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METHODS OF OPERATING NON-VOLATILE
MEMORY CELLS HAVING AN
OXIDE/NITRIDE MULTILAYER INSULATING
STRUCTURE

BACKGROUND OF THE INVENTION

Non-volatile memory (“NVM”) refers to semiconductor
memory which is able to continually store information even
when the supply of electricity is removed from the device
containing the NVM cell. NVM includes Mask Read-Only
Memory (Mask ROM), Programmable Read-Only Memory
(PROM), FErasable Programmable Read-Only Memory
(EPROM), Electrically Erasable Programmable Read-Only
Memory (EEPROM), and Flash Memory. Non-volatile
memory is extensively used in the semiconductor industry
and is a class of memory developed to prevent loss of pro-
grammed data. Typically, non-volatile memory can be pro-
grammed, read and/or erased based on the device’s end-use
requirements, and the programmed data can be stored for a
long period of time.

Non-volatile memory devices can employ various designs,
including devices which have charge storage layers of the
“floating gate” type and devices which have charge-trapping
layers that store charge in a localized manner. Localized
charge storage (or trapping) refers to the ability of a charge-
trapping layer to store charge without significant lateral
movement of the stored charge throughout the layer. Conven-
tional “floating gate” memory cells contain a charge-storage
layer which is conductive and in which the stored charge is
spread laterally throughout the entire layer (i.e., throughout
the entire floating gate).

As the information technology market has grown vastly in
the past twenty years or so, portable computers and the elec-
tronic communications industry have become the main driv-
ing force for semiconductor VLSI (very large scale integra-
tion) and ULSI (ultra large scale integration) design. As a
result, low power consumption, high density and re-program-
mable non-volatile memory are in great demand. These types
of' programmable and erasable memories have become essen-
tial devices in the semiconductor industry.

A rising demand for memory capacity has translated into
higher requirements for integration level and memory den-
sity. Dual bit cells which can store two bits of information in
each memory cell are known in the art but are not yet preva-
lent in use. Some dual bit cells have multiple threshold volt-
age levels, where every two threshold voltage levels together
store a different bit. These types of dual bit cells involve
operational complexities which discourage their widespread
use. Other dual bit cells employ charge-trapping layers and
have two separate storage sites and store one bit in each site on
either side of the cell. One kind of dual bit cell of the latter
variety is known as Nitride Read Only Memory (NROM).

In general, an NROM cell uses a thicker tunnel oxide layer
between the semiconductor layer and the charge-trapping
nitride layer to prevent charge loss during retention states.
However, athick tunnel oxide layer may impact channel erase
speed. As a result, band-to-band tunneling hot-hole (BT-
BTHH) erase methods are often used to inject hole traps from
the channel to compensate the stored electrons. However, the
BTBTHH erase methods may cause reliability issues. For
example, the performance characteristics of NVM devices
employing BTBTHH erase methods may rapidly degrade
after numerous P/E (program/erase) cycles due to semicon-
ductor layer/oxide interface damage which can occur as a
result of the BTBTHH methods. For purposes of this inven-
tion, the “semiconductor layer” refers to that layer in which
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the source/drain regions are proximate to the layer’s surface
and the “semiconductor substrate” or “substrate” refers to a
support or insulation layer contiguous to the semiconductor
layer that does not contain source/drain regions. Not all semi-
conductor devices have semiconductor substrates and in
those instances the semiconductor layer is commonly consid-
ered to also be the substrate.

Another example of a charge-trapping NVM cell design is
the so-called SONOS (silicon-oxide-nitride-oxide-silicon)
device, which can include a thin tunnel oxide layer between
the semiconductor layer and the charge-trapping layer to
allow hole direct tunneling erase operations. Although such
designs can have good erase speed, the data retention is usu-
ally poor, in part, because direct tunneling may occur even at
a low electrical field strengths that may exist during a reten-
tion state of a memory device.

Thus, a need in the art exists for non-volatile memory cell
designs and arrays which can be repeatedly programmed and
erased numerous times with improved data retention perfor-
mance, increased operation speeds and which do not suffer
semiconductor layer/oxide interface degradation as aresult of
hot hole tunneling from the semiconductor layer.

BRIEF SUMMARY OF THE INVENTION

The present invention relates to the operation of non-vola-
tile memory cells and devices containing such cells, and more
specifically, to the operation of a non-volatile memory cell
design which includes an insulating oxide/nitride multi-layer
structure disposed between a charge storage layer and a gate
which facilitates positive voltage erase operations and which
permits gate-injected hole erasing. Positive voltage erase
operations in accordance with various embodiments of the
present invention can reduce semiconductor layer/oxide
interface damage which can occur when band-to-band hot
hole injection from the semiconductor layer is used as an
erase method in memory cells. Methods of memory cell
operation in accordance with the present invention include
applying a positive voltage to the gate sufficient to cause hole
tunneling from the gate toward the charge storage layer. One
of the benefits of this invention is that it allows for positive
voltage program and erase (P/E) operations, for example
program by hot electron effect and erase by hole injection.
This feature does not require peripheral circuits for negative
voltage operation for P/E purposes.

