-rich silicon
nitride, the charge storage layers can have any suitable silicon richness (e.g., silicon
content) for storing electrons. Silicon richness means a weight percentage of silicon
of a silicon-rich silicon nitride based on a weight of the silicon-rich silicon nitride.
As silicon richness of a silicon nitride increases, a k-value of the silicon nitride
increases. In one embodiment, the charge storage layers 214, 216 have the about
same silicon richness each other.

[0040] In another embodiment, the charge stofage layers 214, 216 have
different silicon richness from each other. A first charge storage layer can have
higher silicon richness than a second charge storage layer. In one embodiment, a first
charge storage layer 214 has higher silicon richness than a second charge storage
layer 216 by about 1 wt. % or more and about 5 wt. % or less. In another
embodiment, a first charge storage layer has higher silicon richness than a second
charge storage layer by about 0.7 wt. % or more and about 4 wt. % or less. In yet
another embodiment, a first charge storage layer has higher silicon richness than a
second charge storage layer by about 0.5 wt. % or more and about 3 wt. % or less.
[0041] In one embodiment, when the charge storage layers 214, 216 contain
silicon-rich silicon nitride, a first charge storage layer has about 67 wt. % of silicon or
more and about 83 wt. % of silicon or less, and a second charge storage layer has
about 60 wt. % of silicon or more and about 73 wt. % of silicon or less. In another
embodiment, a first charge storage layer has about 69 wt. % of silicon or more and
about 83 wt. % of silicon or less, and a second charge storage layer has about 60 wt.
% of silicon or more and about 71 wt. % of silicon or less. In yet another
embodiment, a first charge storage layer has about 71 wt. % of silicon or more and
about 80 wt. % of silicon or less, and a second charge storage layer has about 60 wt.

% of silicon or more and about 69 wt. % of silicon or less.
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[0042] The charge storage layers 214, 216 can have any suitable thickness
that depends on, for example, the desired implementations, and/or the memory device
being fabricated. In one embodiment, each charge storage layer has a thickness of
about 1 Angstroms or more and about 100 Angstroms or less, independently. In
another embodiment, each charge storage layer has a thickness of about 3 Angstroms
or more and about 50 Angstroms or less, independently. In yet another embodiment,
each charge storage layer has a thickness of about 3 Angstroms or more and about 50
Angstroms or less, independently.

[0043] The dielectric layer 218 between the charge storage layers 214, 216
can contain any suitable dielectric material for storing electrons in the charge storage
stack 204. For example, the dielectric layer contains silicon nitride. In one
embodiment, the dielectric layer contains substantially stoichiometric silicon nitride.
When the charge storage layer and the dielectric layer between the charge storage
layers contain silicon nitride, the silicon nitride of the charge storage layer has a ratio
of silicon to nitrogen higher than the stoichiometric ratio of 3/4, and the dielectric
layer has a ratio of silicon to nitrogen of the about stoichiometric ratio of 3/4.

[0044] The dielectric layer 218 can have any suitable k-value for storing
electrons. In one embodiment, the dielectric layer has a lower k-value than charge
storage layers. In another embodiment, the dielectric layer has a lower k-value than
the second charge storage layer. The dielectric layers can have a k-value of about
ZEero.

[0045] The dielectric layer 218 can have any suitable thickness that depends
on, for example, the desired implementations, and/or the memory device being
fabricated. In one embodiment, the dielectric layer has a thickness of about 0.5
Angstroms or more and about 30 Angstroms or less. In another embodiment, the
dielectric layer has a thickness of about 1 Angstroms or more and about 20 Angstroms
or less. In yet another embodiment, the dielectric layer has a thickness of about 2
Angstroms or more and about 10 Angstroms or less.

[0046] Figures 3A and 3B illustrate a cross-sectional view of another
exemplary memory device 300 containing memory cells 302 as indicated by a dashed
line. The memory cell 302 can include a charge storage stack 304 over a
semiconductor substrate 306 with bit lines 308 underlying the charge storage stack.

