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(57) ABSTRACT

A blocking dielectric engineered, charge trapping memory
cell includes a charge trapping element that is separated from
a gate by a blocking dielectric comprising a buffer layer in
contact with the charge trapping element, such as silicon
dioxide which can be made with high-quality, and a second
capping layer in contact with said one of the gate and the
channel. The capping layer has a dielectric constant that is
higher than that of the first layer, and preferably comprises a
high-k material. The second layer also has a conduction band
offset that is relatively high. A bandgap engineered tunneling
layer between the channel and the charge trapping element is
provided which, in combination with the multilayer blocking
dielectric described herein, provides for high-speed erase
operations by hole tunneling. In an alternative, a single layer
tunneling layer is used.
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HIGH-K CAPPED BLOCKING DIELECTRIC
BANDGAP ENGINEERED SONOS AND
MONOS

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The present application claims priority to U.S. Pro-
visional Patent Application No. 60/968,076, filed on 27 Aug.
2007, and to U.S. Provisional Patent Application No. 61/019,
178, filed on 4 Jan. 2008, each of which is incorporated by
reference as if fully set forth herein.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to flash memory tech-
nology, and more particularly to scalable charge trapping
memory technology adaptable for high speed erase and pro-
gram operations.

[0004] 2. Description of Related Art

[0005] Flash memory is a class of non-volatile integrated
circuit memory technology. Traditional flash memory
employs floating gate memory cells. As the density increases
in memory devices, and the floating gate memory cells get
closer and closer together, interference between the charge
stored in adjacent floating gates becomes a problem. This is
limiting the ability to increase the density of flash memory
based on floating gate memory cells. Another type of memory
cell used for flash memory can be referred to as a charge
trapping memory cell, which uses a dielectric charge trapping
layer in place of the floating gate. Charge trapping memory
cells use dielectric charge trapping material that does not
cause cell-to-cell interference like that encountered with
floating gate technology, and is expected to be applied for
higher density flash memory.

[0006] The typical charge trapping memory cell consists of
a field effect transistor FET structure having a source and
drain separated by a channel, and a gate separated from the
channel by a stack of dielectric material including a tunnel
dielectric layer, the charge storage layer, and a blocking
dielectric layer. According to the early conventional designs
referred to as SONOS devices, the source, drain and channel
are formed in a silicon substrate (S), the tunnel dielectric layer
is formed of silicon oxide (O), the charge storage layer is
formed of silicon nitride (N), the blocking dielectric layer is
formed a silicon oxide (O), and the gate comprises polysili-
con (S). The SONOS device is programmed by electron tun-
neling using one of a number of well-known biasing tech-
nologies, and erased by hole tunneling or electron
de-trapping. In order to achieve practical operational speeds
for the erase operation, the tunneling dielectric layer must be
quite thin (less than 30 A). However at that thickness, the
endurance and charge retention characteristics of the memory
cell are poor relative to traditional floating gate technology.
Also, with relatively thick tunneling dielectric layers, the
electric field required for the erase operation also causes
electron injection from the gate through the blocking dielec-
tric layer. This electron injection causes an erase saturation
condition in which the charge level in the charge trapping
device converges on an equilibrium level. See, U.S. Pat. No.
7,075,828, entitled “Operation Scheme with Charge Balanc-
ing Erase for Charge Trapping Non-Volatile Memory”,
invented by Lue et al. However, if the erase saturation level is
too high, the cell cannot be erased at all, or the threshold
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margin between the programmed and erased states becomes
too small for many applications.

