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SILICON ON INSULATOR AND THIN FILM
TRANSISTOR BANDGAP ENGINEERED
SPLIT GATE MEMORY

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue; a claim printed with strikethrough
indicates that the claim was canceled, disclaimed, or held
invalid by a prior post-patent action or proceeding.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a reissue application of U.S. Pat. No.
8,937,340, issued from U.S. application Ser. No. 13/5§99,629,
filed 22 May 2013, which 1s a divisional of U.S. application
Ser. No. 12/056,489, filed Mar. 27, 2008 (row U.S. Pat. No.
8,482,052). The U.S. application Ser. No. 12/056,489 1s a
continuation-in-part of U.S. patent application Ser. No.

11/831,594, filed Jul. 31, 2007 (row U.S. Pat. No. 7,426,
140); which 1s a continuation of U.S. patent application Ser.
No. 11/324,581, filed Jan. 3, 2006 (row U.S. Pat. No.

7,315,474), which 1s based upon, and claims priority under
35 U.S.C. §119(e) of provisional U.S. Patent Application

No. 60/640,229, filed on Jan. 3, 2005; provisional U.S.
Patent Application No. 60/647,012, filed on Jan. 27, 2003;
provisional U.S. Patent Application No. 60/689,231, filed on
Jun. 10, 2005; and provisional U.S. patent application No.
60/689,314, filed on Jun. 10, 2005; the entire contents of

cach of which are incorporated herein by reference. The U.S.
application Ser. No. 12/056,489 1s a continuation-in-part of
U.S. patent application Ser. No. 11/425,939, filed on Jun. 22,
2006 (now U.S. Pat. No. 7,709,334), which claims priority
to provisional U.S. Patent Application No. 60/748,807, filed
on Dec. 9, 2005, the entire contents of each of which are
incorporated herein by reference. The U.S. application Ser.
No. 12/056,489 1s a continuation-in-part of U.S. patent
application Ser. No. 11/549,520, filed on Oct. 13, 2006 (nzow
US. Pat. No. 7,473,589), which claims priority to provi-
sional U.S. Patent Application No. 60/748,911, filed on Dec.
9, 2005, the entire contents of each of which are 1mcorpo-
rated herein by reference. The U.S. application Ser. No.
12/056,489 claims the benefit of provisional U.S. Patent
Application No. 60/980,788, filed on Oct. 18, 2007 and
provisional U.S. Patent Application No. 61/018,589, filed on
Jan. 2, 2008, the entire contents of each of which are
incorporated herein by reference.

BACKGROUND OF THE INVENTION

Non-volatile memory (“NVM”) refers to semiconductor
memory which 1s able to continually store information even
when the supply of electricity 1s removed from the device

containing the NVM cell. NVM 1ncludes Mask Read-Only
Memory (Mask ROM), Programmable Read-Only Memory
(PROM), Erasable Programmable Read-Only Memory
(EPROM), Electrically Frasable Programmable Read-Only
Memory (EEPROM), and Flash Memory. Non-volatile
memory 1s extensively used in the semiconductor industry
and 1s a class of memory developed to prevent loss of
programmed data. Typically, non-volatile memory can be
programmed, 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.
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Generally, non-volatile memory devices may have vari-
ous designs. One example of an NVM cell design 1s the
so-called SONOS  (silicon-oxide-nitride-oxide-silicon)
device, which may use a thin tunnel oxide layer, to allow
hole direct tunneling erase operations. Although such
designs may have good erase speed, the data retention 1s
usually poor, 1n part because direct tunneling may occur
even at a low electrical field strengths that may exist during
a retention state of a memory device.

Another NVM design 1s NROM (nitrided read-only
memory ), which uses a thicker tunnel oxide layer to prevent
charge loss during retention states. However, a thick tunnel
oxide layer may impact channel erase speed. As a result,
band-to-band tunneling hot-hole (BTBTHH) erase methods
can be used to 1nject hole traps to compensate the electrons.
However, the BIBTHH erase methods may cause some
reliability 1ssues. For example, the characteristics of NROM
devices employing BITBTHH erase methods may degrade
alter numerous P/E (program/erase) cycles.

In addition, techniques have been explored to stack layers
of memory arrays on a single integrated circuit 1n order to
address the need for high-density non-volatile memory.

Thus, a need 1n the art exists for non-volatile memory cell
designs and arrays which can be operated (programmed/
erased/read) numerous times with improved data retention
performance and increased operation speeds, and 1n addition
are suitable for implementation in thin film structures and 1n
stacked arrays.

BRIEF SUMMARY OF THE

INVENTION

The present invention relates to junction-free, thin-film
memory cells formed on silicon on 1nsulator substrates and
similar 1nsulating structures, and to stacked junction free
memory cells. An integrated circuit memory device 1s
described comprising a semiconductor body formed on an
insulating layer, such as on a silicon on insulator substrate;
a plurality of gates arranged 1n series on the semiconductor
body, the plurality of gates 111C1ud111g a first gate 1n the series
and a last gate in the series, with 1nsulat1ng members
1solating gates 1n the series from adjacent gates 1n the series;
and a charge storage structure on the semiconductor body.
The charge storage structure includes dielectric charge trap-
ping locations beneath more than one of the plurality of
gates 1n the series, the charge storage structure including a
tunnel dielectric structure disposed above the semiconductor
body, a charge storage layer disposed above the tunnel
dielectric structure, and an insulating layer disposed above
the charge storage layer. The semiconductor body includes
a continuous, junction-iree, multiple-gate channel region
beneath the plurality of gates 1n the series. The multiple-gate
channel region may have one of n-type and p-type conduc-
tivity.

One embodiment of the present invention includes
memory cells comprising: a semiconductor substrate having
a source region and a drain region disposed below a surface
ol the substrate and separated by a channel region; a tunnel
dielectric structure disposed above the channel region, the
tunnel dielectric structure having a hole tunneling barrier
height at an interface with the semiconductor body, and a
hole tunneling barrier height spaced away from the interface
that 1s less than the hole tunneling barrier height at an
interface. A tunnel dielectric layer having this characteristic
comprises a multi-layer structure including a layer in contact
with the semiconductor body and at least one layer having
a hole-tunneling-barrier height less than that of the layer 1n
contact with the semiconductor body. A charge storage layer
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disposed above the tunnel dielectric structure; an insulating
layer disposed above the charge storage layer; and a gate
clectrode disposed above the insulating layer.

Another embodiment of the present invention includes
memory cells 1 contrast to the junction-free embodiments,
comprising a semiconductor substrate having a source
region and a drain region disposed below a surface of the
substrate and separated by a channel region; a multi-layer
tunnel dielectric structure disposed above the channel
region, the multi-layer tunnel dielectric structure comprising,
at least one layer having a hole-tunneling-barrier height less
than that of the layer in contact with the semiconductor
body; a charge storage layer disposed above the multi-layer
tunnel dielectric structure; an msulating layer disposed
above the charge storage layer; and a gate electrode disposed
above the 1nsulating layer.

In certain preferred embodiments, the layer providing a
smaller hole-tunneling-barrier height may contain materials
such as silicon nitride (S1;N,) or hatnium oxide (H1O,). In
certain preferred embodiments of the present invention
memory cells include a tunnel dielectric structure having
multiple layers, such as a stacked dielectric tri-layer struc-
ture of silicon oxide, silicon nitride, and silicon oxide
(ONO). Such tunnel dielectric structures provide a
SONONOS (silicon-oxide-mitride-oxide-nitride-oxide-sili-
con) or a super-lattice SONONOS design.

In certain preferred embodiments of the present invention
the tunnel dielectric structure can comprise at least two
dielectric layers each having a thickness of up to about 4 nm.
Additionally, 1n certain preferred embodiments of the pres-
ent invention, the gate electrode comprises a material having
a work function value greater than that of N™ polysilicon.

In certain preferred embodiments, the tunnel dielectric
structure can include a layer comprising a material having a
small hole tunneling barrier height, wherein the material 1s
present 1n the layer at a concentration gradient such that the
concentration of the maternial 1s at a maximum at a depth
point within the layer.

The present mnvention also includes non-volatile memory
devices which comprise a plurality of memory cells (1.e., an
array) 1n accordance with one or more of the embodiments
described herein. As used herein, a “plurality” refers to two
or more. Memory devices 1n accordance with the present
invention exhibit significantly improved operational prop-
erties including increased erase speeds, improved charge
retention and larger windows of operation.

The present invention also includes methods of operating
non-volatile memory cells and arrays. Methods of operation
in accordance with the present invention include resetting
the memory devices by applying a self-converging method
to tighten Vt distribution of the memory devices; program-
ming at least one of the memory devices by channel +FN
injection; and reading at least one of the memory devices by
applying a voltage between an erased state level and a
programmed state level of at least one of the memory
devices. As used herein, the term “tighten” refers to the
narrowing of the threshold voltage distribution among the
many memory cells of an array. In general, threshold voltage
distribution 1s “tightened” where the threshold voltages of
several cells are within a narrow range of one another such
that operation of the array 1s improved over conventional
designs. For example, 1n some preferred embodiments, such
as 1n a NAND array comprising memory cells 1n accordance
with one or more embodiments of the present invention, a
“tightened” threshold voltage distribution indicates that the
threshold voltages of the various memory cells are within a
0.5V range of one another. In other array architectures
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employing memory cells in accordance with the present
invention, the “tightened” threshold voltage distribution
may have a range of about 1.0V from the upper limit to the
lower limiat.

One embodiment of a method of operation 1n accordance
with the present invention includes operating an array in
accordance with the present invention by applying seli-
converging reset/erase voltages to the substrate and the gate
clectrode 1n each memory cell to be reset/erased; program-
ming at least one of the plurality of memory cells; and
reading at least one of the plurality of memory cells by
applying a voltage between an erased state level and a
programmed state level of at least one of the memory
devices.

The present mnvention also includes methods of forming a
memory cell, comprising: providing a semiconductor sub-
strate having a source region and a drain region formed
therein below a surface of the substrate and separated by a
channel region; forming a tunnel dielectric structure above
the channel region, wherein forming the tunnel dielectric
structure comprises forming at least two dielectric layers,
wherein one of the at least two dielectric layers has a smaller
hole tunneling barrier height than the other of the at least two
dielectric layers; forming a charge storage layer above the
tunnel dielectric structure; forming an 1nsulating layer above
the charge storage layer; and forming a gate electrode above
the nsulating layer.

According to an exemplary embodiment of junction-iree
technology, a semiconductor structure includes a plurality of
first parallel semiconductor semiconductor body regions
over a silicon-on-insulator substrate, the plurality of first
semiconductor body regions being characterized by a first
concentration of a first dopant type. A first select line and a
second select line overlie and are substantially perpendicular
to the first semiconductor body regions. A plurality of first
parallel word lines are between the first select line and the
second select line, each of the plurality of first word lines
overlying a channel region 1n each of the first semiconductor
body regions and being substantially perpendicular to the
first semiconductor body regions. A first tunneling barrier, a
first charge storage layer, and a first dielectric layer are
between each of the first word lines and a corresponding
channel region 1 each of the first semiconductor body
regions. At least one {first region 1s 1 each of the first
semiconductor body regions. The at least one first region 1s
adjacent to the first select line or the second select line. The
at least one first region 1s characterized by a second dopant
type. One or more second regions are 1n each of the first
semiconductor body regions, each of the one or more second
regions being between two neighboring channel regions, the
one or more second regions being characterized by a second
concentration of the first dopant type, wherein the one or
more second regions are junction-iree.

According to an exemplary embodiment of this SOI
technology, the semiconductor structure further comprises a
plurality of trench structures adjacent to and in parallel with
the first semiconductor body regions, each of the trench
structures separating two adjacent first semiconductor body
regions.

According to an exemplary embodiment of this SOI
technology, the first tunneling barrier includes a first oxide
layer, a nitride layer and a second oxide layer.

According to an exemplary embodiment of this SOI
technology, the first tunneling barrier, the first charge storage
layer, and the first dielectric layer 1s an ONONO structure.
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According to an exemplary embodiment of this SOI
technology, the SOI substrate comprises an oxide layer over
the substrate and under the first semiconductor body regions.

According to an exemplary embodiment of this SOI
technology, the first region extends under at least one of the
first select line and the second select line.

According to an exemplary embodiment of this SOI
technology, the semiconductor structure 1s stacked providing,
multiple layers of junction-free, memory cells, such that it
turther comprises: a second dielectric layer over the first
word lines. A plurality of second parallel semiconductor
body regions with a third concentration of the first dopant
type overlie the second dielectric layer. A plurality of second
parallel word lines are between a third select line and a
fourth select line, the second word lines, the third select line
and the fourth select line being over and substantially
perpendicular to the second semiconductor body regions. A
second tunneling barrier, a second charge storage layer and
a second dielectric layer are between the second word lines
and the second semiconductor body regions. The second
semiconductor body regions include at least one third region
adjacent to the third select line and the fourth select line and
fourth regions between two neighboring second word lines.
The fourth regions are characterized with a fourth concen-
tration of the first dopant type. A dimension of the first
region 1s larger than that of the third region.

It 1s to be noted that 1n stacked, junction-free embodi-
ments, the bottom layer can be mmplemented on a SOI
substrate, or directly on a semiconductor bulk region, with-
out an overlying layer of insulation.

According to another exemplary embodiment of this
technology disclosed herein, a method for forming a semi-
conductor structure comprises forming a plurality of first
parallel semiconductor body regions having a first conduc-
tivity type over a substrate. A first select line, a second select
line and a plurality of first parallel word lines are formed
over and substantially perpendicular to the first semicon-
ductor body regions, the word lines configured between the
first select line and the second select line. A first tunneling
barrier, a first charge storage layer and a first dielectric layer
are formed between the first semiconductor body regions
and the word lines. First dielectric spacers are formed on a
sidewall of the first select line and a sidewall of the second
select line, while forming first dielectric materials between
two neighboring word lines. First source/drain (S/D) regions
having a second conductivity type are formed adjacent to the
first select line and the second select line by using the first
dielectric spacers as an implantation mask. A region 1is
formed between two neighboring word lines. The region
between neighboring word lines has a second concentration
of the first type, wherein the region between two neighbor-
ing word lines 1s substantially junction-iree.

According to an exemplary embodiment of this applica-
tion, a method for operating a semiconductor structure 1s
provided. The semiconductor structure comprises: a plural-
ity of parallel semiconductor body regions over a substrate;
a plurality of parallel word lines between a first select line
and a second select line, the word lines including a selected
word line and a plurality of unselected word lines, the word
lines, the first select line and the second select line being
over and substantially perpendicular to the semiconductor
body regions; and a tunneling barrier, a charge storage layer
and a dielectric layer between the word lines and the
semiconductor body regions, wherein the semiconductor
body regions include at least one first region adjacent to the
first select line and the second select line and second regions
between two neighboring word lines, wherein the first
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region has a dopant concentration higher than that of the
second regions and wherein at least one of the second
regions 1s junction-iree. The method comprises applying a
first voltage to the first select line and the second select line;
applying a second voltage to the word lines, the first voltage
being higher than the second voltage; and applying a third
voltage to the semiconductor body regions to reset the
semiconductor structure, the third voltage being higher than
the second voltage.