One embodiment of the present invention includes a
method comprising: providing a memory cell comprising: a
semiconductor layer having at least two source/drain regions
disposed below a surface of the semiconductor layer and
separated by a channel region; a lower insulating layer dis-
posed above the channel region; a charge storage layer dis-
posed above the lower insulating layer; an upper insulating
multi-layer structure disposed above the charge storage layer,
wherein the upper insulating multi-layer structure comprises
a lower dielectric layer and an upper nitride layer disposed
abovethe lower dielectric layer; and a gate disposed above the
upper insulating multi-layer structure; and applying a posi-
tive voltage to the gate sufficient to cause hole tunneling from
the gate toward the charge storage layer.

Another embodiment of the present invention includes a
method comprising: providing a memory cell comprising: a
silicon semiconductor layer having at least two source/drain
regions disposed below a surface of the semiconductor layer
and separated by a channel region; a silicon oxide insulating
layer disposed above the channel region; a silicon nitride
charge storage layer disposed above the silicon oxide insu-
lating layer; an upper insulating multi-layer structure dis-
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posed above the charge storage layer, wherein the upper insu-
lating multi-layer structure comprises a silicon oxide layer
having a thickness of about 25 to 35 angstroms, and a silicon
nitride layer having a thickness of about 40 to 70 angstroms
disposed above the silicon oxide layer; and a gate disposed
above the upper insulating multi-layer structure, wherein the
gate comprises a p—doped polysilicon layer; and applying a
positive voltage of about 10to 15 volts to the gate sufficient to
cause hole tunneling from the gate toward the charge storage
layer.

The present invention also includes methods of operating
non-volatile memory devices which comprise a plurality of
memory cells (i.e., an array) in accordance with one or more
ofthe embodiments of cells described herein. As used herein,
the term “plurality” and the phrase “at least two” synony-
mously refer to two or more of the element to which the term
or phrase refers. Additionally, as used herein, the singular
indefinite articles “a” and “an”, and the definite article “the”
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to “a memory cell”
can include a plurality of such memory cells.

Memory devices in accordance with the present invention
exhibit significantly improved operational properties includ-
ing improved charge retention and improved durability as a
result of diminished erase-induced interface damage.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The foregoing summary, as well as the following detailed
description of the invention, will be better understood when
read in conjunction with the appended drawings. For the
purpose of illustrating the invention, there are shown in the
drawings embodiments which are presently preferred. It
should be understood, however, that the invention is not lim-
ited to the precise arrangements and instrumentalities shown.

In the drawings:

FIG. 1 is cross-sectional schematic representation of a
memory cell which can be operated in accordance with one
embodiment of the present invention;

FIG. 2 is a simulated erase band energy diagram for a
memory cell operated at positive voltage in accordance with
one embodiment of the present invention; and

FIG. 3 is a graphical representation of flat band voltage
(V4) in a memory cell operated in accordance with one
embodiment of the present invention over time.

DETAILED DESCRIPTION OF THE INVENTION

Reference will now be made in detail to the invention and
the presently preferred embodiments thereof, examples of
which are illustrated in the accompanying drawings. It should
be noted that the non-graph drawing is in greatly simplified
form and is not to precise scale. In reference to the disclosure
herein, for purposes of convenience and clarity only, direc-
tional terms, such as top, bottom, left, right, up, down, above,
below, beneath, rear, and front, are used with respect to the
accompanying drawings. Such directional terms used in con-
junction with the following description of the drawings
should not be construed to limit the scope of the invention in
any manner not explicitly set forth in the appended claims.
Although the disclosure herein refers to certain illustrated
embodiments, it is to be understood that these embodiments
are presented by way of example and not by way of limitation.
It is to be understood and appreciated that the process steps
and structures described herein do not cover a complete pro-
cess flow for the manufacture of entire integrated circuits. The
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present invention may be practiced in conjunction with vari-
ous integrated circuit fabrication techniques that are known in
the art or to be developed.

Memory cells, arrays containing two or more of such cells
and devices containing such cells and/or arrays in accordance
with the present invention can be operated using positive
voltage, gate-injected hole-tunneling erase methods. Such
operation in accordance with the present invention can over-
come some of the reliability issues in NVM devices, and
particularly memory devices which employ nitride charge
storage. At the same time, operation of memory cells in accor-
dance with the present invention maintains provides excellent
charge retention characteristics. The present invention allevi-
ates reliance on BTBTHH erase methods, thereby avoiding
device degradation after numerous P/E cycles due to semi-
conductor layer/oxide interface damage. One of the benefits
of'this invention is that it allows for positive voltage program
and erase (P/E) operations, for example program by hot elec-
tron effect and erase by hole injection. This feature does not
require peripheral circuits for negative voltage operation for
P/E purposes.