[0007] Technology has been investigated to improve the
ability of the blocking dielectric layer to reduce electron
injection from the gate for the high electric fields needed for
erase. See, U.S. Pat. No. 6,912,163, entitled “Memory Device
Having High Work Function Gate and Method of Erasing
Same,” Invented by Zheng et al., issued 28 Jun. 2005; and
U.S. Pat. No. 7,164,603, entitled “Operation Scheme with
High Work Function Gate and Charge Balancing for Charge
Trapping Non-Volatile Memory”, invented by Shih et al.,
Shin et al., “A Highly Reliable SONOS-type NAND Flash
Memory Cell with Al,O; or Top Oxide,” IEDM, 2003
(MANOS); and Shin et al., “A Novel NAND-type MONOS
Memory using 63 nm Process Technology for a Multi-Gigabit
Flash EEPROMs”, IEEE 2005. In the just-cited references,
the second Shin et al. article describes a SONOS type
memory cell in which the gate is implemented using tantalum
nitride and the blocking dielectric layer is implemented using
aluminum oxide (referred to as the TANOS device), which
maintains a relatively thick tunneling dielectric layer at about
4 nm. The relatively high work function of tantalum nitride
inhibits electron injection through the gate, and the high
dielectric constant of aluminum oxide reduces the magnitude
of'the electric field through the blocking dielectric layer rela-
tive to the electric field for the tunneling dielectric layer. Shin
et al. report a trade-off between the breakdown voltage of the
memory cell, the thickness of the aluminum oxide layer and
the thickness of the tunneling dielectric layer. With a 4 nm
thick silicon dioxide tunneling dielectric in a TANOS device,
relatively high erase voltages are proposed in order to achieve
erase speeds. An increase in erase speeds would require
increasing the voltages applied or decreasing the thickness of
the tunneling dielectric layer. Increasing the voltage applied
for erase is limited by the breakdown voltage. Decreasing the
thickness of the tunneling dielectric layer is limited by issues
of charge retention, as mentioned above.

[0008] Onthe other hand, technology has been investigated
to improve the performance of the tunneling dielectric layer
for erase at lower electric fields. See, U.S. Patent Application
Publication No. US 2006/0198189 Al, “Non-Volatile
Memory Cells, Memory Arrays Including the Same and
Method of Operating Cells and Arrays,” Invented by Lue et
al., publication date Sep. 7, 2006 (describing a “BE-SONOS
device™); Lue et al., “BE-SONOS: A Bandgap Engineered
SONOS with Excellent Performance and Reliability”, IEEE,
December 2005; Wang et al., “Reliability and Processing
Effects of the Bandgap Engineered SONOS (BE-SONOS)
Flash Memory”, IEEE, May 2007. See also, U.S. Patent
Application Publication No. 2006/0261401 Al, entitled
“Novel Low Power Non-Volatile Memory and Gate Stack”,
by Bhattacharyya, published 23 Nov. 2006.

[0009] BE-SONOS technology has been proven to provide
excellent performance, overcoming many of the erase speed,
endurance and charge retention issues of prior art SONOS
type memory. However, the problem of the erase saturation
continues to limit operational parameters of the device. Fur-
thermore, as the device sizes shrink, it is expected that erase
saturation problems will intensify.

[0010] These prior art technologies have emphasized the
advantages of high-k dielectrics, where the dielectric con-
stant K is greater than 7, like aluminum oxide. The higher
dielectric constant can improve performance by enhancing
the program and erase speed, improving the threshold voltage

Sandisk Technologies, Inc. - Ex. 1017, Page 000028
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window for the cells, and reducing the operating voltage
during program and erase by reducing the effective oxide
thickness EOT, which is defined as the thickness of the layer
scaled by the ratio of the dielectric constant of silicon dioxide
to the dielectric constant of the material. However, it is diffi-
cult to manufacture high-k materials like aluminum oxide
with high quality. In addition, the charge trapping efficiency
of the charge trapping layer can vary with changes in the
material of the blocking dielectric. For example, it has been
believed that the silicon nitride/silicon oxide interface pro-
vides “deep” charge trapping states that resist charge leakage.
See, Fujiwara et al., Japanese Patent Application Publication
No. 11-040682, published 12 Feb. 1999. Therefore, the use of
high-k materials for the blocking dielectric comes with the
trade-off of greater electron de-trapping current than might
occur if the lower x, and higher quality, silicon dioxide were
used. Of course, the use of silicon dioxide for the blocking
layer results in the problem of high threshold erase saturation,
because of the relatively high electric field magnitude in the
lower x material.