As used herein, the phrase “small hole tunneling barrier
height” refers generally to values which are less than the
approximate hole tunneling barrier height at a silicon diox-
ide/s1licon 1ntertace. In particular, a small hole tunneling
barrier height 1s preferably less than about 4.5 V. More
preferably, a small hole tunneling barrier height is less than
or equal to about 1.9 €V.

A junction-free TFT NAND device for multiple stackable
3D Flash memory 1s proposed. The TFT NAND has no

diffusion junction (such as N+-doped junction) in the
memory array. Diffusion junctions are only fabricated out-
side the array select transistors BLT and SLT.

An 1nversion layer will be induced by the wordline
tringing ficld when the space between each wordline 1s small
(for example, a 75 nm node). The junction-free TFT NAND
structure avoids the junction punch through after repeating
thermal budget. Short-channel effect can be suppressed.
Thus this technique enables multiple short stacks of TFT
NAND structure, achieving very high density.

3D Flash memory has attracted a lot of attention recently.
3D multiple stacks of memory enables much higher density
than the conventional single-layer memory devices.

Traditional doped junction (such as n+ doped junction)
has a large lateral diflusion after thermal process. The lateral
diffusion 1s serious for very short channel device. The
short-channel effect becomes more serious for a 3D Flash
with multiple stacks of TF'T NAND devices. The bottom
layers have much larger thermal budgets so that lateral
diffusion of the junction causes a severe punch through,
which seriously degrades the short channel eflect perior-
mance.

The junction-free NAND described herein enables mul-
tiple stacks and junction only diffuses at the array boundary,
which offers a large process window to avoid punch-
through.

Unlike conventional devices where the junction 1s formed
betore the spacers, a method for manufacturing the junction-
free TFT NAND includes forming the junction after the
spacers between the wordlines are formed. The spacer
between each wordline 1s completely filled without a gap
due to the small pitch of the TFT NAND array. Therefore,
the junction IMP 1s blocked by the spacers inside the
memory array, and junctions are instead formed outside the
array.

In an alternative method one additional mask 1s 1ntro-
duced which overlays the wordlines and the BLT and SLT,
and the junction IMP 1s carried out.

Simulation results show that an inversion layer can be
induced underlying the spacers due to the frnging field from
the high electric field on the wordlines, such that there 1s no
need to fabricate n+-doped regions.

The devices described herein also include p-channel TEFT
NAND, where n-well and P+ junction are used.

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
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read in conjunction with the appended drawings. For the
purpose of 1llustrating the invention, there are shown in the
drawings embodiments which are presently preferred. It
should be understood, however, that the invention 1s not
limited to the precise arrangements and istrumentalities
shown.

In the drawings:

FIGS. 1a and 1b are cross-sectional schematic represen-
tations of an N-channel memory cell in accordance with one
embodiment of the present invention and a P-channel
memory cell 1n accordance with one embodiment of the
present mvention, respectively;

FIG. 2 1s a graphical representation of the threshold
voltage (charge trapping capacity) ol a tunnel dielectric
structure 1n accordance with one embodiment of the present
invention under various programming methods;

FIG. 3 1s a graphical representation of the threshold
voltage of a SONONOS memory cell 1 accordance with
one embodiment of the present invention over time during
erase;

FIG. 4 1s a graphical representation of the threshold
voltage of a SONONOS memory cell 1n accordance with
one embodiment of the present invention over time during
retention:

FIGS. 3a-5¢ are band energy diagrams of ONO tunnel
dielectric structures 1n accordance with various embodi-
ments of the present invention;

FIG. 6 1s a graphical representation of hole-tunneling
current versus electrical field strength for three different
tunnel dielectric structures;

FIG. 7a 1s a graphical representation of the threshold
voltage over time of a memory cell 1n accordance with one
embodiment of the present invention during erase after
various types ol programming;

FIG. 7b 1s a graphical representation of the threshold
voltage over time of a memory cell having a platinum gate
in accordance with one embodiment of the present invention
during erase;

FIGS. 7c¢ and 7d are graphical representations of capaci-
tance versus voltage for the memory cell referred to 1n FIG.
7b;

FIG. 8 1s a graphical representation of the threshold
voltage of a memory cell 1n accordance with one embodi-
ment of the present invention over the course of numerous
programs/erase cycles under various operating conditions;

FI1G. 9 1s a graphical representation of the current-voltage
(IV) relationship for a memory cell in accordance with one
embodiment of the invention after one cycle and 10° cycles;

FIG. 10 1s a graphical representation of the threshold
voltage ol a memory cell 1n accordance with one embodi-
ment of the present invention over the course of numerous
programs/erase cycles under one set of programming and
erasing conditions;

FIG. 11 1s a graphical representation of the change in
threshold voltage over time 1n a memory cell according to
one embodiment of the present invention under VG-accel-
crated retention testing;

FIGS. 12a and 12b are an equivalent circuit diagram and
layout view, respectively, of a wvirtual ground array of
memory cells in accordance with one embodiment of the
present mvention;

FIG. 13 1s a cross-section schematic representation of a
virtual ground array of memory cells 1n accordance with one
embodiment of the present invention taken along line 12B-
12B as shown 1n FIG. 12b;

FIGS. 14a and 14b are equivalent circuit diagrams of
memory arrays comprising memory cells 1n accordance with
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one embodiment of the present invention and depicting
suitable reset/erase voltages 1n accordance with two embodi-
ments of operation in accordance with the present invention;

FIGS. 15a and 15b are equivalent circuit diagrams of
memory arrays comprising memory cells 1n accordance with
one embodiment of the present invention depicting one
method of programming in accordance with the present
invention;

FIGS. 16a and 16b are equivalent circuit diagrams of
memory arrays comprising memory cells 1n accordance with
one embodiment of the present mvention depicting one
method of reading a bit 1n accordance with the present
invention;

FIG. 17 1s a graphical representation of the threshold
voltage of a memory cell 1n accordance with one embodi-
ment of the present invention over time under various
erasing conditions;

FIG. 18 1s a graphical representation of the threshold
voltage of a memory cell 1n accordance with one embodi-
ment of the present invention over the course of numerous
programs/erase cycles;

FIGS. 19a and 19b are graphical representations of the
current at the drain of a memory cell 1n accordance with one
embodiment under various gate voltages depicted 1n a
logarithmic scale and a linear scale, respectively;

FIG. 20 1s an equivalent circuit diagram of an array
including memory cells 1n accordance with one embodiment
of the present mnvention depicting one method of program-
ming a bit in accordance with the present invention;

FIGS. 21a and 21b are a layout view and equivalent
circuit diagram of a virtual ground array in accordance with
one embodiment of the present ivention;

FIGS. 22a and 22b are an equivalent circuit diagram and
layout view, respectively, of a NAND array of memory cells
in accordance with one embodiment of the present inven-
tion;

FIGS. 23a and 23b are cross-sectional schematic repre-

sentations of a NAND array of memory cells 1n accordance
with one embodiment of the present invention taken along
lines 22A-22A and 22B-22B, respectively, as shown in FIG.
22b:

FIG. 24a 1s an equivalent circuit diagram of a NAND
array 1in accordance with one embodiment of the present
invention depicting one method of operation 1n accordance
with the present mvention;

FIG. 24b 1s a graphical representation of threshold volt-
ages over time during a reset operation 1n accordance with
one embodiment of the present invention for two memory
cells having different 1inmitial threshold voltages;

FIG. 25 1s an equivalent circuit diagram depicting a
method of operation in accordance with one embodiment of
the present invention;

FIG. 26 1s a graphical representation of the threshold
voltage of a memory cell 1n accordance with one embodi-
ment of the present invention over time under various
erasing conditions;

FIG. 27 1s an equvalent circuit diagram depicting a
method of operation in accordance with one embodiment of
the present invention;

FIG. 28 1s a graphical representation of the threshold
voltage of a memory cell 1n accordance with one embodi-
ment of the present invention over the course of numerous
programs/erase cycles under one set of programming and
erasing conditions

FIGS. 29a and 29b are graphical representations of the
current at the drain of a memory cell 1n accordance with one
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embodiment under various gate voltages at three different
cycle numbers depicted i a loganthmic scale and a linear
scale, respectively

FIG. 30 1s a graphical representation of the threshold
voltage of memory cells 1n accordance with one embodi-
ment of the present invention over time during retention at
three different temperature and cycle conditions;

FIG. 31 1s a cross-sectional schematic representation of a
NAND array wordline in accordance with one embodiment
of the present invention; and

FI1G. 32 15 a cross-sectional schematic representation of a
NAND array wordline formation technique in accordance
with one embodiment of the present invention.

FIG. 33 1s a graph of the change in threshold voltage
versus the number of programming pulses for an nMOSFET
having an ONO tunneling dielectric for a number of pro-
gramming bias arrangements.

FI1G. 34 a graph of the change 1n voltage versus time under
negative current stress for a capacitor having an ONO
tunneling dielectric msulator.

FI1G. 35 1s a graph of the self-convergent threshold voltage
versus ol erase gate voltage.

FIG. 36 illustrates endurance of a memory cell as
described herein, with high-temperature baking of a device
in accordance with an embodiment.

FIG. 37 illustrates change 1n flat band voltage versus erase
time for —FN programming bias levels in a device in
accordance with an embodiment.

FIG. 38 illustrates change 1n flat band voltage versus
program time for +FN programming bias levels 1n a device
in accordance with an embodiment.

FI1G. 39 illustrates the P/E cycle endurance of a device in
accordance with an embodiment.

FI1G. 40 1llustrates an accelerated retention test of a device
in accordance with an embodiment.

FIG. 41 illustrates the charge retention in the charge
trapping nitride N2 at room temperature and high tempera-
ture of a device 1n accordance with an embodiment.

FI1G. 42 1llustrates the erase characteristics of devices of
varying dimensions in accordance with embodiments.

FI1G. 43 1llustrates the erase characteristics of devices of
various gate material in accordance with embodiments.

FIG. 44 1s a schematic top view showing a portion of an
exemplary memory array for a thin-film transistor, charge
trapping memory array.

FIG. 45 1s a schematic cross-sectional view of a portion
of an exemplary array taken along the section line 2-2 of
FIG. 44 for a thin-film transistor, charge trapping memory.

FIGS. 46 A and 46B are schematic cross-sectional view
showing an exemplary semiconductor structure taken along
section line 3-3 of FIG. 44 for a thin-film transistor, charge
trapping memory.

FIG. 46C 1s a schematic cross-sectional view showing an
exemplary process for implanting dopants within semicon-
ductor body regions for a thin-film transistor, charge trap-
pINng memory.

FIG. 47 1s a schematic cross-sectional views showing a
portion of an exemplary stacked structure for a thin-film
transistor, charge trapping memory.

FIG. 48 1s a schematic cross-sectional view showing an
exemplary process for generating an inversion layer 1n a
semiconductor body region for a thin-film transistor, charge
trapping memory.

FIGS. 49A-49B are drawings showing simulations of
clectron density of exemplary junction-free BE-SONOS
NAND implemented with a thin-film transistor, charge trap-
pINg memory.
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FIG. 50 1s a figure showing the measured mitial IV curve
of exemplary n-channel devices for a thin-film transistor,
charge trapping memory.

FIG. 51 shows that a heavier well dopant concentration
can increase the Vt of the junction-free device.

FIGS. 52A-52B are drawings showing +FN ISPP pro-
gramming and —-FN erasing, respectively, for a thin-film
transistor, charge trapping memory.

FIG. 53 1s a drawing showing electrical characteristics of
an exemplary P-channel BE-SONOS NAND having a stack

structure similar to the N-channel BE-SONOS NAND
described above in conjunction with FIG. 50.

FIG. 54A 1s a graph of threshold voltage versus program
voltage for a —FN ISPP programming.

FIG. 54B 1s a graph showing erase time versus threshold
voltage for a +FN erase.

FIG. 35 1s a drawing showing endurance of exemplary
n-channel devices for a thin-film transistor, charge trapping,
memory.

FIG. 56 1s a drawing showing IV curve of exemplary TEFT
BE-SONOS devices for a thin-film transistor, charge trap-
pIng memory.

FIG. 57 1s a drawing showing simulations of exemplary
junction-free devices having various technology nodes
(F=half pitch of poly), and having same spaces (S=20 nm)
for a thin-film transistor, charge trapping memory.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

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. Wher-
ever possible, the same or similar reference numbers are
used 1n the drawings and the description to refer to the same
or like parts. It should be noted that the non-graph drawings
are 1n greatly simplified form and are not to precise scale. In
reference to the disclosure herein, for purposes of conve-
nience and clarity only, directional terms, such as top,
bottom, left, right, up, down, above, below, beneath, rear,
and front, are used with respect to the accompanying draw-
ings. Such directional terms used in conjunction with the
following description of the drawings should not be con-
strued to limit the scope of the invention in any manner not
explicitly set forth 1n the appended claims. Although the
disclosure herein refers to certain i1llustrated embodiments, 1t
1s to be understood that these embodiments are presented by
way of example and not by way of limitation. It 1s to be
understood and appreciated that the process steps and struc-
tures described herein do not cover a complete process flow
for the manufacture of entire integrated circuits. The present
invention may be practiced in conjunction with various
integrated circuit fabrication techmques that are known 1n
the art or to be developed.

Memory cells 1n accordance with the present mvention
can overcome some of the reliability 1ssues in SONOS and
NROM devices. For example, memory cell structures in
accordance with the present mvention may allow fast FN
channel erase methods, while at the same time, maintaining
good charge retention characteristics. Various embodiments
of the memory cells according to the present invention can
also alleviate reliance on the BTBTHH erase method,
thereby avoiding device degradation after numerous P/E
cycles.

One example may employ an ultra-thin tunnel dielectric
or ultra-thin oxide layer in conjunction with the small hole
tunneling barrier height layer in embodiments where the
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tunnel dielectric structure 1s a multilayer structure. This may
provide better stress immunity. Non-volatile memory cells
according to the present invention also show little degrada-
tion after numerous P/E cycles.

Memory cells according to the present invention may
employ either an n-channel or a p-channel design, such as
shown 1n FIGS. 1a and 1b. FIG. 1a depicts a cross-sectional
view ol an n-channel memory cell 100 1n accordance with
one embodiment of the present invention. The memory cell
includes a p-type substrate 101 containing at least two
n-doped regions 102 & 104, wherein each of the doped
regions 102 & 104 may function as either a source or drain
depending upon voltages applied. As shown 1n FIG. 1a, for
reference purposes, doped region 102 can serve as the source
and doped region 104 can serve as the drain. The substrate
101 further includes a channel region 106 between the two
n-doped regions. Above the channel region 106, on the
surface of the substrate 101, 1s a tunnel dielectric structure
120. In certain preferred embodiments, the tunnel dielectric
structure 120 can comprise a tri-layer thin ONO structure
wherein a small hole-tunneling-barrier height nitride layer
124 1s sandwiched between a thin lower oxide layer 122 and
an upper thin oxide layer 126. The memory cell 100 further
includes a charge-trapping (or charge storage) layer 130,
preferably a nitride, above the tunnel dielectric structure
120, and an insulating layer 140, preferably comprising a
blocking oxide, disposed above the charge-trapping layer
130. A gate 150 1s disposed on the nsulating layer 140.