FIG. 1 depicts a cross-sectional schematic representation
of'an example of a memory cell 100 which can be operated in
accordance with one embodiment of the present invention.
The memory cell includes a semiconductor layer 101 con-
taining at least two source/drain regions 110 & 112, wherein
each of the source/drain regions 110 & 112 may function as
either a source or a drain depending upon voltages applied.
The semiconductor layer 101 further includes a channel
region 115 between the two source/drain regions. The
memory cell 100 further includes a lower insulating layer 120
disposed above the channel region 115, though not necessar-
ily directly on the surface of the semiconductor layer 101. For
example, an additional layer or layers may optionally be
disposed between the surface of the semiconductor layer and
the lower insulating layer, such as, a gate oxide layer (not
shown) disposed on the surface of the semiconductor layer.
The memory cell 100 further includes a charge storage layer
130 disposed above the lower-insulating layer 120. The
memory cell 100 further includes an upper insulating multi-
layer structure 140 having a lower dielectric layer 142 and an
upper nitride layer 144. The memory cell 100 further includes
a gate 150 disposed above the upper insulating multi-layer
structure 140. The invention can be applied to a memory cell
with a conventional silicon semiconductor layer without a
substrate as well as a silicon on insulator (SOI), a thin film
transistor (TFT) process or a vertical transistor process. For
purposes of this invention, the “semiconductor layer” refers
to that layer in which the source/drain regions are proximate
to the layer’s surface and the “semiconductor substrate” or
“substrate” refers to a support or insulation layer contiguous
to the semiconductor layer that does not contain source/drain
regions. Not all semiconductor devices have semiconductor
substrates and in those instances the semiconductor layer is
commonly considered to also be the substrate.

Methods of operation according to the present invention
include providing a memory cell and applying a positive
voltage to the gate of the memory cell such that hole tunneling
from the gate towards the charge storage layer is caused.

A memory cell operable in accordance with the present
invention comprises a semiconductor layer. Any semiconduc-
tor layer material suitable for use in semiconductor devices
may be used. In many preferred embodiments of the present
invention, the semiconductor layer comprises a silicon mate-
rial. Silicon wafers prepared via standard techniques can be
used to prepare a suitable semiconductor layer. For example,
suitable wafers can be prepared via a process wherein silicon

Sandisk Technologies, Inc. - Ex. 1044, Page 000006



US 7,450,423 B2

5

is grown from a small crystal, called the seed crystal, rotated
and slowly withdrawn from a molten hyper-pure silicon to
give a cylindrical crystal, which is then sliced to obtain thin
disks, which after slicing, are finely ground, mirror-smooth
polished and cleaned. Thus, for example, in FIG. 1, semicon-
ductor layer 101 can comprise a silicon wafer.

In accordance with several preferred embodiments of the
present invention, the semiconductor layer comprises p-type
silicon. Generally, p-type silicon semiconductor layers
capable of use in accordance with preferred embodiments of
the present invention include silicon wafers which have been
lightly p—doped. In those embodiments of the present inven-
tion wherein the source/drain regions comprise n+ doped
implants, a lightly p—doped semiconductor layer can be
advantageous in programming and reading of the memory
cell due to the reverse bias of the PN junctions. P-type doping
of'a semiconductor layer such as silicon can be carried out in
any suitable manner, such as, via an implantation of, for
example, boron, BF, or gallium or any other free-electron
deficient element capable of use in semiconductor materials.
Preferably, the p-type doping is carried out at a dosage level of
from about 10"*/cm?> to about 10*%/cm> More preferably, the
p-type doping is carried out at a dosage level of from about
10 /em® to about 10" /cm?.

It should be understood that while some of the embodi-
ments of the invention described herein depict NPN junctions
wherein the semiconductor layer comprises a p-type layer
having two or more source/drain regions formed via n-type
doping to create an NPN cell, the memory cells of the present
invention also include PNP type semiconductor devices. For
a PNP, a program operation is conducted by Band-to-Band
hot electron programming where negative voltage is applied
to the S/D regions and a positive voltage is applied to the gate
to generate Band-to-Band hot electron transfer. The erase
operation for the PNP is conducted by applying a positive
voltage to the gate to cause a FN hole injection from the gate
to the SiN trapping layer.

A memory cell operable in accordance with the present
invention has a source region and a drain region, which are
collectively also referred to herein as at least two source/drain
regions. As is understood by those of ordinary skill in the art,
each memory cell comprises two source/drain regions, each
of'which may serve as a source or a drain, depending upon the
location and level of the applied voltages. The term “source/
drain region”, as used herein, refers to the dual nature of such
regions in that they can function as either a source or a drain
depending upon the applied voltage. When referring to a
specific operation in a memory cell in accordance with the
present invention wherein one region serves as the source and
the other region serves as the drain, the terms “source” and
“drain” may be used separately in reference to the particular
region. However, the use of either term is not to be construed
as limiting either region in its function, or as limiting the
invention in regard to any specific location of the source and
the drain.