The memory cell 302 can further include a semiconductor gate 310 over the charge
11 '
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storage stack 202. The memory device 300 includes the charge storage stack 304 in
the similar manner as described in connection with Figures 2A and 2B, except the
memory device 300 includes bit line dielectrics 312 between the memory cells 302.
[0047] The charge storage stack 304 can include multiple layers in the
similar manner as described in connection with Figures 2A and 2B. The charge
storage stack 304 can contain a first insulating layer 314, two charge storage layers
316, 318 on the first insulating layer 314, a first dielectric layer 320 between the
charge storage layers 316, 318, and a second insulating layer 322 on the charge
storage layers. ’

[0048] The bit line dielectric can contain any suitable dielectric material
such as oxides. Examples of oxides include silicon oxide, tetracthylorthosilicate
(TEOS) oxide, high aspect ratio plasma (HARP) oxide, high temperature oxide
(HTO), high density plasma (HDP) oxide, or the like.

[0049] The bit line dielectric 312 can have any suitable height that depends
on, for example, the desired implementations and/or the semiconductor structure 300
being fabricated. The upper surface of the bit line dielectric 312 can be higher than
the upper surface of the charge storage stack 304. In one embodiment, the upper
surface of the bit line dielectric is higher than the upper surface of the charge storage
stack by about 5 nm or more and about 30 nm or less. In another embodiment, the
upper surface of the bit line dielectric is higher than the upper surface of the charge
storage stack by about 10 nm or more and about 20 nm or less.

[0050] Figure 4 illustrates a cross-sectional view of another exemplary
memory device 400 containing cells 402 as indicated by a dashed line. The memory
cell 402 can include a charge storage stack 404 over a semiconductor substrate 406
with bit lines 408 underlying the charge storage stack. The memory cell 402 can
further include a semiconductor gate 410 over the charge storage stack 404 and bit
line dielectrics 412 between the memory cells 402. The memory device 400 includes
the charge storage stack 404 in the similar manner as described in connection with
Figures 3A and 3B, except the memory cell 402 includes center dielectrics 414 in the
charge storage stack.

[0051] The memory device 400 can store two spatially separated data bits,
including a left bit represented by the dashed circle A and a right bit represented by

the dashed circle B. In this embodiment, the two charge storage nodes are physically
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separated by the central dielectric 414. The central dielectric 414 can prevent and/or
mitigate undesirable signal crossover (e.g., crosstalk) between the two separated
charge storage nodes. As a result, the resultant memory device 400 can provide
exceptional read and write performance.

[0052] The charge storage stack 404 can include multiple layers in the
similar manner as described in connection with Figures 2A and 2B. The charge
storage stack 404 can contain a first insulating layer 416, two charge storage layers
418, 420 on the first insulating layer 416, a first dielectric layer 422 between the
charge storage layers, and a second insulating layer 424 on the charge storage layers.
[0053] The center dielectric 414 can contain any suitable dielectric material
such as oxides. Examples of oxides include silicon oxide, tetraethylorthosilicate
(TEOS) oxide, high aspect ratio plasma (HARP) oxide, high temperature oxide
(HTO), high density plasma (HDP) oxide, or the like.

[0054] The center dielectric 414 can have any suitable height that depends
on, for example, the desired implementations and/or the semiconductor structure 400
being fabricated. The upper surface of the center dielectric 414 can be higher than the
upper surface of the charge storage stack 404. In one embodiment, the upper surface
of the center dielectric is higher than the upper surface of the charge storage stack by
about 5 nm or more and about 30 nm or less. In another embodiment, the upper
surface of the center dielectric is higher than the upper surface of the charge storage
stack by about 10 nm or more and about 20 nm or less.

[0055] Figure 5 illustrates a cross-sectional view of another exemplary
memory device 500 containing memory cells 502 as indicated by a dashed line. The
memory cell 502 can include a charge storage stack 504 over a semiconductor
substrate 506 with bit lines 508 underlying the charge storage stack. The memory cell
502 can further include a semiconductor gate 510 over the charge storage stack 504.
[0056] The charge storage stack 504 can include multiple layers in the
similar manner as described in connection with Figures 2A and 2B, except the charge
storage stack includes three or more charge storage layers 5121, 5125, - 512, between
a first insulating layer 514 and a second insulating layer 516, and two or more
dielectric layers 518;, -+ 518,.; between each of the charge storage layers. Numbers
of the charge storage layers increase from the bottom to the top. In one embodiment,

the charge storage stack 504 include 3 or more charge storage layers and about 12 or
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less charge storage layers, and dielectric layers between each of the charge storage
layers. In another embodiment, the charge storage stack 504 include 3 or more charge
storage layers and about 10 or less charge storage layers, and dielectric layers between
each of the charge storage layers. In one embodiment, the charge storage stack 504
include 3 or more charge storage layers and about 8 or less charge storage layers, and
dielectric layers between each of the charge storage layers.