FIG. 1b, depicts a cross-sectional view of an p-channel
memory cell 200 1n accordance with one embodiment of the
present invention. The memory cell includes an n-type
substrate 201 containing at least two p-doped regions 202 &
204, wherein each of the doped regions 202 & 204 may
function as either a source or drain. The substrate 201 further
includes a channel region 206 between the two p-doped
regions. The p-channel memory cell 200 similarly includes
a tunnel dielectric structure 220, comprising a tri-layer thin
ONO structure wherein a small hole-tunneling-barrier
height nitride layer 224 1s sandwiched between a thin lower
oxide layer 222 and an upper thin oxide layer 226, a
charge-trapping (or charge storage) layer 230, an insulating
layer 240, and a gate 250.

Thus, for example, as depicted in FIGS. 1a and 1b,
memory cells in accordance with the present invention may
include: a multi-layer thin film tunnel dielectric structure,
including a first silicon oxide layer O1, a first silicon nitride
layer N1, and a second silicon oxide layer O2; a charge-
storage layer, such as a second silicon nitride layer N2; and
an 1sulating layer such as a third silicon oxide layer O3, on
or over (“above”) a substrate, such as a semiconductor
substrate (e.g., a silicon substrate). The tunneling dielectric
structure allows hole tunneling from the substrate to the
charge-storage layer during an erase/reset operation of the
memory device. Preferably, the tunnel dielectric structure in
a non-volatile memory cell of the present mvention has a
negligible charge-trapping efliciency, and more preferably,
does not trap charge at all during memory operations.

Charge storage maternials such as a silicon nitride layer,
H1O,, and Al,O; may be used as the small hole tunneling
barrier height layer 1n a tunnel dielectric structure. In certain
preferred embodiments of the present invention, an eflicient
charge storage material, such as a silicon nitride can be used
as a charge storage layer in the memory device. A blocking
oxide that prevents charge loss may serve as an insulating
layer, such as a third silicon oxide layer O3. The memory
cells according to the present invention also include a gate
or gate electrode, such as a polysilicon gate, above the
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insulating layer. The tunnel dielectric structure, charge stor-
age layer, insulating layer and gate can be formed above the
substrate above at least a portion of a channel region, which
1s defined by and 1s disposed between a source region and a
drain region.

Memory cells according to various embodiments of the
present 1nvention comprise a tunnel dielectric structure
which can provide fast FN erase speeds of around 10 msec
under a negative gate voltage (Vg), such as a Vg of about
—10 to about -20 V. On the other hand, the charge retention
can still be maintained, and, 1n some examples, may be
better than many conventional SONOS devices. Memory
cells according to the present invention can also avoid the
use of band-to-band hot hole erase operations, which, are
commonly used in NROM devices. Avoidance of such
band-to-band hot hole erase operations may greatly elimi-
nate hot-hole itroduced damages and such avoidance 1s
therefore desirable.

Referring to FIG. 2, experimental measurements of
threshold voltage for a tunnel dielectric structure in accor-
dance with one embodiment of the present invention shows
that an ultra-thin O1/N1/02 structure can have a negligible
trapping etliciency, as evidenced by the unchanged threshold
voltage level under successive programming pulses. In the
example tested for FIG. 2, the O1/N1/02 layers had thick-
nesses of 30, 30 and 35 angstroms (A), respectively. As
shown 1n FIG. 2, the threshold voltage Vt remains steady at
approximately 1.9 volts over the course of several program
shots using various methods of programming, namely —-FN
programming, +FN programming and CHE (channel hot
clectron) programming. Thus, such an ultra thin O1/N1/02
film may serve as a modulated tunnel dielectric structure
because charge trapping appears to be negligible 1n the
structure having nitride layer of 30 Angstroms or less. The
results under various charge injection methods including
CHE, +FN and -FN all suggest negligible charge trapping.
Manufacturing processes or device structures may be
designed to minimize interfacial traps, so that neither O1/N1
nor N1/02 interface 1s active.

FIG. 3 illustrates the erase characteristics of a memory
cell having a SONONOS design 1in accordance with one
embodiment of the present mnvention. The memory cell in
the embodiment described in FIG. 3 comprises an n-MOS-
FET design with an ONO tunnel dielectric structure having
thicknesses of 15 A, 20 A and 18 A, respectively. The
memory cell of this embodiment comprises a silicon nitride
charge storage layer having a thickness of about 70 A, an
insulating silicon oxide layer with a thickness of about 90 A,
and a gate comprising any suitable conductive material, for
example, n-doped polycrystalline silicon. Referring to FIG.
3, fast FN erase may be achieved, such as within 10 msec,
and an excellent self-convergent erase properties may also
be obtained.

FIG. 4 illustrates the charge retention characteristics of a
SONONOS device 1n accordance with an embodiment of a
memory cell according to the present invention as described
with reference to FIG. 3. As shown, the retention charac-
teristics can be better than those of conventional SONOS
devices, and 1n terms of magnitude, may be many orders
better.

FIGS. 5a and 5b are band diagrams which illustrate
possible effects of using a tunnel dielectric structure con-
taining at least one layer having a small hole-tunneling-
barrier height. The band diagram of the tunnel dielectric
structure, an O1/N1/02 trilayer 1n this example, under a low
clectrical field, which may exist during memory data reten-
tion, 1s shown 1n FIG. 3a. Direct tunneling as represented by
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the dotted arrow may be eliminated under low electrical
fields, thereby providing good charge retention during reten-
tion states. On the other hand, band diagram oflset under a
high electrical field, as shown in FIG. 5b, can reduce the
barrier effect of N1 and O2 such that the direct tunneling
through O1 may occur. A tunnel dielectric structure having
at least one small hole-tunneling-barrier height layer may
allow eflicient FN erase operation.

FIGS. 5¢ and 5d illustrate another set of band diagrams in
one example. For a better band offset condition i1n one
example, the thickness of N1 may be larger than that of O1.
The band diagram of valence band is plotted at the same
clectrical field EO1=14 MV/cm. The tunneling probability
according to WKB approximation 1s correlated to the
shadow area. In this example, for N1=01 1n thickness, the
band oflset does not completely screen out the barrier of O2.
On the other hand, for N1>01, the band offset can more
casily screen out O1. Therefore, for N1>01 1n thickness, the
hole tunneling current may be larger under the same elec-
trical field in O1.

An experiment with measured and simulated hole tunnel-
ing currents, as shown i FIG. 6, further describes hole
tunneling through a tunnel dielectric structure according to
certain embodiments of the present invention. For example,
hole tunneling current through the O1/N1/02 dielectric may
tall between that of an ultra-thin oxide and a thick oxide. In
one example, under a high electrical field, the hole tunneling
current may approximate that of an ultra-thin oxide. How-
ever, under a low electrical field, the direct tunneling can be
suppressed. As shown in FIG. 6, hole tunneling current 1s
detected through a thin oxide layer even at low electrical
field strengths of only 1 MV/cm. Hole tunneling current 1s
negligible through a thick oxide even at relatively high field
strengths such as, for example, 11-13 mV/cm. However,
hole tunneling current through an ONO tunnel dielectric
structure approaches that of a thin oxide layer when high
clectric field strengths are present. In FIG. 6, the large
current leakage due to hole tunneling through an ultra-thin
oxide at low electrical fields can be seen at area A of the
graph. In FIG. 6, hole tunneling current through an O1/N1/
O2 tunnel dielectric structure at high electric field strengths
can be seen at area B of the graph. In FIG. 6, the virtually
non-existent tunneling current through an O1/N1/02 tunnel
dielectric structure and a thick oxide at low electrical fields
can be seen at area C of the graph.

Memory cell designs 1 accordance with the present
invention may be applied to various memory types, includ-
ing but not limited to, NOR and/or NAND-type flash memo-
ries.

As noted above, a tunnel dielectric layer may include two
or more layers, including one layer that may provide a small
hole-tunneling-barrier height. In one example, the layer
providing a small hole-tunneling-barrier height may contain
silicon nitride. The layer may be sandwiched between two
silicon oxide layers, thereby forming an O/N/O tunnel
dielectric 11 silicon nitride 1s used as the intermediate layer.
In some preferred embodiments, the bottom layer can have
a thickness from about 2 nm or less. The middle and top
layers 1n the tunnel dielectric structure can have a thickness
of about 1 nm to 3 nm. In one exemplary device, a tri-layer
structure may have a bottom layer, such as a silicon oxide
layer, of about 10 A to 20 A, an intermediate layer, such as
a silicon nitride layer, of about 10 A to 30 A, and a top layer,
such as another silicon oxide layer, of about 10 A to 30 A.
In one particular example, an O/N/O tri-layer structure
having a 15 A bottom silicon oxide layer, a 20 A interme-
diate silicon nitride layer, and an 18 A top silicon oxide layer
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may be used. In one particular example, an O/N/O tri-layer
structure having a 13 A bottom silicon oxide layer, a 25 A
intermediate silicon nitride layer, and an 25 A top silicon
oxide layer may be used.

In one example, a thin O/N/O tri-layer structure shows
negligible charge trapping. Theoretical band diagram and
tunneling current analysis, such as described with reference
to FIGS. 5a, 5b and 6, may suggest that a tunnel dielectric
structure, such as an O1/N1/02 structure having thicknesses
of 3 nm or less for each of the layers, can suppress the hole
direct-tunneling at low electric field during retention. At the
same time, 1t still may allow eflicient hole tunneling at high
clectric field. This may be because the band offset can
ellectively screen out the tunneling barrier of N1 and O2.
Therefore, this proposed device may offer fast hole tunnel-
ing erase, while 1t 1s immune from the retention problem of
the conventional SONOS devices. Experimental analysis
shows excellent endurance and retention properties of
memory cells 1n accordance with various embodiments of
the present invention.

In certain preferred embodiments, the tunnel dielectric
structure 1ncludes at least a middle layer and two adjacent
layers on opposing sides of the middle layer, wherein each
of the middle layer and two adjacent layers comprises a first
material and a second material, wherein the second material
has a valence band energy level greater than the valence
band energy level of the first material and the second
material has a conduction band energy level less than the
conduction band energy level of the first material; and
wherein the concentration of the second material 1s higher in
the middle layer than 1n the two adjacent layers and the
concentration of the first maternial 1s higher in the two
adjacent layers than in the middle layer. Preferably, in a
tunnel dielectric structure 1n accordance with this embodi-
ment of the present invention, the first material comprises
oxygen and/or an oxygen-containing compound and the
second material comprises nitrogen and/or a nitrogen-con-
taining compound. For example, the first material can com-
prise an oxide, such as silicon oxide, and the second material
can comprise a nitride, such as S1;N, or 51,0 N_.

Tunnel dielectrics 1n accordance with this aspect of the
invention may be comprised of three or more layers, all of
which can contain similar elements (such as S1, N and O), so
long as the concentration of the material having the smallest
hole tunneling barrier height 1s higher within the middle
layer than 1n the two adjacent layers.

In certain tunnel dielectric structures according to the
preceding embodiment of the present invention, the second
material can be present 1in the middle layer in a gradient
concentration such that the concentration of the second
material 1n the middle layer increases from one adjacent
layer/middle layer interface to a maximum concentration at
a depth point within the middle layer, and decreases from the
maximum concentration depth point to a lower concentra-
tion at the other adjacent layer/middle layer interface. The
increase and decrease 1n concentration is preferably gradual.

In still other embodiments of the present invention, the
tunnel dielectric structure includes at least a middle layer
and two adjacent layers on opposing sides ol the muiddle
layer, wherein the two adjacent layers comprise a {irst
material and the middle layer comprises a second material,
wherein the second material has a valence band energy level
greater than the valence band energy level of the first
material and the second material has a conduction band
energy level less than the conduction band energy level of
the first material; and wherein the second material 1s present
in the middle layer in a gradient concentration such that the
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concentration of the second material in the middle layer
increases from one adjacent layer/middle layer interface to
a maximum concentration at a depth point within the middle
layer, and decreases from the maximum concentration depth
point to a lower concentration at the other adjacent layer/
middle layer interface. The increase and decrease in con-
centration 1s preferably gradual. Preferably, in a tunnel
dielectric structure in accordance with this embodiment of
the present invention, the first material comprises oxygen
and/or an oxygen-containing compound and the second
material comprises nitrogen and/or a nitrogen-containing,
compound. For example, the first material can comprise an
oxide, such as silicon oxide, and the second material can
comprise a nitride, such as S1;N, or S1,.O N_.

For example, in embodiments of the present invention
where the tunnel dielectric layer comprises a tri-layer ONO
structure, the bottom oxide and top oxide layers can com-
prise silicon dioxide and the middle mitride layer can be
comprised of, for example, silicon oxynitride and silicon
nitride wherein the concentration of silicon nitride (1.e., the
material having the smaller hole tunneling barrier height of
the two) 1s not constant within the layer, but rather reaches
a maximum at some depth point within the layer between the
two interfaces with the sandwiching oxide layers.

The precise pomnt within the middle layer where the
material with the smallest hole tunneling barrier height
reaches 1ts maximum concentration 1s not critical, so long as
it 1s present 1n a gradient and reaches its maximum concen-
tration 1n the tunnel dielectric layer at some point within the
middle layer.

The gradient concentration of the maternial having the
smallest hole tunneling barrier height can be advantageous
in 1mproving various properties of non-volatile memory
devices, particularly those having a SONONOS, or
SONONOS-like structure. For example, retention state
charge loss can be diminished, hole tunneling under high
clectric fields can be improved and, to the extent i1t may
occur, charge-trapping in the tunnel dielectric can be
avoided.

The band diagram of a tunnel dielectric layer can be
advantageously modified 1n accordance with this aspect of
the present invention such that the valence band energy level
and the conduction band energy level of the middle layer do
not have a constant value, but rather vary across the thick-
ness of the layer with the concentration of the material
having the smallest hole tunneling barrier height. Referring
to FIG. 5¢, modification of an ONO ftri-layer tunnel dielec-
tric 1n accordance with this aspect of the mnvention 1s shown
via a band diagram. The middle layer (Layer-2) 1s comprised
of silicon nitride. The outer layers (Layer-1 and Layer-3) are
comprised of silicon dioxide. The concentration of silicon
nitride 1n Layer-2 1s varied such that the valence band energy
level and the conduction band energy level reach a maxi-
mum and minimum value, respectively, at the depth in
Layer-2 where the concentration of silicon nitride 1s highest.
Three possible silicon nitride concentration gradients are
shown 1n FIG. Se, depicted by dashed lines representing the
variable valence band energy conduction band energy levels
that result from the concentration gradients. As shown in
FIG. 5¢, by the circles on the dashed lines representing three
alternative silicon mitride concentration maximums within
Layer-2, the lowest valence band energy level and the
highest conduction band energy level coincide with the
silicon nitride concentration maximum.