A memory device operable in accordance with the present
invention may comprise a semiconductor layer having more
than two source/drain regions constituting a plurality of
memory cells. Itis to be understood that any one source/drain
region may function as a source or drain for both adjacent
cells, or it may function as a drain for a source region in a cell
adjacent in one direction and as a source for a drain region in
a cell adjacent in another direction. For example, referring to
FIG. 1, source/drain region 110 may serve as the source for
both source/drain region 112 and another source/drain region
(not shown) in an adjacent memory cell (not shown) disposed
to the left of memory cell 100, when source/drain region 112
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and the other source/drain region operate as drains. Con-
versely, source/drain region 110 may serve as the drain for
both when source/drain region 112 and the other source/drain
region operate as sources. Alternatively, for example, source/
drain region 110 can serve as a drain for source/drain region
112 when source/drain region 112 operates as a source, and
also serve as a source for another source/drain region (not
shown) in an adjacent memory cell (not shown) which is
disposed to the left of memory cell 100 when the other source/
drain region operates as a drain.

In general, each of the at least two source/drain regions
comprises an area below the surface of the semiconductor
layer which is doped in a manner corresponding in comple-
mentary fashion to the type of semiconductor layer doping
employed. In other words, where a p-type semiconductor
layer is employed, the source/drain regions are n—doped, and
vice versa. Thus, in preferred embodiments wherein the semi-
conductor layer comprises p-type silicon, the at least two
source/drain regions will comprise n+ doped regions, prefer-
ably having a high dose of n-type doping. In more preferred
embodiments of the present invention, the n+ doping will
comprise ion implantation of one or more elements selected
from arsenic, phosphorous, and nitrogen, wherein the dosage
of ion implantation is about 10*%/cm® to 10*°/cm®. Thus, in
certain preferred embodiments, the at least two source/drain
regions comprise n—doped buried diffusion implants.

The depth of the implantation of each of the at least two
source/drain regions in the silicon semiconductor layer can
extend about 30 to about 200 nanometers below the semicon-
ductor layer’s surface, depending on the technology genera-
tion or node of the device (i.e., the minimum feature size, for
example 130 nm). For example, in one embodiment of the
present invention with a generation node of 130 nanometers,
the depth of the implantation of the at least two source/drain
regions can be about 100 nanometers into the semiconductor
layer as measured from the layer’s surface. As used herein,
reference to the source/drain regions being disposed “below”
the surface of the semiconductor layer includes source/drain
regions in which the doped areas extend to and include the
surface of the semiconductor layer. In other words, there is no
requirement that any source/drain region be disposed entirely
below the semiconductor layer’s surface. This invention
could not only be applied to a conventional silicon semicon-
ductor layer but also to an SOI (silicon on insulator), TFT
(thin film transistor) process, or a vertical transistor process.

The present invention also includes the operation of
memory arrays comprising a plurality of memory cells. In
certain embodiments of memory arrays in accordance with
the present invention, two or more memory cells can be
aligned in a row such that the source/drain regions on either
side of the row of the two or more cells comprise continuous
buried diffusion bit lines. Each bit line comprises a continu-
ous doped region disposed below the surface of the semicon-
ductor layer. Arrays comprising a plurality of memory cells in
accordance with the present invention my further comprise
various select transistors and/or common source lines suit-
able to effect operation of the array in accordance with vari-
ous memory types, including but not limited to, NOR and/or
NAND-type memories.

Additionally, in certain embodiments of the present inven-
tion, pocket implantation of oppositely doped regions adja-
cent to one or more of the source/drain (or bit line) regions
may be carried out to provide pocket implants. For example,
where the at least two source/drain regions comprise n+
doped regions, additional pocket implantation of a highly
p-doped smaller area or areas adjacent to one or more of the
source/drain regions may be carried out. Thus, memory cells
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in accordance with the present invention may further com-
prise an oppositely doped pocket implant adjacent to one or
more of the source/drain regions.

Any method for carrying out ion implantation known in the
art or to be developed may be employed for doping a region in
accordance with any ofthe embodiments of the present inven-
tion.

Memory cells operable in accordance with the present
invention may optionally include a dielectric material which
can be disposed above a surface of the semiconductor layer
over one or more of the at least two source/drain regions.
Suitable dielectric materials include, for example, oxides and
other low-k dielectric materials which may be deposited by
chemical-vapor-deposition (CVD) methods, such as high
density plasma CVD (HDPCVD), plasma-enhanced CVD
(PECVD), and low-pressure CVD (LPCVD). Other suitable
low-k dielectric materials include, for example, SILK® resins
(Dow Chemicals), polytetrafluoroethylenes (PTFE’s), biphe-
nyl dianhydride phenylene diamine (BPDA-PDA), benzocy-
clobutene (BCB), and hydrogen silsesquioxane (HSQ). In
certain embodiments of the present invention, the dielectric
material disposed above, and preferably on, a surface of the
semiconductor layer over at least one of the at least two
source/drain regions is preferably a high density plasma
dielectric material or any other dielectric material capable of
completely filling small (e.g., sub-micron) spaces with a
minimum occurrence of voids, and more preferably, no voids.
Preferably, the dielectric material comprises a high density
plasma oxide. In the most preferred embodiments of the
present invention, the high density plasma dielectric material
will comprise silicon dioxide.