[0057] In one embodiment, the charge storage stack 504 can contain a first
insulating layer, three charge storage layers on the first insulating layer, two dielectric
layers between each of the three charge storage layers, and a second insulating layer
on the charge storage layers. In another embodiment, the charge storage stack 504
can contain a first insulating layer, four charge storage layers on the first insulating
layer, three dielectric layers between each of the four charge storage layers, and a
second insulating layer on the charge storage layers. In yet another embodiment, the
charge storage stack 504 can contain a first insulating layer, five charge storage layers
on the first insulating layer, four dielectric layers between each of the four charge
storage layers, and a second insulating layer on the charge storage layers.

[0058] The first insulating layer may be referred to as a bottom dielectric
layer or a tunneling dielectric layer. The second insulating layer may be referred to as
a top dielectric layer. The charge storage layer 512 can provide two or more charge-
storing locations for storing the electrons in a single instance of the memory cell. The
first insulating layer 514, the dielectric layers 518 between the charge storage layers,
and/or the second insulating layer 516 can provide containment of the electrons.
[0059] The charge storage layers 512 can have any suitable k-value for
storing electrons. In one embodiment, the charge storage layers have the about same
k-value each other. A lower-numbered charge storage layer (e.g., n-1th charge
storage layer) has the about same k-value as the higher-numbered charge storage layer
(e.g., nth charge storage layer). In another embodiment, the charge storage layers
have different k-values from each other. A lower-numbered charge storage layer can
have a higher k-value than a higher-numbered charge storage layer. In one
embodiment, a lower-numbered charge storage layer has a higher k-value than a
higher-numbered charge storage layer by about 0.05 or more and about 0.7 or less. In
another embodiment, a lower-numbered charge storage layer has a higher k-value

than a higher-numbered charge storage layer by about 0.07 or more and about 0.6 or
14



WO 2009/079484 PCT/US2008/086913

less. In yet another embodiment, a lower-numbered charge storage layer has a higher
k-value than a higher-numbered charge storage layer by about 0.1 or more and about
0.5 or less.

[0060] In one embodiment, when the charge storage stack 504 contain three
charge storage layers, a first charge storage layer has a k-value of about 0.8 or more
and about 2 or less, a second charge storage layer has a k-value of about 0.4 or more
and about 1.7 or less, and a third charge storage layer has a k-value of about 0.1 or
more and about 1.3 or less. In another embodiment, a first charge storage layer has a
k-value of about 1 or more and about 1.8 or less, a second charge storage layer has a
k-value of about 0.6 or more and about 1.5 or less, and a third charge storage layer has
a k-value of about 0.3 or more and about 1.8 or less.

[0061] In one embodiment, when the charge storage stack 504 contain four
charge storage layers, a first charge storage layer has a k-value of about 1 or more and
about 2 or less, a second charge storage layer has a k-value of about 0.7 or more and
about 1.7 or less, a third charge storage layer has a k-value of about 0.5 or more and
about 1.4 or less, and a fourth charge storage layer has a k-value of about 0.1 or more
and about 1.1 or less. In another embodiment, a first charge storage layer has a k-
value of about 1.2 or more and about 1.8 or less, a second charge storage layer has a
k-value of about 0.9 or more and about 1.5 or less, a third charge storage layer has a
k-value of about 0.7 or more and about 1.2 or less, and a fourth charge storage layer
has a k-value of about 0.3 or more and about 0.9 or less.

[0062] When the charge storage layers 512 contain silicon-rich silicon
nitride, the charge storage layers can have any suitable silicon richness (e.g., silicon
content) for storing electrons. In one embodiment, the charge storage layers have the
about same silicon richness each other. A lower-numbered charge storage layer (e.g.,
n-1th charge storage layer) has the about same silicon richness as a higher-numbered
charge storage layer (e.g., nth charge storage layer). In another embodiment, the
charge storage layers have different silicon richness from each other. A lower-
numbered charge storage layer can have higher silicon richness than a higher-
numbered charge storage layer. In one embodiment, a lower-numbered charge
storage layer has higher silicon richness than a higher-numbered charge storage layer
by about 1 wt. % or more and about 5 wt. % or less. In another embodiment, a lower-

numbered charge storage layer has higher silicon richness than a higher-numbered
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charge storage layer by about 0.7 wt. % or more and about 4 wt. % or less. In yet
another embodiment, a lower-numbered charge storage layer has higher silicon
richness than a higher-numbered charge storage layer by about 0.5 wt. % or more and
about 3 wt. % or less.