Multi-layer tunnel dielectric structures 1n accordance with
such embodiments of the present invention, can be prepared
in a variety of ways. For example, a first silicon dioxide or
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s1licon oxynitride layer can be formed using any number of
conventional oxidation approaches including, but not lim-
ited to thermal oxidation, radical (ISSG) oxidation, and
plasma oxidation/nitridation, as well as chemical vapor
deposition processes. A middle layer with a gradient con-
centration of SiN can then be formed, for example, via
chemical vapor deposition processes, or alternatively, by
plasma nitridation of excess oxide or oxynitride formed on
top of the first layer. A third layer, the upper oxide layer, can
then be formed, for example, by oxidation or chemical vapor
deposition.

A charge storage layer can then be formed over the tunnel
dielectric structure. In one example, a charge storage layer
of about 5 nm to 10 nm may be formed over the tunnel
dielectric structure. In one particular example, a silicon
nitride layer of about 7 nm or thicker may be used. The
insulating layer above the charge storage layer may be about
5 nm to 12 nm. For example, a silicon oxide layer of about
9 nm or thicker may be used. And the silicon oxide layer
may be formed by a thermal process converting at least a
portion of a nitride layer to form the silicon oxide layer. Any
method, known or to be developed, for forming layers of
suitable materials described herein can be used to deposit or
form tunnel dielectric layers, charge-storage layers and/or
isulating layers. Suitable methods include, for example,
thermal growth methods and chemical vapor deposition
methods.

In one example, a thermal conversion process may pro-
vide a high density or concentration of interfacial traps that

can enhance the trapping efliciency of a memory device. For
example, thermal conversion of nitride can be carried out at
1000, while the gate tlow ratio 1s H2:02=1000:4000 sccm.

In addition, because silicon nitride generally has very low
(about 1.9 €V) hole barrier, 1t may become transparent to
hole tunneling under high field. Meanwhile, the total thick-
ness of a tunnel dielectric, such as an ONO structure, may
prevent direct tunneling of electrons under a low electric
ficld. In one example, this asymmetrical behavior may
provide a memory device oflering not only fast hole-tun-
neling erase, but also reduction or elimination of charge
leakage during retention.

An exemplary device may be fabricated by 0.12 um
NROM/NB1t technologies. Table 1 shows the device struc-
ture and parameters 1 one example. The proposed tunnel
dielectric with an ultra-thin O/N/O may alter the hole
tunneling current. A thicker (7 nm) N2 layer may serve as a
charge-trapping layer and an O3 (9 nm) layer may serve as
the blocking layer 1n one example. Both N2 and O3 may be
fabricated using NROM/NBIit technologies.

TABLE 1
Layer Approximate Thickness (Angstroms)
Bottom Oxide (O1) 15
Inter Nitride (N1) 20
Inter Oxide (O2) 18
Trapping Nitride (N2) 70
Blocking Oxide (O3) 90

(Gate: N+-polysilicon
Channel length: 0.22 pm
Channel width: 0.16 um

In certain embodiments of the present mmvention, a gate
can comprise a material having a work function greater than
that of N polysilicon. In certain preferred embodiments of
the present invention, such a high work function gate
material can comprise a metal such as, for example, plati-
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num, iridium, tungsten, and other noble metals. Preferably,
the gate material 1n such embodiments has a work function
greater than or equal to about 4.5 eV. In particularly pre-
ferred embodiments, the gate material comprises a high
work function metal such as, for example, platinum or
iridium. Additionally, preferred high work function mater-
als include, but are not limited to P™ polysilicon, and metal
nitrides such as, for example, titanium nitride and tantalum
nitride. In particularly preferred embodiments of the present
invention, the gate material comprises platinum.

An exemplary device in accordance with an embodiment
of the present invention having a high work function gate
material may also be fabricated by 0.12 uym NROM/NBit
technologies. Table 2 shows the device structure and param-
cters 1n one example. The proposed tunnel dielectric with an
ultra-thin O/N/O may alter the hole tunneling current. A
thicker (7 nm) N2 layer may serve as a charge-trapping layer
and an O3 (9 nm) layer may serve as the blocking layer 1n

one example. Both N2 and O3 may be fabricated using
NROM/NBiIt technologies.

TABLE 2
Layer Approximate Thickness (Angstroms)
Bottom Oxide 15
Inter Nitride 20
Inter Oxide 18
Trapping Nitride (N2) 70
Blocking Oxide 90

(rate: Platinum

Channel length: 0.22 um
Channel width: 0.16 um

Memory cells 1n accordance with high work function gate
material embodiments of the present invention exhibit erase
properties which are even more improved over other
embodiments. High work function gate materials suppress
gate electron injection into the trapping layer. In certain
embodiments of the present invention wherein the memory
cells comprise an N™ polysilicon gate, hole tunneling nto
the charge-trapping layer during erase occurs simultane-
ously with gate electron injection. This seli-converging
erase ellect results 1n higher threshold voltage levels 1n the
crased state, which can be undesirable 1n NAND applica-
tions. Memory cells 1n accordance with high work function
gate material embodiments of the present invention can be
used 1n various type of memory applications including, for
example, NOR- and NAND-type memories. However, the
memory cells according to high work function gate material
embodiments of the present invention are particularly suit-
able for use 1n NAND applications where elevated threshold
voltages 1n the erased/reset state can be undesirable.
Memory cells 1n accordance with high work function gate
material embodiments of the present invention can be erased
via hole tunneling methods and preferably via —FN erasing,
operations.

An exemplary device having an ONO tunneling dielectric
and an N+ polysilicon gate may be programmed by con-
ventional SONOS or NROM method and erased by channel
FN hole tunneling. FIG. 7a shows the erase characteristics of
an exemplary SONONOS device having an ONO tunneling
dielectric in one example. Referring to FI1G. 7a, a higher gate
voltage results 1n a faster erase speed. It also has a higher
saturation Vt, because gate injection 1s also stronger and the
resulting dynamic balance point (which determines the Vt)
1s higher. This 1s shown on the right-hand side of the graph
as the threshold voltage reaches a minimum at values of
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from about 3 to about 5 volts depending upon the erase gate
voltage. The hole tunneling current can be extracted by a
transient analysis method by differentiating the curves in
FIG. 7a. The extracted hole current from the measurement 1n
FIG. 7a 1s illustrated in FIG. 6 as discussed above. For
comparison, there 1s also plotted simulated hole tunneling
current using WKB approximation. The experimental results
are 1n reasonable agreement with our prediction. The tun-
neling current through the O1/N1/02 stack approaches that
of the ultra-thin O1 under a high electric field, while 1t 1s
turned-ofl under a low electric field.

In accordance with certain embodiments of memory cells
of the present invention having high work function gate
materials, wherein the high work function gate suppresses
gate electron injection, the threshold voltage of the device 1n
an erased or reset state can be much lower, and even
negative, depending upon erase time. The threshold voltage
values of a memory device in accordance with one embodi-
ment of the present invention wherein the gate 1s comprised
of platinum and the tunnel dielectric layer comprises a
15/20/18 angstrom ONO structure are shown 1n FIG. 7b. As
shown 1n FIG. 7b, at a similar gate voltage (=18 V) during
a-FN erase operation, the flat band voltage (which correlates
with threshold voltage) of the device can be set below -3V,
The corresponding capacitance versus gate voltage values
for the device are shown 1n FIG. 7c.

Moreover, retention properties of memory devices 1n
accordance with high work function gate material embodi-
ments the present invention are improved. The retention
properties ol a memory device having a platinum gate are
shown 1n FIG. 7d wherein the capacitance 1s graphed as a
function of gate voltage following erase and program, and
then 30 minutes aiter each operation and two hours after
cach operation. Minimal deviation 1s observed.

Memory cells 1n accordance with various embodiments of
the present invention may be operated with at least two
separate schemes. For example, CHE programming with
reverse read (mode 1) may be used to perform a 2-bits/cell
operation. Additionally, low-power +FN programming
(mode 2) may also be used for a 2-bits/cell operation. Both
modes can use the same hole tunneling erase method. Mode
1 may preferably be used for a virtual ground array archi-
tecture for NOR-type flash memories. Mode 2 may prefer-
ably be used for NAND-type flash memories.

As an example, FIG. 8 shows the excellent endurance
properties of a virtual ground array architecture NOR-type
flash memory 1n accordance with one embodiment of the
present invention under mode 1 operation. Frase degrada-
tion of such memory devices having a tunnel dielectric
structure does not occur, because hole tunneling erase
(Vg=-15 V) 1s a uniform channel erase method. The corre-
sponding IV curves are also shown 1n FIG. 9, which suggest
little degradation of the device after numerous P/E cycles. In
one example, this may be because ultra-thin oxide/nitride
layers possess good stress immunity properties. Addition-
ally, the memory device 1s free of hot-hole introduced
damages. The endurance properties of a NAND-type flash
memory 1n accordance with one embodiment of the present
invention under Mode 2 operation are shown 1n FIG. 10. For
a Taster convergent erasing time, one may use a larger bias
(Vg=-16 V). Excellent endurance may also be obtained 1n
this example.

The charge retention of an exemplary SONONOS device
in accordance with one embodiment of the present invention
1s shown i FIG. 4, where only a 60 mV charge loss is
observed after 100 hours. The improvement of retention 1s
many orders of magnitude better than conventional SONOS
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devices. VG-accelerated retention test also shows that direct
tunneling can be suppressed at the low electrical field. FIG.
11 illustrates an example of a VG-accelerated retention test
for a 10K P/E cycled device. The charge loss 1s small at -VG
stress after a 1000 sec stress, indicating that the hole direct
tunneling at small electrical field can be suppressed.

Accordingly, the SONONOS design 1dentified in the
above examples may provide a fast hole tunneling erase with
excellent endurance properties. As noted above, the design
may be implemented 1n both NOR and NAND-type nitride-
storage flash memories. Additionally, a memory array in
accordance with the present invention may include multiple
memory devices with similar or diflerent configurations.

In various embodiments of arrays according to the present
invention, memory cells according to the present invention
may be used 1n place of conventional NROM or SONOS
devices 1n a virtual ground array architecture. The reliability
problems and erase degradations may be solved or mitigated
by using FN hole tunneling istead of hot-hole injection.
Without limiting the scope of the mvention to the specific
structures described below, various operation methods 1n
accordance with memory arrays of the present invention are
described below for exemplary NOR virtual ground array
architectures.

CHE or CHISEL (channel imtiated secondary electron)
programming and reverse read may be used for 2-bit/cell
memory array. And the erase method may be a uniform
channel FN hole tunneling erase. In one example, the array
architecture may be a virtual ground array or a JTOX array.
With reference to FIGS. 12a-20, an O1/N1/02 tri-layer
structure may be used as the tunnel dielectric, the O1 layer
having thickness less than 2 nm and the N1 and O2 layers
having about 3 nm or less in thickness to provide hole direct
tunneling. With reference to FIGS. 12a-20, N2 may be
thicker than 5 nm to provide a high trapping efliciency. An
insulating layer, O3, may be a silicon oxide layer formed by
wet oxidation, such as a wet converted top oxide (silicon
oxide), to provide a large density of traps at the interface
between O3 and N2. O3 may be about 6 nm or thicker to
prevent charge loss from this silicon oxide layer.

FIGS. 12a and 12b illustrate an example of a virtual
ground array architecture incorporating the memory cells
discussed above, such as memory cells having a tri-layer
ONO tunnel dielectric. In particular, FIG. 12a illustrates an
equivalent circuit of a portion of a memory array, and FIG.
12b 1llustrates an exemplary layout of a portion of the
memory array.

In addition, FIG. 13 1llustrates a schematic diagram of the
cross-sectional view of several memory cells incorporated 1n
the array. In one example, the buried diffusion (BD) areas
may be N+-doped junctions for the source or drain regions
of the memory cells. The substrate may be a p-type sub-
strate. In order to avoid possible breakdown of the BDOX
areas (oxide above BD) during —FN erase, a thick BDOX
(>50 nm) may be used 1 one example.

FIGS. 14a and 14b 1llustrate possible electrical RESET
schemes for an exemplary virtual ground array incorporating
2 bits/cell memory cells having a tunnel dielectric design
discussed above. Before performing further P/E cycles, all
the devices may first undergo an electrical “RESET”. A
RESET process may ensure the Vt uniformity of memory
cells 1n the same array and raise the device Vt to the
convergent erased state. For example, applying Vg=—15V
for 1 sec, as shown in FIG. 14a, may have the eflect of
injecting some charge into a charge trapping layer of silicon
nitride to reach a dynamic balancing condition. With the
RESET, even memory cells that are non-uniformly charged
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due, for example, to the plasma charging eflect during their
fabrication processes may have theirr Vt converged. An
alternative way for creating a self-converging bias condition

1s to provide bias for both gate and substrate voltages. For
example, referring to FIG. 14b, Vg=—8 V and P-well=+7 V

may be applied.

FIGS. 15a and 15b illustrate programming schemes for an
exemplary virtual ground array incorporating 2 bits/cell
memory cells having a tunnel dielectric design discussed
above. Channel hot-electron (CHE) programming may be
used to program the device. For Bit-1 programming illus-
trated 1n FI1G. 15a, the electrons are locally injected into the
junction edge above BLN (bit line N). For Bit-2 program-
ming shown in FIG. 15b, the electrons are stored above
BLN-1. Typical programming voltage for WL (word line) 1s
around 6 V to 12 V. Typical programming voltage for BL (bit
line) 1s about 3 to 7 V, and the p-well may be kept grounded.

FIGS. 16a and 16b illustrate reading schemes for an
exemplary virtual ground array incorporating 2 bits/cell
memory cells having a tunnel dielectric design discussed
above. In one example, reverse read 1s used to read the
device to perform a 2 bits/cell operation. Referring to FIG.
16a, for reading Bit-1, BLN-1 1s applied with a suitable read
voltage, such as 1.6 V. Referring to FIG. 16b, for reading
bit-2, BLN 1s applied with a suitable read voltage, such as
1.6V. In one example, the reading voltage may be in the
range of about 1 to 2 V. The word lines and the P-well may
be kept grounded. However, other modified read schemes,
such as a raised-Vs reverse read method can be performed.
For example, a raised-Vs reverse read method may use
Vd/Vs=1.8/0.2 V for reading Bit-2, and Vd/Vs=0.2/1.8 for
reading Bit-1.

FIGS. 14a and 14b also 1llustrate sector erase schemes for
an exemplary virtual ground array incorporating 2 bits/cell
memory cells having a tunnel dielectric design discussed
above. In one example, sector erase with channel hole
tunneling erase may applied to erase the memory cells
simultaneously. An ONO tunnel dielectric in a memory cell
having the SONONOS structure may ofler a fast erase,
which may occur 1n about 10 to 50 msec and a seli-
convergent channel erase speed. In one example, a sector
erase operation condition may be similar to a RESET
process. For example, referring to FIG. 14a, applying
VG=about -15 V at the WL s simultanecously and leaving all
the BL’s tfloating may achieve a sector erase. And the p-well
may be kept grounded.

Alternatively, referring to FIG. 14b, applying about -8 V
to the WL’s and about +7 V to the p-well may also achieve
a sector erase. In some examples, a complete sector erase
operation may be carried out within 100 msec or less without
having any over-erase or hard-to-erase cells. The device
design discussed above may facilitate a channel erase pro-
viding excellent self-converging properties.