In certain preferred embodiments of the present invention,
the memory cells can have a dielectric material, or more
preferably a high density plasma dielectric material, disposed
above, and preferably on, the surface of the semiconductor
layer above each of the source/drain regions. In some embodi-
ments ofthe present invention, a memory cell can include one
or more layers, such as, for example, a gate oxide layer,
between the surface of the silicon semiconductor layer and
the dielectric material. A gate oxide layer can be grown ther-
mally on the surface ofthe semiconductor layer, and in certain
preferred embodiments wherein the semiconductor layer
comprises silicon, a gate oxide layer can comprise silicon
dioxide.

Each pair of source/drain regions in accordance with the
present invention is separated by a channel region. The chan-
nel region refers to the area of the semiconductor layer
between the two source/drain regions in which charge carriers
migrate from one source/drain region to the other source/
drain region when appropriate voltage potentials are applied
to the source, drain and gates. Thus, for example, referring to
FIG. 1, channel 115 generally comprises the portion of the
semiconductor layer between source/drain regions 110 and
112. As used herein, “channel length” refers to the distance
from one source/drain region to the other source/drain region
across the channel region. “Channel width” refers to the mea-
surement of the channel region in the direction perpendicular
to the channel length.

A memory cell operable in accordance with the present
invention comprises a lower insulating layer. For example,
referring to FIG. 1, memory cell 100 includes a lower insu-
lating layer 120 disposed above channel region 115. A lower
insulating layer is generally disposed above the channel
region. As used herein, “above” the channel region refers to
the lower insulating layer’s position over, but not necessarily
in direct contact with, the surface of the semiconductor layer
in the channel region. As mentioned above, a memory cell in
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accordance with the present invention can include one or
more additional layers, such as a gate oxide layer, between the
semiconductor layer and the lower insulating layer.

Suitable materials of which a lower insulating layer may be
comprised include any high or low k-value dielectric material
or pure oxide which provides electrical insulation between
the semiconductor layer and charge storage layer. The mate-
rial of the lower insulating layer is selected so that the layer
allows electrons and holes to be tunneled when a sufficient
electric field is applied but does not trap electrons or holes
during read/program/erase operations. Suitable high k-value
dielectric materials include, for example, silicon oxide, tan-
talum oxide, hafnium oxide, zirconium oxide, strontium
titanate, barium strontium titanate, aluminum oxide, their
silicates and mixtures thereof. A lower insulating layer is
preferably formed of an oxide such as silicon oxide, alumi-
num oxide, and the like. In certain more preferred embodi-
ments, a lower insulating layer comprises a silicon oxide.

The lower insulating layer is preferably between about
30-120 Angstroms (A) in thickness. The thickness range is
based on the technology node and the operational voltage.
The lower insulating layer is preferably thicker than 30 A in
order to prevent direct-tunneling charge loss from a charge
storage layer disposed above the lower insulating layer after
the memory cell has been programmed (i.e., after charge has
been stored in the charge storage layer). Thus, a lower insu-
lating layer serves as an insulator providing a barrier between
charge carriers in the channel region of the semiconductor
layer and the charge storage layer. The materials and thick-
ness of the lower insulating layer may vary so long as insu-
lation is provided other than when the barrier effect of the
layer is intentionally overcome by the application of voltages
to one or more to the at least two source/drain regions and gate
of'a cell during programming and/or reading of the cell.

Memory cells which can be operated according to the
present invention also comprise a charge-storage layer dis-
posed above the lower insulating layer. As used herein,
“above the lower insulating layer” refers to the location of the
charge storage layer as being disposed over, but not necessar-
ily in direct contact with, the lower insulating layer. A
memory cell in accordance with the present invention may
comprise one or more additional layers of material between
the lower insulating layer and the charge storage layer. The
additional layer could be a film that could serve as either a
tunneling enhancement or a trapping improvement.

The charge storage layer provides the programmable
memory storage portion of the non-volatile memory cell. The
charge storage layer is preferably a material that efficiently
traps or stores charge after a programming operation which
entails applying a programming voltage potential to the gate
and one of the source/drain regions in order to induce charge
into the charge storage layer. The charge storage layer pref-
erably has a thickness of about 40-150 A. Thinner charge
storage layers could result in trapping not occurring or poor
trapping efficiency. Thicker trapping layers require higher
operational voltage. Accordingly neither thinner or thicker
trapping layers are preferred.