[0063] In one embodiment, when the charge storage stack includes three
charge storage layers containing silicon-rich silicon nitride, a first charge storage layer
has about 70 wt. % of silicon or more and about 83 wt. % of silicon or less, a second
charge storage layer has about 65 wt. % of silicon or more and about 80 Wt % of
silicon or less, and a third charge storage layer has about 60 wt. % of silicon or more
and about 70 wt. % of silicon or less. In another embodiment, a first charge storage
layer has about 73 wt. % of silicon or more and about 80 wt. % of silicon or less, a
second charge storage layer has about 68 wt. % of silicon or more and about 77 wt. %
of silicon or less, and a third charge storage layer has about 63 wt. % of silicon or
more and about 73 wt. % of silicon or less.

[0064] In one embodiment, when the charge storage stack includes four
charge storage layers containing silicon-rich silicon nitride, a first charge storage layer
has about 72 wt. % of silicon or more and about 83 wt. % of silicon or less, a second
charge storage layer has about 67 wt. % of silicon or more and about 78 wt. % of
silicon or less, a third charge storage layer has about 62 wt. % of silicon or more and
about 73 wt. % of silicon or less, and a fourth charge storage layer has about 60 wt. %
of silicon or more and about 68 wt. % of silicon or less. In another embodiment, a
first charge storage layer has about 75 wt. % of silicon or more and about 80 wt. % of
silicon or less, a second charge storage layer has about 70 wt. % of silicon or more
and about 75 wt. % of silicon or less, a third charge storage layer has about 65 wt. %
of silicon or more and about 70 wt. % of silicon or less, and a fourth charge storage
layer has about 60 wt. % of silicon or more and about 65 wt. % of silicon or less.
[0065] The dielectric layers 518 can have any suitable k-value for storing
electrons. In one embodiment, the dielectric layers have lower k-values than charge
storage layers. In another embodiment, the dielectric layers have a lower k-value than
the highest-numbered charge storage layer. The dielectric layers can have a k-value
of about 0.

[0066] Figure 6 illustrates a cross-sectional view of another exemplary

memory device 600 containing memory cells 602 as indicated by a dashed line. The
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memory cell 602 can include a charge storage stack 604 over a semiconductor
substrate 606 with bit lines 608 underlying the charge storage stack. The memory cell
602 can further include a semiconductor gate 610 over the charge storage stack 604.
The memory device 600 includes the charge storage stack 604 in the similar manner
as described in connection with Figure 5, except the memory device 600 includes bit
line dielectrics 612 between the memory cells 602 in the similar manner as describe in
connection with Figures 3A and 3B.

[0067] The charge storage stack 604 can include multiple layers in the
similar manner as described in connection with Figure 5. The charge storage stack
604 can include three or more charge storage layers 614, 614,, - 614, between a first
insulating layer 616 and a second insulating layer 618, and two or more dielectric
layers 6201, -+ 620,.; between each of the charge storage layers.

[0068] Figure 7 illustrates a cross-sectional view of another exemplary
memory device 700 containing memory cells 702 as indicated by a dashed line. The
memory cell 702 can include a charge storage stack 704 over a semiconductor
substrate 706 with bit lines 708 underlying the charge storage stack. The memory cell
702 can further include a semiconductor gate 710 over the charge storage stack 704
and bit line dielectrics 712 between memory cells 702. The memory device 700
includes the charge storage stack 704 in the similar manner as described in connection
with Figure 6, except the memory cells 702 include center dielectrics 714 in the
charge storage stack in the similar manner as described in connection with Figure 4.
[0069] The charge storage stack 702 can include multiple layers in the
similar manner as described in connection with Figure 6. The charge storage stack
704 can include three or more charge storage layers 716y, 716, -+ 716, between a first
insulating layer 718 and a second insulating layer 720, and two or more dielectric
layers 7224, - 722,.1 between each of the charge storagé layers.