[0011] One prior art technology that has been attempted to
address the issue of high threshold voltage erase saturation is
described in Noguchi et al, U.S. Patent Application Publica-
tion No. US 2005/0006696, published Jan. 13, 2005. Noguchi
et al. proposes a multilayer blocking dielectric structure that
includes a secondary charge trapping layer. According to
Noguchi et al., by trapping some electrons in the secondary
charge trapping layer, the magnitude of the electric field
across the blocking dielectric structure is reduced, tending to
reduce electron injection to the primary charge trapping layer
during an erase operation. In this way, according to Noguchi
et al., a lower erase saturation is achieved.

[0012] In our commonly owned, and co-pending U.S.
patent application entitled CHARGE TRAPPING
MEMORY CELL WITH HIGH SPEED ERASE, application
Ser. No. 11/845,276, filed 27 Aug. 2007, a memory cell is
described in which the blocking dielectric layer comprises a
high-k material, such as aluminum oxide, combined with a
BE-SONOS tunneling layer. The high-k blocking dielectric
tends to reduce the magnitude of the electric field across it,
and therefore reduces electron injection during erase opera-
tions based on hole injection from the channel. However, such
high-k materials tend to have defects, requiring that they be
made relatively thick to prevent charge leakage or other reli-
ability problems. Our commonly owned, and co-pending
U.S. patent application entitled BLOCKING DIELECTRIC
ENGINEERED CHARGE TRAPPING MEMORY CELL
WITH HIGH SPEED ERASE, application Ser. No. 11/845,
321, filed 27 Aug. 2007, describes the use of metal-doped
silicon dioxide, taking advantage of the ability to form high
quality silicon dioxide films with doping to increase the
dielectric constant of the layer.

[0013] In general, the problem of electron injection from
the gate during an erase bias intended to cause hole tunneling
from the channel, which causes erase saturation, arises from
the need to have a relatively high electric field in the tunneling
layer. This high field in the tunneling layer requires a high
fieldin the blocking layer as well. So, increasing the dielectric
constant of the blocking layer tends to improve operation by
reducing the magnitude of the electric field within the block-
ing layer. However, because the high-k blocking layer must
be thicker than would be needed with the standard silicon
dioxide layer, the magnitude of the electric field in the tun-
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neling layer is reduced. Therefore, the benefits of these prior
techniques are limited by the need to provide a thicker block-
ing dielectric layer.

[0014] U.S. Patent Application Publication No. US 2003/
0047755 Al, by Lee et al. proposes the use of a multilayer
blocking dielectric layer while trying to minimize the effec-
tive oxide thickness of the blocking layer in FIGS. 5-7. In US
2003/0047755A1, the purpose of high-k blocking oxide is to
reduced the effective oxide thickness EOT of the stack
between the channel and the gate for a given physical thick-
ness, and to reduce gate injection (see, paragraphs 0034-
0042). In order to reduce the EOT according to the concept in
US 2003/0047755A1, a multilayer blocking dielectric layer
would use a high relative thickness for the high-k layer rela-
tive to the buffer layer. However, a thin buffer oxide layer does
not appear to provide substantial gains in retention and reli-
ability without significant increases on the overall actual
thickness ofthe blocking dielectric layer. Furthermore, recent
studies of the use of high-k dielectrics show poor data reten-
tion for such cells, as shown for example by FIG. 7, of Chang
et al., Reliability Characteristics of TANOS (TaN/AlO/SiN/
Oxide/Si) NAND Flash Memory with Rounded Corner (RC)
Structure”, Non-Volatile Semiconductor Memory Workshop,
2008 and 2008 International Conference on Memory Tech-
nology and Design. NVSMW/ICMTD 2008. Joint, 18-22
May 2008, Pages: 117-118.

[0015] Accordingly, is desirable to provide a new memory
technology which is readily manufactured with high quality,
and overcomes the reliability and data retention issues of
prior art technologies, and that can be applied in very small
memory devices.