A charge storage layer in accordance with the present
invention can comprise a floating gate material, such as poly-
silicon, or a charge-trapping material. A poly-silicon film
layer could not be operated in a two bits/cell mode without an
oxide constituent to preclude charge distribution in the poly-
silicon. In various preferred embodiments of the present
invention, the charge storage layer comprises a charge trap-
ping material. Charge-trapping materials suitable for use as
the charge storage layer in the memory cells of the present
invention include, but are not limited to, silicon nitrides,
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tantalum oxides, strontium titanates, barium strontium titan-
ates, hafnium oxides, and the like. A charge-trapping layer
may also comprise a layer of silicon dioxide having two
separate islands of polycrystalline silicon, optionally sand-
wiched between two additional layers of silicon dioxide. A
charge-trapping layer is preferably formed of a nitride, such
as a silicon nitride (e.g., Si;N,), or a silicon oxynitride
(SiO,N,).

As used herein, a “charge-trapping layer” refers to a mate-
rial, layer or multi-layer structure which is capable of trap-
ping localized charge, wherein localization refers to trapped
charge carriers that exhibit little, if any, lateral movement
within the trapping material. The charge-trapping layer may
be any dielectric layer or layers that are capable of or facilitate
charge carrier trapping. Accordingly, to facilitate charge car-
rier trapping, the charge-trapping layer generally comprises a
material with a lower electron barrier height than the layers
sandwiching it (i.e., two layers with relatively higher barrier
heights sandwiching a layer of material with a relatively
lower barrier height). For example, in the case of a silicon
nitride charge-trapping layer interposed between two silicon
oxide layers, such as, e.g., a silicon oxide lower insulating
layer and a silicon oxide first dielectric layer, the oxide layers
have a barrier height of about 3.1 eV, whereas the nitride layer
has a barrier height of about 2.1 eV. Thus, an electron well is
created in the middle nitride layer.

Memory cells which can be operated according to the
present invention also include an upper insulating multi-layer
structure. Upper insulating multi-layer structures in accor-
dance with the present invention include a lower dielectric
layer and an upper nitride layer. The upper insulating multi-
layer structure is disposed above the charge storage layer. As
with other references to layers disposed “above” other layers
herein, the upper insulating multi-layer structure can be dis-
posed over, but not necessarily in direct contact with, the
upper surface of the charge storage layer. One or more addi-
tional layers, such as an additional insulating layer, may
optionally be disposed between the charge storage layer and
the upper insulating multi-layer structure.

The lower dielectric layer may be comprised of the same or
different materials as the lower insulating layer. Suitable
materials of which the lower dielectric layer may be com-
prised include high k-value dielectric materials include, for
example, silicon oxide, tantalum oxide, hafhium oxide, zir-
conium oxide, strontium titanate, barium strontium titanate,
aluminum oxide, their silicates and mixtures thereof. Prefer-
ably, the lower dielectric layer comprises a silicon oxide, and
most preferably silicon dioxide. More preferably, both the
lower insulating layer and the lower dielectric layer comprise
a silicon oxide, and most preferably both comprise silicon
dioxide.

The lower dielectric layer can have a thickness of about 10
to about 40 A, and preferably about 18 to 25 A with 25 A
being the most preferred. The thickness of this layer is critical
to retention electrons and holes as well as the reliability of the
operation of the layer.

The upper insulating multi-layer structure also comprises
an upper nitride layer. The upper nitride layer preferably
comprises a silicon nitride, and more preferably Si;N,. The
upper nitride layer can have a thickness of about 10 to about
100 A, more preferably about 40 to about 70 A, with 70 A
being the most preferred. The thickness of the layer is critical
to hole tunneling through the layer.

Many of the materials which are suitable for use in the
lower insulating layer and lower dielectric layer are the same,
and both layers may preferably comprise an oxide, and more
preferably silicon oxide. However, the interposed charge-
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trapping layer must be comprised of a different dielectric
material having a lower barrier height to create the “trapping”
region.

The various insulating, dielectric and charge-trapping lay-
ers may be formed by any suitable process known or to be
developed for the formation or deposition of such materials.
For example, where a layer comprises an oxide, the oxide
layer may be formed via oxidation techniques including, but
not limited to, thermal oxidation, chemical vapor deposition
(CVD), low-pressure CVD (LPCVD), plasma-enhanced
CVD (PECVD), or high-density plasma CVD (HDPCVD).
Suitable processes for the deposition of a nitride layer
include, but are not limited to nitridation, chemical vapor
deposition and plasma-nitridation.

In certain preferred embodiments of the present invention,
the lower insulating layer comprises an oxide, the charge-
trapping layer comprises a nitride, and the lower dielectric
layer comprises an oxide. Even more preferably, the layers
comprise silicon dioxide, silicon nitride, and silicon dioxide,
respectively. As discussed below, it is also preferred that the
first dielectric and the second dielectric layers each comprise
and oxide, and more preferably, silicon dioxide.