[0070] Referring to Figures 8-11 and 12, two of many possible exemplary
embodiments of forming a charge storage stack are specifically illustrated. Figure 8
illustrates a cross sectional view of an intermediate state of a portion of an exemplary
memory device 800. The memory device 800 can contain a first insulating layer 802
over a semiconductor substrate 804.

[6071] . When the first insulating layer 802 contains an oxide material, the

first insulating layer can be formed by oxidation techniques (e.g., thermal oxidation,
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plasma-assisted oxidation, and the like) and/or depositidn techniques (e.g., chemical
vapor deposition (CVD), spin-on techniques, and the like). In one embodiment, the
first insulating layer 802 is a thermally grown layer of silicon dioxide or is deposited
by CVD. Examples of CVD include low pressure chemical vapor deposition
(LPCVD) from either a tetraethylorthosilicate (TEOS) or SiH, (silane) source and
plasma enhanced CVD. When thermally grown, the first insulating layer 802 can be
grown thermally from silicon, silicon nitride, or silicon-rich silicon nitride.

[0072] In one embodiment, the first insulating layer 802 containing a silicon
oxide is formed by either thermal oxidation or by plasma enhanced chemical vapor
deposition (PECVD) using an RF power of about 100 W to about 700 W and a
temperature of about 300 degrees Celsius to about 500 degrees Celsius. The first
insulating layer 802 can be formed by reacting a silicon precursor (e.g., silane (SiHy),
disilane (Si;Hg), dichlorosilane (SiClHy), hexachlorodisilane (Si2Clg)) and an oxygen
precursor (e.g., oxygen (Oy), nitrous oxide (N20)) in a nitrogen carrier gas.

[0073] Figure 9 illustrates forming a first charge storage layer 900 on the
first insulating layer 802 and a first dielectric layer 902 on the first charge storage
layer 900. The first charge storage layer 900 can contain any of the materials of the
first charge storage layer 214 as described above in connection with Figures 2A and
2B. In one embodiment, the first charge storage layer 900 can contain a silicon-rich
silicon nitride (SixNy). The silicon-rich silicon nitride has a ratio of silicon (Si) to
nitrogen (N) greater than 0.75, i.e., ratio of x/y greater than 3/4.

[0074] When a charge storage layer contains a silicon-rich silicon nitride, it
can be formed by suitable deposition technique including CVD, cyclical CVD,
LPCVD, PECVD, thermal chemical vapor deposition (RTCVD), atomic layer
deposition (ALD), spin-on techniques, or the like.

[0075] A k-value and/or silicon richness (e.g., silicon content) of a charge
storage layer can be controlled by any suitable technique. A k-value and/or silicon
richness can be controlled during deposition by varying a gaseous concentration ratio
of a nitrogen precursor to a silicon precursor in a deposiﬁon reactor, a soak time of a
nitrogen precursor and/or a silicon precursor; a cycle number of the deposition
process, or the like. In one embodiment, a gaseous concentration ratio of a nitrogen
precursor to a silicon precursor is about 1:1 or more and about 1:100 or less. In

another embodiment, a gaseous concentration ratio of a nitrogen precursor to a silicon
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precursor is about 1:1 or more and about 1:60 or less. In yet another embbdiment, a
gaseous concentration ratio of a nitrogen precursor to a silicon precursor is about 1:1
or more and about 1:40 or less.

[0076] The gaseous concentration ratio of a nitrogen precursor to a silicon
precursor can be controlled by varying a flow rate ratio of the nitrogen precursor to
the silicon precursor into a deposition reactor. In one embodiment, a nitrogen
precursor is introduced a deposition chamber at a flow rate of about 1 sccm or more
and about 50 sccm ore less, and a silicon precursor is introduced at a flow rate of
about 10 sccm or more and about 400 sccm or less. In another embodiment, a
nitrogen precursor is introduced a deposition chamber at a flow rate of about 2 sccm
or more and about 40 sccm ore less, and a silicon precursor is introduced at a flow
rate of about 20 sccm or more and about 350 scem or less. In yet another embodiment,
a nitrogen precursor is introduced a deposition chamber at a flow rate of about 5 sccm
or more and about 30 sccm ore less, and a silicon precursor is introduced at a flow
rate of about 30 sccm or more and about 300 sccm or less.