FIG. 17 illustrates the erase characteristics 1n one example
of using an SONONOS device. An example of an

SONONOS device may have the thickness of O1/N1/02/
N2/03 respectively as about 15/20/18/70/90 Angstroms,
with an N+-polysilicon gate and thermally converted top
oxide as O3. The erase speeds for various gate voltages are
shown. The erase operation on the cell having the O1/N1/02
tunnel dielectric with layers having thicknesses respectively
as about 15/20/18 Angstroms, results in a reduction of the
threshold voltage of about 2 volts 1n less than 50 msec, for
example about 10 msec, under the conditions shown for -FN
erase voltages between —15 and -17 volts. A higher gate
voltage results 1n a faster erase speed.
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However, the convergent Vt1s also higher. This 1s because
gate 1njection 1s more active under higher gate voltages. To
reduce gate 1njection, P+-polysilicon gate or other metal gate
with a high work function may be used alternatively as the
gate material to reduce the gate-injected electrons during the
erase.

FIG. 18 1illustrates the endurance properties ol using
SONONOS devices 1 a virtual ground array architecture.
The endurance proper‘[les of 1n some examples are excellent.
The programming condition 1s Vg/Vd=8.5/4.4 V, 0.1 usec
for Bit-1 and Vg/Vs=8.5/4.6 V, 0.1 usec for Bit-2. The FN
erase may use Vg=-15 V for about 50 msec to erase the two
bits simultaneously. Because the FN erase 1s seli-convergent
uniform channel erase, hard-to-erase or over-erase cells
usually do not present. In some examples, the devices
proposed above show excellent endurance properties even
without using a Program/Frase veritying or stepping algo-
rithm.

FIGS. 19a and 19b illustrate I-V characteristics during
P/E cycles 1n one example. The corresponding I-V curves 1n
both log scale (FIG. 19a) and linear scale (FIG. 19b) are
shown. In one example, an SONONOS device possesses
little degradations after numerous P/E cycles, such that both
the subthreshold swing (S.S.) and trans-conductance (gm)
are almost the same after numerous cycles. This SONONOS
device possesses superior endurance properties than NROM
device. One reason may be that hot-hole mjection 1s not
used. Additionally, an ultra-thin oxide as noted above may
possess better stress immunity properties than a thick tunnel
oxide.

FI1G. 20 1llustrates a CHISEL programming scheme 1n one
example. An alternative way to program the device 1s to use
CHISEL programming scheme, which uses negative sub-
strate bias enhanced impact 1onization to increase the hot
carrier efficiency. The programming current can be also
reduced due to the body eflect. Typical condition is illus-
trated 1 this figure, where substrate i1s applied with a
negative voltage (-2 V), and the junction voltage 1s reduced
to about 3.5 V. For conventional NROM devices and tech-
nologies, CHISEL programming is not applicable because it
may 1nject more electrons near the channel center region.
And hot-hole erase 1s et

icient to remove the electrons near
the channel center region in the conventional NROM
devices.

FIGS. 21a and 21b 1llustrate the design of a JTOX virtual
ground array in one example. The JTOX virtual ground array
provides an alternative implementation of using SONONOS
memory cells mn a memory array. In one example, one
difference between the JTOX structure and a virtual ground
array 1s that the devices in the JTOX structure that are
isolated by STI processes. A typical layout example 1is
illustrated 1n FIG. 21a. FIG. 21b illustrates a corresponding
equivalent circuit, which i1s the same as that of a virtual
ground array.

As noted above, memory cell structures in accordance
with the present invention are suitable for both NOR- and
NAND-type flash memores. The following will describe
additional examples of memory array designs and their
operation methods. Without limiting the scope of the inven-
tion to the specific structures described below, various
operation methods 1n accordance with memory arrays of the
present mnvention are described below for exemplary NAND
architectures.

As noted above, n-channel SONONOS memory devices
having an ONO tunneling dielectric may be used 1n a
memory device. FIGS. 22a and 22b illustrate an example of

a NAND array architecture. FIGS. 23a and 23b 1llustrate the
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cross-sectional views of an exemplary memory array design
from two different directions. In some examples, the opera-
tion methods of a memory array may include +FN program-
ming, —FN erase, and reading methods. Additionally, circuit
operation methods may be included to avoid program dis-
turb 1n some examples.

In addition to the single-block gate structure design, a
split-gate array, such as a NAND array using SONONOS
devices positioned between two transistor gates which are
located next to the source/drain regions, may also be used.
In some examples, a split-gate design may scale down
device dimension to F=30 nm or below. Furthermore, the
devices may be designed to obtain good reliability, to reduce
or eliminate the inter-floating-gate coupling effect, or to
achieve both. As discussed above, an SONONOS memory
device may provide excellent self-converging, or high speed
erase, which may help sector-erase operations and Vt dis-
tribution control. Furthermore, a tightened erased state dis-
tribution may facilitate multi-level applications (MLC).

By using certain designs for a memory array structure, the
ellective channel length (Lefl) may be enlarged to reduce or
climinate short-channel effects. Some examples may be
designed to use no diffusion junctions, thereby avoiding the
challenges 1n providing shallow junctions or using pocket
implantations during the manufacturing processes of

memory devices.

FIG. 1 1llustrates an example of a memory device having
an SONONOS design. In addition, Table 1 noted above
illustrates an example of materials used for diflerent layers
and their thicknesses. In some examples, P+-polysilicon gate
may be used to provide a lower saturated Reset/Erase Vi,
which may be achueved by reducing gate mjection.

FIGS. 22a and 22b illustrate an example of a memory
array, such as an SONONOS-NAND array having memory
cells 1n accordance with embodiment described 1in Table 1,
with diffusion junctions. In one example, separate devices
may be 1solated from each other by various 1solation tech-
niques, such as by using shallow-trench 1solation (STI) or
the 1solation technique of silicon-on-insulator (SOI). Refer-
ring to FIG. 22a, a memory array may include multiple bit
lines, such as BLL1 and BL2, and multiple word lines, such
as WL1, WLN-1, and WLN. Additionally, the array may
include source line transistor(s) (or source-line-selecting
transistor(s) or SLTs) and bit line transistor(s) (or bit-line-
selecting transistor(s) or BLTs). As illustrated, the memory
cells 1n the array may use an SONONOS design, and the
SLT and BLT may include n-type metal-oxide-semiconduc-
tor field-eflect transistors (NMOSFETS).

FIG. 22b illustrates an exemplary layout of a memory
array, such as a NAND array. Referring to FIG. 22b, Lg 1s
the channel length of memory cells, and Ls 1s the space
between each separate lines of memory devices. Addition-
ally, W 1s the channel width of memory cells, and Ws 1s the
width of 1solation areas between separate bit lines or source/
drain areas, which may be the STI width i one example.

Referring again to FIGS. 22a and 22b, the memory
devices may be connected 1n series and form a NAND array.
For example, a string of memory devices may include 16 or
32 memory devices, providing a string number of 16 or 32.
The BLTs and SLTs may be used as selecting transistors to
control the corresponding NAND strings. In one example,
the gate dielectric for BL1s and SL'Ts may be a silicon oxide
layer that does not include a silicon nitride trapping layer.
Such configuration, although not necessarily required in
every case, may avoild possible Vt shift of BLTs and SLTs
during the operations of the memory array in some
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examples. Alternatively, the BLTs and SLTs may use the
combination of ONONO layers as their gate dielectric
layers.

In some examples, the gate voltages applied to BLTs and
SL.Ts may be less than 10 V, which may cause less gate
disturb. In cases where the gate dielectric layer of BLTs and
SLTs may be charged or trapped with charges, additional
-Vg erase can be applied to the gates of BLT or SLT to
discharge their gate dielectric layers.

Referring again to FIG. 22a, each BLT may be coupled to
a bit-line (BL). In one example, a BL may be a metal line
having the same or approximately the same pitch to that of
STI. Also, each SLT 1s connected to a source line (SL). The
source line 1s parallel to the WL and connected to the sense
amplifier for read sensing. The source line may be a metal,
such as tungsten, or polysilicon line, or a diffusion N+-doped
line.

FIG. 23a 1llustrates a cross-sectional view of an exem-
plary memory array, such as an SONONOS-NAND memory
array, along the channel-length direction. Typically, Lg and
Ls 1s approximately equal to F, which generally represents
the critical dimension of a device (or node). The critical
dimension may vary with the technologies used for fabri-
cation. For example, F=50 nm stands for using a 350 nm
node. FIG. 23b illustrates a cross-sectional view of an
exemplary memory array, such as an SONONOS-NAND
memory array, along the channel-width direction. Referring,
to FIG. 23b, the pitch in the channel-width direction 1s
approximately equal or slightly larger than that in the
channel length direction. Therefore, the size of a memory
cell is approximately 4F*/cell.

In examples of manufacturing a memory array, such as the
arrays noted above, the processes may mnvolve using only
two primary masks or lithography processes, such as one for
the polysilicon (word line) and another for STT (bit lines). In
contrast, the manufacturing of NAND-type floating gate
devices may require at least two-poly processing and
another inter-poly ONO processing. Accordingly, the struc-
ture and manufacturing processes of the proposed devices
may be simpler than those of NAND-type tloating gate
memories.

Referring to FIG. 23a, in one example, the spaces (Ls)
between word lines (WLs) may be formed with shallow
junctions, such as shallow junctions of N+-doped regions,
which may serve as source or drain regions of the memory
devices. As illustrated 1n FIG. 23 A, additional implantation
and/or diffusion process, such as a tilt-angle pocket implan-
tation, may be carried out to provide one or more “pocket”
regions or pocket extensions of junctions that neighbor one
or more of the shallow junction regions. In some examples,
such configuration may provide better device characteristics.

In examples where STI 1s used of isolating separate
memory devices, the trench depth of STI regions may be
larger than the depletion width 1n p-well, especially when
the junction bias used 1s raised higher. For example, the
junction bias may be as high as about 7V for program
inhibited bit line(s) (unselected bit line(s) during program-
ming). In one example, the depth of STI regions may be in
the range of about 200 to 400 nm.

After a memory array 1s manufactured, a reset operation
may be performed to tighten the Vt distribution first before
other operations of the memory array. FIG. 24a 1llustrates an
example of such operation. In one example, before other
operations start, one may first apply VG=about -7 V and
VP-well=48 V to reset the array (The voltage drop of VG
and VP-Well can be partitioned into the gate voltage into
cach WL and p-well). During RESET, the BL’s can be
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floating, or raised to the same voltage as the P-Well. As
illustrated 1n FIG. 24b, the reset operation may provide
excellent self-convergent properties. In one example, even
SONONOS devices are initially charged to various Vts, the
reset operation can “tighten” them to a Reset/Erase state. In
one example, the reset time 1s about 100 msec. In that
example, the memory array may use n-channel SONONOS
devices with ONONO=15/20/18/70/90 angstroms having an
N+-polysilicon gate with Lg/W=0.22/0.16 um.

Generally, traditionally floating-gate devices are not
capable of providing self-converging erase. In contrast,
SONONOS devices may be operated with converging Reset/
Erase methods. In some examples, this operation may
become essential because the initial Vt distribution 1s often
in a wide range due to certain process 1ssues, such as process
non-uniformity or plasma charging eflects. The exemplary
self-converging “Reset” may help to tighten, or narrow the
range of, the mitial Vt distribution of memory devices.

In one example of programming operations, the selected
WL may be applied with a high voltage, such as a voltage
of about +16 V to +20 V, to induce channel +FN 1njection.
Other PASS gates (other unselected WL’s) may be turned on
to induce the iversion layer mn a NAND string. +FN
programming may be a low-power method 1 some
examples. In one example, parallel programming methods
such as page programming with 4K Bytes cells 1n parallel
can burst the programming throughput to more than 10
MB/sec, while the total current consumption can be con-
trolled within 1 mA. In some examples, to avoid program
disturb 1n other BLs, a high voltage, such as a voltage of
about 7 V may be applied to other BLs so that the inversion
layer potential 1s raised higher to suppress the voltage drop
in the unselected BLs (such as cell B in FIG. 25).

In examples of read operations, the selected WL may be
raised to a voltage that 1s between an erased state level (EV)
and a programmed state level (PV). Other WLs may serve as
the “PASS gates” so that their gate voltages may be raised
a voltage higher than PV. In some examples, erase opera-
tions may be similar to the reset operation noted above,
which may allow self-convergence to the same or similar
reset Vt.

FIG. 25 illustrates an example of operating a memory
array. Programming may include channel +FN injection of
clectrons mto an SONONOS nitride trapping layer. Some
examples may include applying Vg=about +18 V to the
selected WLN-1, and applying VG=about +10 V to other
WLs, as well as the BLT. The SLT can be turned off to avoid
channel hot electron injection 1 cell B. In this example,
because all the transistors 1n the NAND string are turned-on,
the inversion layer passes through the strings. Furthermore,
because BL1 1s grounded, the mversion layer in BL1 has
zero potential. On the other hand, other BLs are raised to a
high potential, such as a voltage of about +7 V, so that the
inversion layer of other BLs are higher.

In particular, for cell A, which 1s the cell selected for
programming, the voltage drop 1s about +18 V, which causes
+FN 1njection. And the Vt may be raised to PV. For cell B,
the voltage drop 1s +11 V, causing much less +FN 1njection,
as FN 1njection 1s sensitive to Vg. For cell C, only +10V 1s
applied, causing no or negligible +FN 1njection. In some
examples, a programming operation 1s not limited to the
technique illustrated. In other words, other adequate pro-
gram 1nhibit techniques may be applied.

FIGS. 24a, 26, and 27 turther illustrate some examples of
array operations and illustrate the endurance and retention
properties of some examples. As illustrated, the device
degradation after a number of operation cycles may remain




US RE47.311 E

25

very small. FIG. 24 A 1llustrates an exemplary erase opera-
tion, which may be similar to a reset operation. In one
example, the erase 1s performed by sector or block. As noted
above, the memory devices may have good seli-converging
crase property. In some examples, the erase saturation Vit
may be dependent on Vg. For example, a higher Vg may
cause a higher saturated Vt. As illustrated 1in FIG. 26, the
convergent time may be around 10 to 100 msec.

FI1G. 27 illustrates an exemplary reading operation. In one
example, reading may be performed by applying a gate
voltage that 1s between an erased state Vt (EV) and a
programmed state Vt (PV). For example, the gate voltage
may be about 5 V. On the other hand, other WLs and BLT
and SLT are applied with a higher gate voltage, such as a
voltage of about 49 V, to turn-on all the other memory cells.
In one example, 1f Vt of cell A 1s higher than 5 V, the read
current may be very small (<0.1 uA). If Vt of cell A 1s lower
than 5 V, the read current may be higher (>0.1 uA). As a
result, the memory state, 1.e. the stored information, can be
identified.

In some examples, the pass gate voltage for other WLs
should be higher than the high-Vt state or the programmed
state Vi, but not too high to trigger gate disturb. In one
example, the PASS voltage 1s 1n the range of about 7 to 10
V. The applied voltage at the BLL may be about 1 V. Although
a larger read voltage may induce more current, the read
disturb may become more apparent 1in some examples. In
some examples, the sensing amplifier can be either placed on
a source line (source sensing) or on a bit line (drain sensing).