SUMMARY OF THE INVENTION

[0016] A blocking dielectric engineered, charge trapping
memory cell is described having a dielectric stack between
the gate and the channel including a charge trapping element
that is separated from a gate by a blocking dielectric compris-
ing a first layer in contact with the charge trapping element,
such as silicon dioxide which can be made with high-quality,
and a second layer in contact with said one of the gate and the
channel, in which the second layer has a dielectric constant
that is higher than that of the first layer, and preferably com-
prises a high-x material, and more preferably a material hav-
ing a dielectric constant more than 7. As described herein, the
second layer has a dielectric constant k, higher than k; ofthe
first layer, and the second layer has a thickness less than K,/
times that of the first layer. This thickness relationship pro-
vides for use of a relatively thick first layer acting as a buffer
layer, improving overall reliability, including charge reten-
tion, endurance and disturb characteristics of the device,
while suppressing gate injection to reduce erase saturation
levels.

[0017] As discussed in detail below, the electron barrier
height and dielectric constant are both high in the interface
with the gate, tending to suppress electron injection from the
gate, while the layer contacting the charge trapping element
acts as a buffer, masking defects in the other layer improving
charge retention.

[0018] A bandgap engineered tunneling layer between the
channel and the charge trapping element is provided in
embodiments described herein, which, in combination with
the multilayer blocking dielectric described herein, provides
for high-speed erase operations by hole tunneling.
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[0019] Thus, a new memory cell is described having a
multilayer blocking dielectric structure and a bandgap engi-
neered tunneling layer that enables fast programming and fast
erase without erase saturation, with excellent reliability and
retention characteristics. A process for manufacturing the
memory cell is described, which includes forming the multi-
layer blocking dielectric combined with a bandgap engi-
neered tunneling layer.

[0020] Although the embodiments described herein have
the blocking dielectric layer between the charge trapping
element and the gate and the tunneling layer between the
channel and the charge trapping element, the memory cell can
also be inverted, so that it is made with the blocking dielectric
contacting the channel and the tunneling layer contacting the
gate.

[0021] The technology is combined in the memory
described here with a bandgap engineered tunneling dielec-
tric that includes a combination of materials having negligible
charge trapping efficiency, and band offset characteristics.
The band offset characteristics include a relatively large hole
tunneling barrier height in a thin region at the interface with
the semiconductor body, and an increase in valence band
energy level so that the hole tunneling barrier height at a first
location, less than 2 nanometers (nm) for example from the
channel surface, is relatively low. The band offset character-
istics also include an increase in conduction band energy by
providing a thin layer of relatively high electron tunneling
barrier height at a second location more than 2 nm from the
channel surface, separating the material with a relatively
lower hole tunneling barrier height from the charge trapping
layer.

[0022] An oxide buffer layer between high-k top dielectric
(such as Al,O,) and nitride-trapping layer for charge-trap-
ping devices, as described herein results in a memory cells
with better reliability performance. On the other hand, high-k
top dielectric can relieve the electric field and suppress the
gate injection during erase. Since the gate injection is deter-
mined by the interface of gate and Al,O,, the insertion of
oxide buffer layer does not change the erase mechanism. In
fact, the oxide buffer layer shows dramatically improved
retention and read disturb reliabilities. This oxide buffer layer
greatly improves the reliability performances of MA BE-
SONOS devices.

[0023] High-k top dielectrics are widely considered as a
“must” in charge-trapping devices. The original thinking [C.
H. Lee et al, IEDM Tech. Dig., pp. 26.5.1-26.5.4, 2003] was
an analogy in floating gate device, where gate coupling ratio
(GCR) can be increased by using higher-k inter-poly dielec-
tric. However, charge-trapping devices are designed in planar
structure and do not depend on the same kind of gate coupling
ratio engineering, as do floating gate cells. In fact, for the
charge trapping device with a planar structure, the electric
field in bottom tunnel oxide is simply determined by IV ,—
VA/EOT (where EOT is effective oxide thickness), and inde-
pendent of the top dielectric. On the other hand, most current
MANOS structures uses relatively thick Al,O; as the block-
ing layer (to prevent leakage) and have a large EOT (~15 nm)
[Y. Shin et al, IJEDM Tech. Dig., pp. 327-330, 2005]. Such
large EOT should not help in program/erase speed according
to the theory.