[0077] When a cyclical CVD process is employed for forming a charge
storage layer, the cyclical CVD process can involve process cycles involving
providing a silicon precursor, purging the remaining silicon precursor, providing a
nitrogen precursor, and purging the remaining nitrogen precursor. A k-value and/or
silicon richness (e.g., silicon content) of a charge storage layer can be controlled by
varying times for providing the silicon precursor and/or for providing the nitrogen
precursor (e.g., longer time for providing a silicon precursor than for providing a
nitrogen precursor). In one embodiment, a ratio of time for providing a nitrogen
precursor to time for providing a silicon precursor in a cycle is about 1:1 or more and
about 1:100 or less. In another embodiment, a ratio of time for providing a nitrogen
precursor to time for providing a silicon precursor in a cycle is about 1:1 or more and
about 1:60 or less. In yet another embodiment, a ratio of time for providing a nitrogen
precursor to time for providing a silicon precursor in a cycle is about 1:1 or more and
about 1:40 or less.

[0078] Alternatively or additionally, the k-value and/or silicon richness (e.g.,
silicon content) of a charge storage layer can be controlled by varying the flow rate of

the silicon precursor and/or the nitrogen precursor. Generally speaking, the larger the
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flow rate of the silicon precursor and/or the smaller the flow rate of the nitrogen
precursor results in a higher silicon richness in the resultant charge storage layer.
[0079] The deposition process can be carried out for a period of time and at
gas flow rates sufficient to form a silicon-rich silicon nitride layer having a suitable
thickness. The thickness of a charge storage layer can be controlled by a cycle
number of the process. In one embodiment, the charge storage layer is formed by
performing several hundreds of cycles.

[0080] A first dielectric layer 902 is formed on the first charge storage layer
900. A dielectric layer can contain any of the materials of the dielectric layer 218 as
described above in connection with Figures 2A and 2B. A dielectric layer can contain
any suitable dielectric material such as silicon nitride (e.g., substantially
stoichiometric silicon nitride). The dielectric layer can be formed by any suitable
technique. In one embodiment, a dielectric layer containing stoichiometric silicon
nitride is formed in the similar manner as described for forming the first charge
storage layer 900, except deposition conditions (e.g., a gaseous concentration ratio of
a nitrogen precursor and a silicon precursor, or the like) are controlled to form a
substantially stoichiometric silicon nitride.

[0081] Figure 10 illustrates forming a second charge storage layer 1000 over
the first dielectric layer 902. The second charge storage layer 1000 can contain any of
the materials of the charge storage layer 216 as described above in connection with
Figures 2A and 2B. The second charge storage layer 1000 can be formed by any of
the techniques that are used for the first charge storage layer 900 as described above
in connection with Figure 9.

[0082] In one embodiment, the first charge storage layer 900 has a higher k-
value than the second charge storage layer 1000. In another embodiment, the first
charge storage layer 900 contains higher silicon richness than the second charge
storage layer 1000. The higher k-value and/or the higher silicon richness can be
achieved during deposition by varying a gaseous concentration ratio of a silicon
precursor to a nitrogen precursor in a deposition reactor, a flow rate ratio of a silicon
precursor to a nitrogen precursor into a deposition reactor, or the like. In one
embodiment, a gaseous concentration ratio of a silicon precursor to a nitrogen
precursor and/or a flow rate ratio of a silicon precursor to a nitrogen precursor into a

deposition reactor for forming a first charge storage layer are higher than those of a
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second charge storage layer. When a cyclical CVD process is employed for forming
charge storage layers, a ratio of time for providing a silicon precursor to time for
providing a nitrogen precursor in a cycle for forming a first charge storage layer is
higher than one for forming a second charge storage layer.

[0083] Figure 11 illustrates forming a second insulating layer 1100 over the
second charge storage layer 1000. The second insulating layer 11000 can contain any
of the materials of the first insulating layer 220 as described above in connection with
Figures 2A and 2B. The second insulating layer 1100 can be formed by any of the
techniques that are used for the first insulating layer 802 as described above in
connection with Figure 8.