Some examples of NAND strings may have 8, 16, or 32
memory devices per string. A larger NAND string may save
more overhead and increase array efliciency. However, in
some examples, the read current may be smaller and disturb
may become more apparent. Therefore, adequate numbers of
NAND string should be chosen based on various design,
manufacture, and operation factors.

FI1G. 28 illustrates the cycle endurance of certain exem-
plary devices. Referring to FIG. 28, P/E cycles with +FN
program and —FN erase may be carried out, and the results
suggest good endurance characteristics. In this example, the
erase condition 1s Vg=about —16 V for 10 msec. In some
examples, only single shot of erase 1s needed and verifica-
tion of status 1s not necessary. The memory Vt window 1s
good without degradation.

FIGS. 29a and 29b illustrate the IV characteristics of
exemplary memory devices using different scales. In par-
ticular, FIG. 29a 1llustrates a small swing degradation of the
device, and FIG. 29b illustrates a small gm degradation of
the device. FIG. 30 1llustrates the retention characteristics of
an exemplary SONONOS device. Referring to FIG. 30, a
good retention 1s provided by having less than 100 mV
charge loss for device operated after 10K cycles and after
leaving for 200 hours at room temperature. FIG. 30 also
illustrates an acceptable charge loss at high temperatures.

In some examples, a split-gate design, such as a split-gate
SONONOS-NAND design, may be used to achieve a more
aggressive down-scaling of a memory array. FIG. 31 1llus-
trates an example of using such design. Referring to FIG. 31,
the spaces (Ls) between each word line, or between two
neighboring memory devices sharing the same bit line, may
be reduced. In one example, Ls may be shrunk to about or
less than 30 nm. As illustrated, the memory devices using a
split-gate design along the same bit line may share only one
source region and one drain region. In other words, a
split-gate SONONOS-NAND array may use no diffusion
regions or junctions, such as N+-doped regions, for some of
the memory devices. In one example, the design may also
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reduce or eliminate the need for shallow junctions and
neighboring “pockets”, which 1n some examples may
involve a more complicated manufacturing process. Further-
more, 1n some examples, the design i1s less aflected by
short-channel eflects, because the channel length has been
increased, such as increased to Lg=2F-Ls in one example.

FIG. 32 illustrates an exemplary manufacturing process of
a memory array using a split-gate design. The schematic
diagram 1s merely an 1llustrative example, and the memory
array may be designed and manufactured 1n various different
ways. Referring to FI1G. 32, after multiple layers of materials
for providing the memory devices are formed, those layers
may be patterned using a silicon oxide structure as a hard
mask formed over those layers. For example, the silicon
oxide regions may be defined by lithography and etching
processes. In one example, the pattern used for defining the
initial silicon oxide regions may have a width of about F and
the space between the silicon oxide regions of about F,
resulting a pitch of about 2F. After the 1mitial silicon oxide
regions are patterned, silicon oxide spacers may then be
formed surrounding the patterned regions to enlarge each
silicon oxide region and narrow their spacing.

Referring again to FIG. 32, after the silicon oxide regions
are formed, they are used as a hard mask to define or pattern
theirr underlying layers to provide one or more memory
devices, such as multiple NAND strings. In addition, insu-
lating materials, such as silicon oxide, may be used to fill 1in
the spaces, such as Ls spaces shown 1n FIG. 32, between the
neighboring memory devices.

In one example, the space Ls between neighboring
memory devices along the same bit line may be 1n the range
of about 15 nm to about 30 nm. As noted above, the effective
channel length may be enlarged to 2F-Ls 1n this example. In
one example, if F 1s about 30 nm and Ls 1s about 15 nm, Leil
1s about 45 nm. For the operation of those exemplary
memory devices, the gate voltage may be reduced to below
15 V. In addition, the inter-polysilicon voltage drop between
word lines may be designed to be no larger than 7V to avoid
breakdown of the spacers in the Ls spaces. In one example,
this may be achieved by having an electric field of less than
5 MV/cm between neighboring word lines.

The Lefl with diffusion junctions for conventional NAND
floating-gate devices 1s about half of the their gate length. In
contrast, 1if F 1s about 50 nm and Lefl 1s about 30 nm, Lefl
1s about 80 nm for the proposed design (the split-gate
NAND) in one example. The longer Lefl can provide better
device characteristics by reducing or eliminating the impact
ol short-channel eflects.

As 1llustrated above, a split-gate NAND design may
turther shrink the space (Ls) between neighboring memory
cells of the same bit line. In contrast, traditional NAND-type
floating-gate devices may not provide a small spacing,
because 1inter-floating-gate coupling effect may lose the
memory window The inter-floating gate coupling 1s the
interference between adjacent memory cells when the cou-
pling capacitance between adjacent tloating gate 1s high (the
space between the floating gates 1s small so that the coupling
capacitance between the adjacent floating gates becomes
very high such that read disturb happens). As noted above,
the design may eliminate the need to fabricate certain
diffusion junctions, and the mnversion layer can be directly
connected 1t all the word lines are turned on. Therefore, the
design may simplily the manufacturing process of memory
devices.

A multi-layer SONOS device 1s described using and
ultra-thin ONO tunneling dielectric. With an n+ polysilicon
gate, a self-convergent positive erase threshold voltage of
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for example about +3 V 1s achieved suitable for a NOR
architecture, 1n which channel hot electron programming
can be applied for storing two-bits per cell, read using the
standard reverse read method, and erased with hole tunnel-
ing erase apply electric field assisted FN tunneling with a
gate voltage of for example 135 volts. With a p+ polysilicon
(or other high work function material) gate, a depletion
mode device can be obtained having an erase threshold
voltage less than zero, with a very large memory window
with a program threshold voltage over about 6 volts can be
achieved, suitable for NAND architecture using electric field
assisted FN electron tunneling for program and electric field
assisted FN hole tunneling for erase operations, with a gate
voltage during erasing of for example —18 Volts.

FIG. 33 1s a graph of change in threshold voltage of a

MOSFET having an ultra-thin mult1 layer gate dielectric
(O1/N1/02=15/20/18 Angstroms) versus an number of shots

of program disturb bias pulses or erase disturb bias pulses
showing negligible charge trapping 1n the ONO gate dielec-
tric regardless of the injection mode CHE, +FN, —FN 1n an
exemplary device with a tunneling dielectric.

FIG. 34 1s a graph of change 1n gate voltage versus time
under constant current stress in an ultra-thin ONO dielectric
capacitor, demonstrating small charge trapping under nega-
tive gate current stress and indicating excellent stress toler-
ance. The small trapping elliciency may be due to that the
capture mean Iree path 1s much longer than the nitride
thickness of about 20 Angstroms. This suggests that the N1
layer less than 20 Angstroms 1s desirable. In addition, no
interfacial traps between O1/N1 and N1/02 are introduced
during processing in preferred embodiments.

FI1G. 35 1s a graph of the self-convergent threshold voltage
V- as a function of erase gate voltage V. during the erase
process of a device having an ultra-thin multi layer tunnel
dielectric (O1/N1/02=15/20/18 Angstroms) and having an
N+-poly gate. A larger magnitude gate voltage V ; results in
a higher saturation value of V., because gate injection 1s
stronger. A high self-convergent erase 1s desirable in NOR
architectures, because 1t avoids over-erase problems.

FIG. 36 1s a graph of threshold voltage versus baking
time, for the exemplary device having an N+-poly gate at
various P/E cycle counts, for both erase state and pro-
grammed state cells, showing excellent electron retention
for the multi-layer BE-SONOS device.

For NAND applications, a depletion mode device (V <0)
for the erased state 1s desired. By using a P+-poly gate, the
gate 1jection 1s reduced and the device can be erased into
depletion mode as shown 1 FIG. 37. FIG. 37 1s a graph of
flat band voltage versus time for a multi-layer cell (ON-
ONO=15/20/18/70/90 Angstroms) showing that the erase
time decreases with a higher magnitude negative gate volt-
age. F1G. 37 also illustrates that at larger V  (e.g. about —20
volts), gate mjection becomes significant, resulting 1n erase
saturation at around -1 Volts.

FIG. 38 1s a graph of flat band voltage versus time for +FN
programming characteristics at V- equal to +19, +20 and
+21 volts, for an exemplary device having a P+-poly gate
and an ONONO=15/20/18/70/90 Angstroms. As 1llustrated
in FIG. 38, a large memory window (as much as about 7 V
in this graph) can be obtained within 10 msec and a 3 V
memory window can be achieved 1n less than 200 usec.

FIG. 39 1s a graph of flat band voltage versus program/
erase cycle number, for a program pulse of +20 volts for 500
micro seconds per cycle, and erase pulse of =20 volts for 10
msec per cycle or —18 volts for 100 msec per cycle,
illustrating the P/E cycle endurance of an exemplary device
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having a P+-poly gate, showing excellent cycling endurance.
In FIG. 39 a one-shot program and a one-shot erase was used
during each P/E cycle.

FIG. 40 1s a graph of flat band voltage versus stress time,
illustrating a V ; accelerated retention test with -V - applied
for programmed state and +V . for erased state of the
exemplary device having a P+-poly gate. As illustrated 1n
FIG. 40, the small charge loss and small charge gain indicate
that the direct tunneling 1s suppressed at medium electric
field (<4 MV/cm).

FIG. 41 1s a graph of flat band voltage versus time,
illustrating charge retention in the charge trapping nitride N2
at room temperature and at high temperature of an exem-
plary device having a P+-poly gate 1n accordance with an
embodiment. As can be seen 1n FIG. 41, the charge loss and
charge gain are negligible at room temperature. Addition-
ally, more than a 6 V memory window can be preserved even
after 500 hours of 150 baking. The large memory window
greater than 6 volts, and the excellent retention are very
good results for SONOS type devices.

FIG. 42 1s a graph of flat band voltage versus time for an

erase process 1 a ONONO device with N2 and O3 layers at
70 and 90 Angstroms respectively, and the O1, N1 and O2

layers at 15/20/18, 15/20/25 and 18/20/18, illustrating that
the erase speed of BE-SONOS devices improves signifi-
cantly with the O1 layer thicknesses less than 20 Angstroms,
specifically 1n this example at 18 Angstroms or 15 Ang-
stroms. In fact, with O1 at 15 Angstroms, the erase speed
improves substantially, making erase speeds less than 100
milliseconds and less than 10 milliseconds achievable. For
a 15 Angstrom O1 layer, more than 3 volts reduction 1n flat
band voltage (which correlates closely with change in
threshold voltage) 1s accomplished in less than 10 millisec-
onds. As can be seen in FIG. 42, the erase speed 1s very
sensitive to changes in O1. As can be seen 1 FIG. 42, a
decrease 1n O1 thickness from 18 Angstroms to 15 Ang-
stroms results 1n a dramatic decrease in erase time. Changes
in the thickness of O2 generally have a much smaller effect
on erase speed. This 1s because the ONO tunneling 1is
dominated by the Ol layer, while the O2 layer 1s either
almost screened (as shown in FIG. 5¢) or 1s completely
screened (as shown 1n FIG. 5d) during an erase bias opera-
tion.

FIG. 43 1s a graph of flat band voltage versus time for an
crase bias of —18 volts, 1n a device having BE-SONOS
structure with ONONO=15/20/18/70/90 Angstroms. FIG.
43 1s a comparison of the erase characteristic of the exem-
plary device having a P+-poly gate and the exemplary device
having a Platinum (Pt) gate. Pt has a higher work function
than P+ polysilicon, that 1s suflicient to lead to a non-
saturated erase as 1s shown in FIG. 43. The high work
function gate material can be patterned, for example, by a
lift-ofl process.

As 1llustrated, some examples noted above, including the
structural design, array design, and operation ol memory
devices, may provide desirable array dimension, good reli-
ability, good performance, or the combination of any of
them. Some examples noted may be applicable for down-
scaling the dimensions of non-volatile flash memories, such
as NAND flash memories and flash memory for data appli-
cations. Some examples may provide SONONOS devices
with uniform and high speed channel hole-tunneling erase.
Some examples also may provide good endurance of
memory devices and reduce certain no hard-to-erase or
over-erase 1ssues. Also, good device characteristics, such as
small degradations after P/E cycles and good charge reten-
tion, may be provided. Device uniformity within a memory
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array may be provided without having erratic bits or cells.
Furthermore, some examples may provide good short-chan-
nel device characteristics via a split-gate NAND design,
which may offer a better sense margin during the operations
of the memory devices.

FIG. 44 1s a schematic top view showing a portion of an
exemplary memory array implemented using thin film tran-
sistor structures on an nsulating substrate. Referring to FIG.
44, a portion of a memory array 400 1s formed over an
insulating substrate 401. The portion of the memory array
400 1includes a plurality of parallel semiconductor body
regions 410 formed within an insulating layer in the sub-
strate 401 and a plurality of parallel word lines 420c¢ between
select lines 420a and 420b. The select lines 420a and 420b
and the word lines 420c may be over and substantially
perpendicular to the semiconductor body regions 410. The
number of the word lines 420c 1s not limited to number
shown 1n FIG. 44. The number of the word lines 420c may
be &8, 16, 32, 64, 128 or other number that 1s desired to be
configured for a memory array.

The substrate 401 may be a silicon substrate, a III-V
compound substrate, a silicon/germanium (SiGe) substrate,
an epi-substrate, a silicon-on-insulator (SOI) substrate, a
display substrate such as a liqud crystal display (LCD), a
plasma display, an electro luminescence (EL) lamp display,
or a light emitting diode (LED) substrate, for example. For
silicon on insulator SOI embodiments, the substrate 401
includes at least one 1insulating dielectric layer such as
dielectric layer 405 (shown 1n FIG. 46A) formed over a bulk
material 401, such as a semiconductor chip.

Referring again to the embodiment shown i FIG. 44,
cach of the semiconductor body regions 410 1includes at least
one junction region such as the junction regions 412 adja-
cent to the select lines 420a and 420b on opposite ends of a
continuous, junction-iree channel region. The semiconduc-
tor body regions 410 include at least one region such as
regions 414 between two neighboring word lines. The select
line 420a may be referred to as a block select line and the
select line 420b may be referred to as a source select line.
The junction regions 412 are coupled to global bit lines or
source lines, by contact vias or otherwise (not shown). The
select lines 420a and 420b are configured to couple a
selected block or band of memory cells to the bit lines and
source lines, when voltages are applied to the select lines
420a and 420b.

In the illustrated embodiment, the portion of the memory
array 400 includes a plurality of parallel isolation trench
structures 430 adjacent to the semiconductor body regions
410, and between two neighboring semiconductor body
regions 410.

Referring again to FIG. 44, the rectangle 402 indicates a
cell s1ze of a memory cell, which 1s basically about twice the
width of a wordline 420c, times the sum of the width of a
trench 430 and the width of a well 410.