In certain preferred embodiments where the lower insulat-
ing layer, the charge-trapping layer, and the lower dielectric
layer comprise SiO,, Si;N,, and SiO,, respectively, one or
both of the silicon dioxide layers may be a silicon-rich silicon
dioxide layer. One or both of the silicon dioxide layers may
also be an oxygen-rich silicon dioxide layer. One or both of
the silicon dioxide layers may be a thermally grown or a
deposited oxide. One or both of the silicon dioxide layers may
be nitrided oxide layers. The nitride may be a silicon-rich
silicon nitride layer or a silicon nitride containing oxygen.
The nitride may also be an nitrogen-rich silicon nitride layer.

Generally, each of the lower insulating layer, the charge
storage layer and the layers of the upper insulating multi-
layer structure can have length and width dimensions which
correspond to the channel length and channel width. In other
words, each layer can be about as wide as the at least two
source/drain regions and can span the length of the channel
separating the at least two source/drain regions.

Memory cells inaccordance with the present invention also
include a gate disposed above the upper insulating multi-layer
structure. As used herein, “above the upper insulating multi-
layer structure” refers to spatial placement of the gate on, or
over, but not necessarily in direct contact with, the upper
surface of the upper insulating multi-layer structure. Accord-
ingly, a gate in a memory cell of the present invention may be
disposed directly on the upper nitride layer of the upper
insulating multi-layer structure, or a gate may be separated
from the upper insulating multi-layer structure by an addi-
tional material such as, for example, an additional insulating
material. Preferably, a gate is disposed directly on the upper
nitride layer of the upper insulating multi-layer structure.

A gate in accordance with the present invention can com-
prise any conductive material. Gates in accordance with the
present invention preferably comprises a polysilicon layer,
which may be either n-type or p-type doped, and a metal
silicide layer disposed above the polysilicon layer. The thick-
ness of the polysilicon gate layer is preferably about 30
nanometers to about 200 nanometers. In certain more pre-
ferred embodiments of the present invention, the polysilicon
is p-type doped. The metal silicide gate layer in accordance
with preferred embodiments of the present invention can
comprise a metal silicide material selected from tungsten
silicide, titanium silicide, cobalt silicide, and nickel silicide.

Gate material layers can be formed by any suitable process
for the deposition of a metal, metal-containing material, poly-
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crystalline silicon, or other conductive material. Metals can
be deposited using any metallization process known or to be
developed. Metal-containing materials such as metal silicides
can be deposited, for example, by sputtering, or CVD. CVD
processes are preferred for forming metal silicides. Polycrys-
talline silicon materials can be deposited by any method
known or to be developed, such as a CVD process with SiH,
or dicloro-SiH, and the polycrystalline silicon may be doped
during or after deposition on the semiconductor layer.

The methods of the present invention also include applying
a positive voltage to the gate of a memory cell, as described
herein, where the positive voltage is sufficient to cause hole
tunneling from the gate toward the charge storage layer.
Methods in accordance with the present invention include
erasing and/or resetting memory cells and arrays thereof by
applying a positive voltage to the gate or gates.

Suitable positive voltages to be applied to the gate of a
memory cell in accordance with certain preferred embodi-
ments of the present invention can be about 10 to about 15
volts, with 11 volts the most preferred. A positive voltage is
generally applied to the gate of the memory cell for a period
of'time to reduce the threshold voltage of the cell to its erased
state. Suitable erase times in accordance with certain pre-
ferred embodiments of the present invention wherein the
positive voltage is about 10 to about 15 volts can be about 100
to about 400 milliseconds, which is consistent with conven-
tional NROM.

Memory cells in accordance with the present invention can
be programmed via various hot electron methods, including,
for example, channel-hot-electron (CHE) operations. Addi-
tional programming methods which are suitable include—
FN tunneling. Positive voltage programming is preferable.
Memory cells in accordance with the present invention can be
read in a forward or reverse direction. Two bits/cell devices
are read in the reverse direction to distinguish trapped bits.

Memory cells in accordance with the present invention can
be fully operated (programmed/read/erased) employing an all
positive voltage system. For example, as shown below in
Table 1, in a cell operated in accordance with one embodi-
ment of the present invention, having an NPN junction struc-
ture, wherein the lower insulating layer and the lower dielec-
tric layer each comprise silicon dioxide, the charge-trapping
layer and the upper nitride layer each comprise silicon nitride,
and the gate comprises p—doped polysilicon, each of pro-
gramming, erasing and reading can be carried out with all
applied voltages being positive.

TABLE 1
Operation: Ve (V) Vp (V) Vg=Vg (V) Time
Program 9 5 0 5 ps
Erase 12.5 0 0 400 ms
Read 3 1.6 0 —

FIG. 2 shows the simulated band energy diagrams for the
cell described above with respect to Table 1, both in a fresh
state and after several cycles when the Tox/SiN interface
charge density has reached an elevated level of 8.0x10'%/cm?.
Inboth the fresh state and after several cycles, the cell can still
allow gate-injected hole tunneling while preventing electron
injection from the semiconductor layer.