[0084] Figure 12 illustrates another exemplary method of forming a charge
storage stack 1200 on a semiconductor substrate 1202. The charge storage stack 1200
contains n charge storage layers 1204, 1204,, -+ 1204, and n-1 dielectric layers
1206,, - 1206,.; between each of the charge storage layers. After a first insulating
layer 1208 is formed on a semiconductor substrate 1202, a first charge storage layer
1204, can be formed on the first insulating layer, and a first dielectric layer 1206, can
be formed on the first charge storage layer 1204, in the similar manner as described in
the connection with Figure 9. Similarly, an n-1th dielectric layer can be formed on an
n-1th charge storage layer, and an nth layer can be formed on an n-1th dielectric layer.
In one embodiment, n is 2 or more and about 12 or less. In another embodiment, n is
2 or more and about 10 or less. In yet another embodiment, n is 2 or more and about
8 or less.

[0085] In one embodiment, an n-1th charge étorage layer has a higher k-
value than an nth charge storage layer. In another embodiment, an n-1th charge
storage layer contains a higher silicon content than an nth charge storage layer. The
higher k-value and/or the higher silicon content of the n-1th charge storage layer can
be achieved during deposition by varying a gaseous concentration ratio of a nitrogen
precursor to a silicon precursor in a deposition reactor, a flow rate ratio of a nitrogen
precursor to a silicon precursor into a deposition reactor, or the like. In one
embodiment, a gaseous concentration ratio of a silicon precursor to a nitrogen
precursor and/or a flow rate ratio of a silicon precursor to a nitrogen precursor into a
deposition reactor for forming an n-1th charge storage layer are higher than those of

an nth charge storage layer. When a cyclical CVD process is employed for forming
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charge storage layers, a ratio of time for providing a silicon precursor to time for
providing a nitrogen precursor in a cycle for forming an'n-1th charge storage layer is
higher than one for forming an nth charge storage layer.

[0086] After an nth charge storage layer 1204, is formed, a second
insulating layer 1210 can be formed on the nth charge storage layer 1204, in the
similar manner as described above in connection with Figure 11.

[0087] Although not shown in Figures 8-12, a bit line dielectric can be
formed between portions of a charge storage stack at any suitable time, as described
in connection with Figures 3A, 3B, and 6. In one embodiment, the bit line dielectric
is formed after the charge storage stack is formed. The bit line dielectric can be
formed by forming a charge storage stack, removing portions of the charge storage
stack, and forming dielectric material at the portions. In another embodiment, bit line
dielectrics are formed and then portions of charge storage stack are formed between
the bit line dielectrics.

[0088] A center dielectric also can be formed between portions of a charge
storage layer at any suitable time, as described in connection with Figures 4 and 7. In
one embodiment, the center dielectric is formed after forming a charge storage stack.
The center dielectric can be formed by forming a charge storage stack, removing
portions of the charge storage stack, and forming dielectric material at the portions.
In another embodiment, center dielectrics are formed and then portions of charge
storage stack are formed between the center dielectrics.

[0089] A bit line dielectric and a center dielectric can be formed by any
suitable technique. In one embodiment, the dielectric is formed by a HTO deposition
process. For example, the HTO is formed by LPCVD using nitrous oxide (N2O) and
dichlorosilane (SiH,Cly) gasses at a temperature of about 600 degrees Celsius or more
and about 900 degrees Celsius or less and a pressure of about 100 mTorr or more and
about 500 mTorr or less. In another embodiment, the dielectric is grown in plasma at
low temperatures, e.g., plasma-grown oxide. For example, the dielectric contains
plasma-grown oxide that is grown at a temperature of about 250 degrees Celsius or
more and about 600 degrees Celsius or less. The dielectric may be formed by a HDP
deposition process. The dielectric can be optionally subjected to an anneal in, for

example, a nitrogen ambient at about 1000 degrees Celsius for thirty minutes.

22



WO 2009/079484 PCT/US2008/086913

[0090] Although not shown in Figures 8-12, the methodologies may include
any suitable memory device fabrication processes. General examples of memory
device fabrication processes include masking, patterning, etching, cleaning,
planarization, thermal oxidation, implant, annealing, thermal treatment, and
deposition techniques normally used for making memory devices.

[0091] The resultant memory stack, memory céll, and memory device
formed herein can be employed for central processing units (CPUs); volatile memory
devices such as DRAM devices, SRAM devices, and the like; input/output devices
(I/O chips); and non-volatile memory devices such as EEPROMSs, EPROMs, PROMs,
and the like.