FIG. 45 1s a schematic cross-sectional view of a portion
of an exemplary array taken along the section line 2-2
through a word line 420c of FIG. 44, showing a perspective
crossing the columns of cells i the array. In FIG. 45, the
trench structures 430 are formed between two adjacent
semiconductor body regions 410. A tunneling barrier 310, a
charge storage layer 320, a dielectric insulating layer 330
and a conductive layer 335 overly and may be substantially
conformal over the structure of the semiconductor body
regions 410 and the trench structures 430. Detailed descrip-
tions of the tunneling barrier 310, the charge storage layer
320, the dielectric layer 330 and the conductive layer 3335 are
described below 1n conjunction with FIG. 46 A.
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FIGS. 46A and 46B are schematic cross-sectional views
showing stages in an exemplary method for forming an
exemplary semiconductor structure taken along section line
3-3 of FIG. 44.

FIG. 46 A 1s a cross-section taken along the line 3-3 of
FIG. 44, showing a single column of cells 1n an junction-iree
NAND configuration. As shown in FIG. 46 A, the dielectric
layer 305 overlies the substrate 401. The body region 410 1s
tormed over the dielectric layer 305. The dielectric layer 305
may be, for example, an oxide layer, a nitride layer, an
oxynitride layer, other dielectric layer or various combina-
tions thereof. In some embodiments, the dielectric layer 305
may be referred to as a buried oxide layer as known from
silicon-on-insulator (SOI) structures. The body region 410
may be a silicon layer, a polysilicon layer, an amorphous
silicon layer, a silicon-germanium layer, an epitaxial layver,
other semiconductor material layer or various combinations
thereof. In some embodiments for forming a p-type semi-
conductor body region, the semiconductor body region 410
may have dopants such as boron, gallium, aluminum and/or
other group III element. In some embodiments, the semi-
conductor body region 410 and the dielectric layer 305 may
be formed by a silicon-on-insulator (SOI) process. In other
embodiments, the dielectric layer 305 may be formed by a
chemical vapor deposition (CVD) process, an ultra high
vacuum chemical vapor deposition (UHVCVD) process, an
atomic layer chemical vapor deposition (ALCVD) process,
a metal organic chemical vapor deposition (MOCVD) pro-
cess or other CVD process. The semiconductor body region
410 may be formed by, for example, an epitaxial process, a
CVD process, a crystallization process, or various combi-
nations thereof. In one embodiment, the TFT device has a 60
nm thick poly silicon channel over the buried oxide. The
poly silicon 1s an amorphous silicon (a-Si1) layer deposited
by low-pressure chemical vapor deposition (LPCVD) pro-
cess, Iollowed by a low-temperature thermal annealing
(600) for crystallization. A multi-layer O1/N1/02 tunneling
dielectric 1s used to achieve easy hole tunneling during
erase, while eliminating the direct tunneling leakage during
retention. Next, SiN trapping layer (N2) and top blocking
oxide (O3) are grown. A heavily doped P+-poly gate is
adopted to suppress the gate injection during —FN erase. The
device has a tri-gate structure as shown 1n FIG. 45, having
in eflect, 3 channel surfaces, one on each side and one on the
top of the body 410.

The top oxide process has the largest thermal budget. Two
top oxide (0O3) formation processes are representative,
including an LPCVD oxide (HTO) with rapid thermal
annealing, and an 1n-situ steam generation (ISSG) oxidation
to convert a portion of the trapping nitride (N2) 1nto oxide.
Lower thermal budget processes are preferred to reduce
dopant diffusion from the select gate junctions. However, the
ISSG process may result in better endurance characteristics,
as we reported i Lai, et al. “A Multi-Layer Stackable
Thin-Film Transistor (TFT) NAND-Type Flash Memory”,
International Electron Devices Meeting, IEDM, December,
2006, which article 1s incorporated by reference as 1if fully
set forth herein. Planarization 1s then carried out by, for
example, HDP oxide deposition and Chemical Mechanical
Polishing. After forming the bottom-layer TFT devices, the
processes are repeated to form a second and subsequent
layers of TFT devices. Contact etching for the multiple
layers can be performed independently to avoid over etch-
ng.

Referring again to FIG. 46A, the semiconductor body
region 410 includes a continuous, junction-iree channel
region 414 between the select lines 420a, 420b, underlying
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the word lines 420c and between the word lines 420c¢. The
semiconductor body region 410 includes at least one con-
tinuous, junction-free channel region such as regions 415
under the select lines 420a, 420b and the word lines 420c.

Each of the select lines 420a, 420b includes a gate
insulator 331 and a conductive layer 336. The gate insulator
331 may be an oxide layer, a nitride layer, an oxynitride
layer, ligh-k dielectric layer, other dielectric material layer
or various combinations thereof. The conductive layer 336
may be, for example, a polysilicon layer, an amorphous
silicon layer, a metal-containing layer, a tungsten silicide
layer, a copper layer, an aluminum layer or other conductive
maternial layer. The conductive layer 335 may be formed by,
for example, a CVD process, a physical vapor deposition
(PVD) process, an e¢lectroplating process and/or an electro-
less plating process.

Each of the word lines 420c may include the tunneling
barrier 310, the charge storage layer 320, the dielectric layer
330 and the conductive layer 335. In some embodiments, the
tunneling barrier 310, the charge storage layer 320, the
dielectric layer 330 and the conductive layer 335 may be
sequentially formed over the semiconductor body region
410.

The tunneling barrier 310 may allow charges, 1.e., holes or
clectrons, tunneling from the semiconductor body regions
410 to the charge storage layer 320 during an erase operation
and/or a reset operation. The tunneling barrier 310 may be
an oxide layer, a nitride layer, an oxynitride layer, other
dielectric layer, or various combinations thereof. In some
embodiments, the tunneling barrier 310 may include a first
oxide layer (not labeled), a nitride layer (not labeled) and a
second oxide layer (not labeled) which are referred to as an
ONO structure. In some embodiments, the first oxide layer
may be an ultra-thin oxide which may have a thickness of
about 2 nm or less. In another embodiment, the first oxide
layer may have a thickness of about 1.5 nm or less. In other
embodiments, the first oxide layer may have a thickness
between about 0.5 nm and about 2 nm. The ultra-thin oxide
layer may be formed, for example, by an in-situ steam
generation (ISSG) process. The process for forming the
nitride layer may use, for example, DCS and NH3 as
precursors with a processing temperature at about 680. In
some embodiments, the nitride layer may have a thickness
of about 3 nm or less. In other embodiments, the nitride layer
may have a thickness between about 1 nm and about 2 nm.
The second oxide layer may be formed by, for example, a
LPCVD process. In some embodiments, the second oxide
layer may have a thickness of about 3.5 nm or less. In
another embodiment, the second oxide layer may have a
thickness of about 2.5 nm or less. In other embodiments, the
second oxide layer may have a thickness between about 2.0
nm and about 3.5 nm.

The charge storage layer 320 may store charges such as
clectrons or holes therein. The charge storage layer 320 may
be, for example, a nitride layer, an oxynitride layer, a
polysilicon layer or other matenal layer that may desirably
store charges. In some embodiments for forming a nitride
charge storage layer, the process may use, for example,
dichlorosilane DCS and NH; as precursors with a processing
temperature at about 680. In other embodiments for forming
an oxynitride charge storage layer, the process may use, for
example, DCS, NH, and N,O as precursors. In some
embodiments, the charge storage layer 320 may have a
thickness of about 5 nm or more, for example, about 7 nm.

The dielectric layer 330 may 1solate the conductive layer
335 from the charge storage layer 330. The dielectric layer
330 may be, for example, an oxide layer, a nitride layer, an
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oxynitride layer, an aluminum oxide layer, other dielectric
materials or various combinations thereof. In some embodi-
ments, the process for forming the dielectric layer 330 may
convert a portion of the charge storage layer 320 such as a
nitride layer so as to form the dielectric layer 330. The
process may be a wet conversion process using O2 and H,O
gas 1n furnace at a temperature between about 950 and about
1,000 For example, a nitride layer having a thickness of
about 13 nm may be converted into the dielectric layer 330
having a thickness of about 9 nm and the remaining nitride
layer, 1.e., the charge storage layer 320, having a thickness
of about 7 nm. The wet conversion process 1s applied for a
small 1nitial part of the layer, followed by deposition of the
balance of the layer by lower thermal budget processes for
deposition of silicon dioxide, such as a high temperature
oxide HTO process or an 1n situ steam generation ISSG
process. In still other embodiments, the dielectric layer 330
1s formed over the charge storage layer 320 without a wet
conversion process. Various thicknesses of the tunneling
barrier 310, the charge storage layer 320 and the dielectric
layer 330 may be used to form a desired structure.

The conductive layer 335 may be, for example, a poly-
s1licon layer, an amorphous silicon layer, a metal-containing,
layer, a tungsten silicide layer, a copper layer, an aluminum
layer or other conductive material layer, and combinations
of layers of materials. The conductive layer 335 may be
formed by, for example, a CVD process, a physical vapor
deposition (PVD) process, an electroplating process and/or
an electroless plating process. In some embodiments, the
conductive layers 335 and 336 can be formed by the same
process. In some embodiments, the structure including the
tunneling barrier 310, the charge storage layer 320 and the
dielectric layer 330 may be referred to as a bandgap engi-
neered SONOS (BE-SONOS) structure.

Referring again to FIG. 46 A, dielectric maternials 339 are
formed between the select lines 420a, 420b and the word
lines 420c, and between the word lines 420c. The dielectric
materials 339 may include, for example, oxide, nitride,
oxynitride and/or other dielectric material. The dielectric
materials 339 may be formed by, for example, a CVD
process. At least one dielectric spacer such as dielectric
spacers 337 are formed on sidewalls of the select lines 420a
and 420b. The dielectric spacers 337 may include, for
example, oxide, nitride, oxynitride and/or other dielectric
material. In some embodiments, the dielectric spacers 337
and the dielectric material 339 are made of the same material
and formed by the same process.

Referring to FIG. 46B, an implantation process 340
implants dopants into the semiconductor body region 410 by
using the dielectric spacers 337 and/or dielectric materials
339 as an implantation mask so as to form at least one doped
region such as the regions 412 to form junctions within the
semiconductor body region 410. The regions 412 may be
referred to as source/drain (S/D) regions of the select lines
420a and 420b. In some embodiments, the implantation
process 340 may be a t1lt implantation process, such that the
regions 412 may be desirably formed within the semicon-
ductor body region 410. In other embodiments, the 1mplan-
tation process 340 may have an implantation direction
substantially perpendicular to the surface of the substrate
401 over which transistors are formed. In some embodi-
ments for forming n-channel transistors, the implantation
process 340 may use n-type dopants such as phosphorus,
arsenic and/or other group V element.

Referring again to FI1G. 468, the implantation process 340
does not implant dopants such as n-type dopants into the
semiconductor body region 410 such as a p-type semicon-
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ductor body region, because the dielectric spacers 337 and
the dielectric materials 339 block the implantation process
340. Therefore, the implantation process 340 does not form

source/drain regions at the regions 214 between the select
lines 420a, 420b and word lines 420c. It 1s also noted that no

implantation process 1s carried out to form common source/
drain regions at the regions 414 of the semiconductor body
region 410 1n FIG. 46A. Accordingly, the regions 414 of the
semiconductor body region 410 are junction-free. The dop-
ant concentration of the regions 414 1s thus substantially
equal to that of the regions 415, providing a junction-iree,
continuous channel region under the select lines 420a, 420b
and word lines 420c.

FIG. 46C 1s a schematic cross-sectional view showing an
exemplary process for implanting dopants within semicon-
ductor body regions. In FIG. 46C, a patterned mask layer
350 1s formed over the select lines 420a, 420b and word lines

420c. The patterned mask layer 350 covers at least portions
of the select lines 420a, 420b and the word lines 420c. The
patterned mask layer 350 protects the regions 414 of the
semiconductor body region 410 from being implanted with
dopants of the implantation process 355. The patterned mask
layer 350 may be, for example, a patterned photoresist layer,
a patterned dielectric layer, a patterned material layer that 1s
adapted to be an etch mask and various combinations
thereof. After the implantation process 355, the patterned
mask layer 350 may be removed. The implantation process
355 may be a tilt implantation process or an implantation
process with a direction substantially perpendicular to the
substrate 401.

FIG. 47 1s a schematic cross-sectional view showing a
portion of an exemplary stacked array structure. In FI1G. 47,
another array structure layer 357 may be formed over the
structure of FIG. 46B. The array structure layer 357 may
include, for example, a dielectric layer 360 formed over the
select lines 420a, 420b and word lines 420c. The dielectric
layer 360 may be an oxide layer, a mitride layer, an oxyni-
tride layer, a low-k dielectric layer, an ultra-low-k dielectric
layer, other dielectric material layer, or various combina-
tions thereof. The dielectric layer 360 may be formed by, for
example, a CVD process, a spin-on-glass process and/or
other process that 1s adequate to form a dielectric layer.

Referring again to FIG. 47, the array structure 357 may
turther include at least one semiconductor body region such
as a semiconductor body region 365 including regions 367,
368, 369, sclect lines 370a, 370b, word lines 370c, gate
insulators 371, tunneling barriers 372, charge storage layers
374, diclectric layers 376, conductive layers 380, 381,
dielectric spacers 382 and dielectric materials 384, which are
similar to the semiconductor body region 410 including the
regions 412, 414, 4135, the select lines 420a, 420b, the word
lines 420c, the gate mnsulators 331, the tunneling barriers
310, the charge storage layers 320, the dielectric layers 330,
the conductive layers 335, 336, the dielectric spacers 337
and the dielectric matenals 339, respectively, described
above 1n conjunction with FIG. 46B. It 1s noted that the array
structure layer 357 1s formed over the structure of FIG. 46B.
The doped regions 412 (shown in FIG. 44) are subjected to
the same thermal cycle for forming, for example, the dielec-
tric layer 360, the semiconductor body region 363, the select
lines 370a, 370b, the word lines 370c, the tunneling barrier
372, the charge storage layer 374, the dielectric layer 376,
the conductive layer 380, the dielectric spacers 382 and/or
the dielectric materials 384 described above 1n conjunction
with FIG. 47. The doped regions 412 may extend toward the
select lines 420a, 420b so as to form the doped regions 412a.
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The extending regions 412a may have a dimension “a”
larger than dimension “b” of the regions 367.

It 1s noted that the exemplary structure of FI1G. 47 does not
have common source/drain regions formed between the
select lines 420a, 420b and word lines 420c¢ and between the
word lines 420c. Even after more than one thermal cycle, the
regions 412a may not extended and be adjacent to other
junctions or doped source/drain regions. Accordingly, the
issues of the short channel effect and the leakage current
within the memory array may be desirably prevented.

FIG. 47 merely shows an exemplary embodiment 1includ-
ing 2 stacked array structures. The number of the array
structures, €.g., the array structure 357, 1s not limited to two.
Two or more array structures may be formed over the
structure of FIG. 47 in order to achieve a desired memory
capacity.