FIG. 3 shows the flat-band voltage of the cell described
above with respect to Table 1, over time during an erase
operation wherein a positive voltage of 11 V was applied to
the gate. As shown in FIG. 3, the flat-band voltage is reduced
from about 2.25V to less than about 0.2V, indicating success-
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ful hole tunneling from the gate. In the cell erased to generate
the data of FIG. 3, the thickness of the lower insulating layer
was 50 A, the charge-trapping layer had a thickness of 70 A,
the lower dielectric layer had a thickness of 18 A, and the
upper nitride layer had a thickness of 70 A.

Itwill be appreciated by those skilled in the art that changes
could be made to the embodiments described above without
departing from the broad inventive concept thereof. It is
understood, therefore, that this invention is not limited to the
particular embodiments disclosed, but it is intended to cover
modifications within the spirit and scope of the present inven-
tion as defined by the appended claims.

What is claimed is:

1. A method of operating a memory cell comprising:

(a) providing a memory cell that includes:

(1) a semiconductor layer having at least two source/
drain regions proximate the surface of the semicon-
ductor layer separated by a channel region;

(ii) a lower insulating layer disposed above the channel
region;

(iii) a charge storage layer disposed above the lower
insulating layer;

(iv) an upper insulating multi-layer structure disposed
above the charge storage layer, wherein the upper
insulating multi-layer structure comprises a lower
dielectric layer and an upper nitride layer disposed
above the lower dielectric layer; and

(v) a gate disposed above the upper insulating multi-
layer structure; and

(b) applying a positive voltage to the gate sufficient to

cause hole tunneling from the gate toward the charge

storage layer.

2. The method of claim 1, wherein the memory cell further
includes a semiconductor substrate, the semiconductor sub-
strate being one of silicon on insulator, silicon, dielectric, or
carrier.

3. The method of claim 2, wherein the carrier semiconduc-
tor substrate is one of silicon carbide, glass, or sapphire.

4. The method according to claim 1, wherein the semicon-
ductor layer comprises p-doped silicon and wherein each of
the at least two source/drain regions comprises an n-doped
buried diffusion implant.

5. The method according to claim 1, wherein the lower
insulating layer comprises an oxide.

6. The method according to claim 5, wherein the lower
insulating layer has a thickness of about 30 to 120 angstroms.

7. The method according to claim 1, wherein the charge
storage layer comprises a nitride.

8. The method according to claim 1, wherein the charge
storage layer comprises a silicon nitride.

9. The method according to claim 8, wherein the charge
storage layer has a thickness of about 40 to 150 angstroms.

10. The method according to claim 1, wherein the lower
dielectric layer has a thickness of about 18 to 25 angstroms.

11. The method according to claim 1, wherein the lower
dielectric layer comprises a silicon oxide.

12. The method according to claim 1, wherein the lower
dielectric layer comprises a silicon oxide having a thickness
of'about 18 to 25 angstroms.

13. The method according to claim 1, wherein the upper
nitride layer has a thickness of about 40 to 70 angstroms.

14. The method according to claim 1, wherein the upper
nitride layer comprises a silicon nitride.

15. The method according to claim 1, wherein the upper
nitride layer comprises a silicon nitride having a thickness of
about 40 to 70 angstroms.
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16. The method according to claim 1, wherein the lower
dielectric layer comprises a silicon oxide having a thickness
of about 18 to 25 angstroms, and wherein the upper nitride
layer comprises a silicon nitride having a thickness of about
40 to 70 angstroms.

17. The method according to claim 1, wherein the gate
comprises p-doped polysilicon.

18. The method according to claim 16, wherein the gate
comprises p-doped polysilicon.

19. The method according to claim 1, wherein the positive
voltage is about 10 to 15 volts.

20. The method according to claim 1, wherein the positive
voltage is applied for a period of time of about 100 to 400
milliseconds.

21. The method according to claim 20, wherein the positive
voltage is about 10 to 15 volts.

22. A method of operating a memory cell comprising:

(a) providing a memory cell that includes:

(1) a silicon semiconductor layer having at least two
source/drain regions disposed below the surface of the
semiconductor layer and separated by a channel
region;

(ii) a silicon oxide insulating layer disposed above the
channel region;
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(iii) a silicon nitride charge storage layer disposed above
the silicon oxide insulating layer;

(iv) an upper insulating multi-layer structure disposed
above the charge storage layer, wherein the upper
insulating multi-layer structure comprises a silicon
oxide layer having a thickness of about 18 to 25 ang-
stroms, and a silicon nitride layer having a thickness
of about 40 to 70 angstroms disposed above the sili-
con oxide layer; and

(v) a gate disposed above the upper insulating multi-
layer structure, wherein the gate comprises a p-doped
polysilicon layer; and

(b) applying a positive voltage of about 10 to 15 volts to the

gate sufficient to cause hole tunneling from the gate

toward the charge storage layer.

23. The method of claim 22, wherein the memory cell
further comprises a semiconductor substrate, the semicon-
ductor substrate being one of silicon on insulator, silicon,
dielectric, or carrier.

24. The method of claim 23, wherein the semiconductor
substrate is one of silicon carbide, glass, or sapphire.
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