[0092] The resultant memory stack, memory cell, and memory device
formed herein are useful in any electronic device. For example, the resultant memory
stack, memory cell, and memory device are useful in computers, appliances, industrial
equipment, hand-held devices, telecommunications equipment, medical equipment,
research and development equipment, transportation vehicles, radar/satellite devices,
and the like. Hand-held devices, and particularly hand-held electronic devices,
achieve improvements in portability due to the small size and lightweight of the
memory devices. Examples of hand-held devices include cell phones and other two
way communication devices, personal data assistants, Palm Pilots, pagers, notebook
computers, remote controls, recorders (video and audio), radios, small televisions and
web viewers, cameras, and the like.

[0093] What has been described above includes examples of the disclosed
information. It is, of course, not possible to describe every conceivable combination
of components or methodologies for purposés of describing the disclosed information,
but one of ordinary skill in the art can recognize that many further combinations and
permutations of the disclosed information are possible. Accordingly, the disclosed
information is intended to embrace all such alterations, modifications and variations

that fall within the spirit and scope of the appended claims.

INDUSTRIAL APPLICABILITY
[0094] The methods and devices described herein are applicable to field of
semiconductor memory devices including non-volatile flash memory devices and the

use and fabrication thereof.
23



WO 2009/079484 PCT/US2008/086913

CLAIMS
What is claimed is:

1. A charge storage stack for a memory cell, comprising:

a first insulating layer over a semiconductor substrate;

n charge storage layers comprising silicon-rich silicon nitride over the first
insulating layer, wherein numbers of the charge storage layers increase from the
bottom to the top and a k-value of an n-1th charge storage layer is higher than a k-
value of an nth charge storage layer;

n-1 dielectric layers comprising substantially stoichiometric silicon nitride
between each of the n charge storage layers; and

a second insulating layer over the nth charge storage layers.

2. The charge storage stack of claim 1, wherein the silicon-rich silicon nitride
comprises silicon nitride that has a greater number of silicon atoms than the number
of silicon atoms in stoichiometric silicon nitride, or a lesser number of nitrogen atoms

than the number of nitrogen atoms in stoichiometric silicon nitride.

3. The charge storage stack of claim 1, wherein an n-1th charge storage layer has
a higher k-value than an nth charge storage layer by about 0.05 or more and about 0.7

or less and n is 2 or more and about 12 or less.

4, The charge storage stack of claim 1, wherein the charge storage stack
comprises two charge layers, and a first charge storage layer has a k-value of about
0.4 or more and about 2 or less and a second charge storage layer has a k-value of

about 0.1 or more and about 1.7 or less.
5. A multiple level memory cell comprising the charge storage stack of claim 1.

6. A charge storage stack for a memory cell, comprising:
a first insulating layer over a semiconductor substrate;
n charge storage layers comprising silicon-rich silicon nitride over the first

insulating layer, wherein numbers of the charge storage layers increase from the
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bottom to the top and silicon richness of an n-1th charge storage layer is higher than
silicon richness of an nth charge storage layer;

n-1 dielectric layers comprising substantially stoichiometric silicon nitride
between each of the n charge storage layers; and

a second insulating layer over the two or more charge storage layers.

7. The charge storage stack of claim 6, wherein an n-1th charge storage layer has
higher silicon richness than an nth charge storage layer by about 1 wt. % or more and

about 5 wt. % or less.

8. The charge storage stack of claim 6, wherein the charge storage stack
comprises three charge storage layers, and a first charge storage layer has about 70
wt. % of silicon or more and about 83 wt. % of silicon or less, a second charge storage
layer has about 65 wt. % of silicon or more and about 80 wt. % of silicon or less, and
a third charge storage layer has about 60 wt. % of silicon or more and about 70 wt. %

of silicon or less.

9. A method of forming a charge storage stack for a memory cell, comprising;
forming n charge storage layers over a first insulating layer over a substrate,
wherein numbers of the charge storage layers increase from the bottom to the top and
a k-value of an n-1th charge storage layer is higher than a k-value of an nth higher
charge storage layer;
forming n-1 dielectric layers between each of the n charge storage layers; and

forming a second insulating layer over the nth charge storage layer.

10.  The method of claim 9, wherein the charge storage layers are formed by
deposition and k-values of the charge storage layers are controlled during deposition
by varying a gaseous concentration ratio of a silicon precursor to a nitrogen precursor,
a flow rate ratio of a silicon precursor to a nitrogen precursor, a ratio of time for
providing a silicon precursor to time for providing a nitrogen precursor, or a

combination of thereof.
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