FIG. 48 1s a schematic cross-sectional view showing an
exemplary process for generating an inversion layer 1n a
semiconductor body region. Referring to FIG. 48, a voltage
“V”” may be coupled to the selected word line 420c¢. In some
embodiments, a space “S” between two neighboring word
lines, such as 420c¢ and 420d, or 420c and 420¢, may be
about 75 nm or less. In exemplary embodiments, the space
S 1s 30 nm or less. Due to the small space, the voltage “V”
applied to the word line 420c may be coupled to and
generate an inversion layer in the regions 411 within the
semiconductor body region 410 between two adjacent word
lines, such as 420c and 420d, or 420c and 420e, and in the
region 411a beneath the word line 420c. The inversion layers
411, 411a may serve as S/D terminals of array transistors. In
some embodiments using NAND-type structures, voltages
are applied to each of the word lines 420c-420¢ and may
invert and/or generate the inversion layers between two
adjacent word lines 420c-420¢ and select lines 420a, 420b.
Therefore, the array transistors may desirably function with-
out heavily doped S/D junctions within semiconductor body
region 410.

Reset

In some embodiments, a reset operation may be per-
formed to tighten the Vt distribution first before other
operations of the memory array. For example, voltages are
applied to and turn on the select lines 420a and 420b. Prior
to other operations, a voltage of about —7 V may be applied
to the word lines 420c-420¢ and a voltage of about +8 V may
be applied to the semiconductor body region 410 as shown
in FIG. 48. The voltages applied to select lines 420a and
420b are higher than the voltage applied to word lines
420c-420¢. The voltage drop of the word lines 420c-420¢
and the semiconductor body region 410 may be desirably
portioned into the gate voltage into each word line and
semiconductor body region. In some embodiments, the
memory array may be charged with various voltages. The
reset operation may desirably reset the cells of the memory
array. In some embodiments, the reset time 1s about 100
millisecond. In some embodiments for resetting the memory
array, the memory array may include n-channel BE-SONOS
devices with ONONO.apprxeq.15/20/18/70/90 angstroms
and have an N+ polysilicon gate with Lg/W 0.22/0.16 um.
Programming

In some embodiments for programming cells of the
memory array, a high voltage, e.g. between about +16 V and
about +20 V, may be applied to word line 420c¢ to iduced
channel +FN injection. In some embodiments, the high
voltage 1s about +18 V. A voltage, such as about +10 V, may
be applied to other pass gates, 1.e., unselected word lines
420d and 420¢ to induce inversion layers in the NAND

string. Semiconductor body region 410 i1s substantially
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grounded. Charges, such as electrons, can be injected nto
the charge storage layer of word line 420c¢. In some embodi-

ments, the +FN programming may be a low-power program-
ming. In some embodiments, parallel programming meth-
ods, such as page programming method with 4 K Bytes cells
may desirably increase the programming throughput to more
than 10 MB/sec. The total current consumption can be about
1 mA or less. In some embodiments, a voltage, such as about
7V, may be applied to other bit lines to avoid program
disturb. The voltage applied to the bit lines may raise the
potential of the inversion layer to suppress the voltage drop
in the unselected bit lines.

Erasing

In some embodiments, the erasing operation may be
similar to the reset operation. A voltage of about -7 V may
be applied to the word lines 420c and a voltage of about +8
V may be applied to the semiconductor body region 410 as
shown 1n FIG. 48. The voltage drop of the word lines 420c¢
and the semiconductor body region 410 may be desirably
portioned ito the gate voltage into each word line and
semiconductor body region.

Read

In some embodiments for reading the memory array, the
selected word line may be raised to a voltage, such as about
+5 V that 1s between an erased state level (EV) and a
programmed state level (PV) of a memory cell. Other
unselected word lines may serve as the “PASS gates™ so that
their gate voltages may be raised a voltage higher than PV.
In some embodiments, the voltage applied to the pass gates
1s about +9 V. In some embodiments, a voltage of about +1
V 1s applied to the semiconductor body region 410.

The structures and methods for forming the structures
described above 1n conjunction with FIGS. 44, 45, 46 A-46C
and 47 may be applied in any NAND-type flash memories
with various cell structures such as flash memory with
polysilicon floating gate.

Exemplary Embodiments

Following are descriptions of exemplary junction-iree
BE-SONOS devices. In some embodiments, the device has
a poly pitch of about 0.15 um. After patterning the hard mask
of poly, an oxide liner can be formed to fill-in the poly space,
¢.g., about 70 nm or more, followed by the poly etching to
define the final poly space. It 1s found that the device may
be free from abnormal poly short or line-end breaking. The
narrow space (S) between the sidewalls of the oxide liner
can be accurately controlled by the liner oxide thickness.

The conventional junction implantation can be performed
alter the poly etching. In embodiments of junction-iree
devices, shallow junction can be saved and spacers can be
kept. Oxide spacer can be fill-in the narrow space between
word lines. A tilt-angle implantation can be carried out to
form the junction outside and adjacent to the array. Due to
the thick poly gate blocking the implantation, the array
center 1s not subjected to the tilt-angle implantation and 1s
junction-iree. It 1s noted that this process 1s desirably com-
patible with conventional NAND process. No additional
mask 1s required.

Following are the descriptions of electrical characteristics
ol junction-free devices. The devices are configured with a
16-WL NAND array. The ONONO structure, e.g., O1/N1/
02/N2/03, has dimensions of about are 13/20/25/60/60 A.
respectively. A

FI1G. 49A 1llustrates the effect of various p-well doping. A
lighter well doping provides larger electron density, enabling
more current tlow. FIG. 49B illustrates the eflect of space

10

15

20

25

30

35

40

45

50

55

60

65

36

(S). When S 1s increased, the electron density 1s slightly
decreased at the space, leading to lower current.

FIG. 50 1s a figure showing the measured initial W curve
ol exemplary n-channel devices. Junction-ifree devices can
have similar subthreshold behavior as conventional junction
devices. It 1s found that the drain current 1s slightly lower of
the junction-iree device than that of the conventional junc-
tion device. It 1s also found that larger space (S) shows
slightly lower current. FIG. 51 shows that a heavier well
dopant concentration can increase the Vt of the junction-iree

device, which 1s consistent with the simulation shown 1n
FIG. 49A.

FIGS. 52A-52B are drawings showing +FN ISPP pro-
gramming and —-FN erasing, respectively. Junction-iree
devices can have similar electrical characteristics as con-
ventional junction devices. The reason may be attributed to
+/—=FN 1njection being governed by the intrinsic ONONO
property, and wrrelevant with junctions.

FIG. 53 1s a drawing showing electrical characteristics of
an exemplary P-channel BE-SONOS NAND having a stack
structure similar to the N-channel BE-SONOS NAND
described above 1n conjunction with FIG. 350. In FIG. 33, 1t
1s found that the junction-iree device has larger Vt diflerence
and smaller current than those of the conventional junction
device. The reason can be that the conventional junction
device 1s not desirably optimized and has large Vt roll-oif
cllect.

For the p-channel NAND, the program/erase voltage
polarity should be opposite to that of the n-channel NAND.
FIGS. 54A-54B are drawings showing —FN ISPP program-
ming and +FN erase of an exemplary p-channel BE-SONOS
NAND. From FIGS. 54A-54B, it 1s found that -FN ISPP
programming and +FN erase of an exemplary p-channel
BE-SONOS NAND can be performed.

FIG. 35 1s a drawing showing endurance of exemplary
n-channel devices. In FIG. 55, the junction-iree device does
not have substantial reliability degradation, whereas the
conventional junction device does.

FIG. 56 1s a drawing showing IV curve of exemplary TFT
BE-SONOS devices. To understand the impact of thermal
budget, a post thermal anneal with 850 for 20 minutes to
simulate the thermal budget during 3D integration. In FIG.
56, the TFT device shows similar electrical characteristics as
those after thermal anneal. This result 1s desired for 3D
integration processes, since junction-iree are much less
sensitive to thermal budget.

FIG. 57 1s a drawing showing simulations of exemplary
junction-free devices having various technology nodes
(F=half pitch of poly), and having same spaces (S=20 nm).
In FIG. 57, it 1s found that the junction-free devices Vt-roll-
ofl can be desirably controlled. This may be attributed to the
larger effective channel length 1n the junction-free devices
than in conventional junction devices. In FIG. 57, the effect
of programmed states are also simulated. For devices having
small F, the programmed V1 shift 1s reduced. The reason can
be that the device channel length 1s short such that fringing
field degrades the gate control capability. It should be noted
that the junction-ifree devices are desired for charge-trapping
devices. For embodiments of floating-gate devices, the small
space (S) can mnduce more FG-FG interference.

The foregoing disclosure of the preferred embodiments of
the present mvention has been presented for purposes of
illustration and description. It 1s not intended to be exhaus-
tive or to limit the invention to the precise forms disclosed.
It will 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 1s
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understood, therelore, that this invention 1s not limited to the
particular embodiments disclosed, but it 1s intended to cover
modifications within the spirit and scope of the present
invention as defined by the appended claims.

What 1s claimed 1s:

1. A method for forming a semiconductor structure,
comprising;

forming a plurality of first parallel semiconductor [body

regions] bodies with a first dopant type over a substrate;

forming a plurality of first parallel word lines between a
first select line and a second select line, the first word
lines, the first select line and the second select line
being over and intersecting the first semiconductor

[body regions] bodies in an array of cross points;

forming a first tunneling barrier, a first charge storage
layer and a first dielectric layer between the first
semiconductor [body regions] bodies and the first word
lines;
forming first dielectric spacers on a sidewall of the first
select line and a sidewall of the second select line;

forming first source/drain (S/D) junctions with a second
dopant type adjacent to the first select line and the
second select line:

forming a second dielectric layer over the first word lines;

forming a plurality of second parallel semiconductor

[body regions] bodies with the first dopant type over
the second dielectric layer;
forming a plurality of second parallel word lines between
a third select line and a fourth select line, the second
parallel word lines, the third select line and the fourth
select line being over and substantially perpendicular to
the second semiconductor [body regions] bodies;

forming a second tunneling barrier, a second charge
storage layer and a third dielectric layer between the
second semiconductor [body regions] bodies and the
second word lines:

forming second dielectric spacers on a sidewall of the

third select line and a sidewall of the fourth select line:
and

forming second source/drain (S/D) [regions] junctions

with the second dopant type adjacent to the third select
line and the fourth select line;

wherein [the] regions in the first semiconductor [body

regions] bodies between two neighboring first word
lines and [the] regions in the second
semiconductor[body regions] bodies between two
neighboring second word lines are junction-free.

2. The method of claam 1, wherein forming the first
dielectric spacers 1includes forming first dielectric materials
between two neighboring first word lines.

3. The method of claam 1, wherein forming the first
source/drain (S/D) [regions] junctions includes using the
first dielectric spacers as an implantation mask.

4. The method of claim 1, further comprising forming a
plurality of trench structures adjacent to and parallel with the
first semiconductor [body regions] bodies.

5. The method of claim 1, wherein forming the [S/D] first
source/drain (S/D) junctions comprises:

forming a patterned mask layer overlying at least portions

of the first and second select lines and the first word
lines; and

implanting dopants of the second dopant type into the first

semiconductor [body regions] bodies by using the
patterned mask layer as an implantation mask.

6. The method of claim 1, wherein forming the first
tunneling barrier comprises forming a tunnel dielectric
structure having multilayer or composite composition with a
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first hole tunneling barrier height at [an interface] interfaces
with the first semiconductor [body] bodies, and a second
hole tunneling barrier height spaced away from the [inter-
face] interfaces that is less than the first hole tunneling
barrier height at the [interface] interfaces.

7. The method of claim 1, further comprising forming an
oxide layer between the substrate and the first semiconduc-
tor [body regions] bodies.

8. The method of claim 1, wherein forming t2e second
dielectric spacers includes forming a second dielectric mate-
rial between two neighboring second word lines.

9. The method of claim 1, wherein forming t2e second
source/drain (S/D) [regions] junctions includes using the
second dielectric spacers as an implantation mask.

10. The method of claim 1, wherein forming the first [S/D
regions] source/drain (S/D) junctions comprises implanting
dopants with the second dopant type into the first semicon-
ductor [body regions] bodies by using first dielectric mate-
rials as an 1mplantation stop layer so as to prevent implant-
ing the dopants within the first semiconductor [body
regions] bodies between two neighboring first word lines.

11. The method of claim 1, wherein the method does not
include an implantation process for forming common
source/drain [regions] (8/D) junctions within the first semi-
conductor [body regions] bodies between the first word
lines.

12. A method for forming a semiconductor structure,
comprising:

forming a plurality of first semiconductor [body regions]
bodies:;

forming a plurality of first word lines, each of the plurality
of first word lines Joverlying] crossing over a channel
region in each of the first semiconductor [body regions]
bodies:;

forming a {first tunneling barrier, a first charge storage
layer, and a first dielectric layer between each of the
first word lines and a corresponding channel region 1n
each of the first semiconductor [body regions] bodies.
wherein regions in the first semiconductor [body
regions] bodies between one of the first word lines and
another one of the first word lines are junction-free;

forming an inter-dielectric layer over the first word lines;

forming a plurality of second semiconductor [body
regions] bodies overlying the inter-dielectric layer;

forming a plurality of second word lines Jover] crossing
over channel regions in each of the second semicon-
ductor [body regions] bodies; and

forming a second tunneling barrier, a second charge
storage layer and a second dielectric layer between the
second word lines and a corresponding channel region
in each of the second semiconductor [body region]
bodies.

13. A memory device, comprising:

a first gate and a second gate;

a first semiconductor body including a first channel
surface and a second semiconductor body including a
second channel surface;

a first tunnel structure and a first charge storage region
located between the first gate and the first channel
surface;

the first tunnel structuve including a first portion and
second portion, a middle portion located between the
first and second portion, the first portion having a
valence band energy, the middle portion having a
valence band energy greater than that of the first
portion, the second portion having a valence band
energy less than that of the middle portion; and
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a second tunnel structure and a second charge storvage
region located between the second gate and the second
channel surface, whervein the first charge storage
region is over the second charge storage region.

40

one of the second gates is junction-free and the first
plurality of charge storage regions arve over the second
plurality of charge storage regions.

16. The method of forming a memory device of claim 15,

14. The memory device of claim 13, wherein the first and S \wherein a semiconductor region between one of the first

second gates include a material having a work function
greater than that of N+ polysilicon.
13. A method of forming a memory device, comprising:
forming a first plurality of gates;
forming a first semiconductor body;
forming a first plurality of multi-layeved hole-tunneling
dielectrics and a first plurality of charge storage
regions between the first plurality of gates and the first
semiconductor body;
forming a second plurality of gates;
Jorming a second semiconductor body; and
forming a second plurality of multi-layerved hole-tunnel-
ing dielectrics and a second plurality of charge storage
regions between the second plurality of gates and the
second semiconductor body, wherein a semiconductor
region between one of the second gates and another

1

15

gates and another one of the first gates is junction-free.
17. The method of forming a memory device of claim 16,

wherein the first and second plurality of gates include a

material having a work function greater than that of N+

’ polysilicon.

18. The method of forming a memory device of claim 16,
wherein both the first and the second plurality of multi-
layered hole-tunneling dielectrics include a first portion and
second portion, a middle portion located between the first
and second portion, the first portion having a valence band
energy, the middle portion having a valence band energy
greater than that of the first portion, the second portion
having a valence band energy less than that of the middle

» portion,
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