[0024] The actual role of high-k top dielectric is believed to
be suppression of gate injection during erase [S. C. Lai et al,
VLSI-TS4, pp. 14-15,2007.S. C. Laietal, [EEE NVSMW, pp.
88-89, 2007]. A higher-k top dielectric has lower electric field
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during erase. If the conduction band offset between metal
gate and top dielectric (barrier height) is high enough, the gate
injection during erase can be greatly suppressed. The actual
erase mechanism of MANOS is believed to come from the
electron de-trapping (just like MONOS with a thick tunnel
oxide) [S. C. Lai et al, VLSI-TSA4, pp. 14-15, 2007]. The
suppression of gate injection using Al,O; allows very large
electric field (>16MV/cm) to increase the electron de-trap-
ping. However, such large electric field results in serious
degradation of the device, and approaches dielectric break-
down [Y. Shin et al, /JEDM Tech. Dig., pp. 327-330, 2005].
[0025] A memory cell comprising a metal gate, aluminum
oxide blocking layer and bandgap engineered tunneling layer
MA BE-SONOS [S. C. Lai et al, IEEE NVSMW, pp. 88-89,
2007] is described in our co-pending U.S. Patent Application
No. Such cell is shown to provide fast erase speed without
erase saturation. A band engineered ONO barrier is used to
provide efficient hole tunneling erase. However, we find that
the introduction of Al,O; top dielectric significantly degrades
the dataretention. It is believed that the Al,0; is the root cause
of charge leakage. In order to solve this issue, we insert an
oxide buffer layer between Al,O, and nitride. This new struc-
ture is thus essentially a BE-SONOS [H. T. Lue et al, IJEDM
Tech. Dig., pp. 22.3.1-22.3.4, 2005] structure with an Al,O,
top-capping layer. Since the gate injection is dominated by
the interface of gate and Al,O,, the insertion of oxide buffer
layer does not change the erase mechanism. On the other
hand, reliability performance is significantly improved. Fur-
thermore, a relatively thin layer of aluminum oxide is suffi-
cient to suppress gate injection, so that the thickness of the
oxide buffer layer can be more that half the thickness of the
aluminum oxide layer. The thickness of the buffer layer is
generalized as explained above for use of other high-k mate-
rials, by the relation the second layer has to dielectric constant
K,, which is higher than «; of the first layer, and the second
layer has a thickness less than «,/k; times that of the first
layer.

[0026] The present technology combines techniques for
reducing the electric field in the multilayer blocking dielectric
layer, maintaining a relatively high conduction band offset at
the gate or channel interface and maintaining a high quality
interface (relatively defect free) between the charge trapping
element and the multilayer blocking dielectric layer. As a
result, the advantage of high-k material is achieved while
maintaining a thinner blocking dielectric stack. The multi-
layer blocking dielectric layer is further combined with tech-
niques for reducing the magnitude of the electric field
required for erase to achieve high speed erase operations
without saturation, enabling a large memory window com-
pared to prior devices. Also, charge retention and endurance
characteristics of the memory cell are very good. The thinner
blocking dielectric stack results in a greater electric field in
the tunneling layer for a given voltage, and enables even
higher speed erase operations without sacrificing endurance
or charge retention characteristics of the memory.

[0027] Circuitry is coupled to the array of memory cells to
apply bias voltages to selected memory cells for read, pro-
gram and erase operations, including high speed erase opera-
tions causing reduction in cell threshold of more than 2 V in
less than 10 msec at operating voltages across the gate and
semiconductor body (including the channel and source/drain
junctions) of less than 20 V.

[0028] The new memory cell structures described herein
have good reliability including good data retention and high
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immunity to read disturbance. The new memory cell struc-
tures have lower erase saturation levels and larger memory
window since the gate injection can be well suppressed by the
high-k capping layer.

[0029] Therefore, this new device is suitable for NAND
flash applications beyond 45 nm node.

[0030] Other aspects and advantages of the present inven-
tion can be seen on review of the drawings, the detailed
description in the claims which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] FIG.1 is a simplified diagram of an embodiment of
a memory cell according to the present invention.

[0032] FIG. 2 is a band diagram for a tunneling dielectric
layer including band offset technology at low electric fields.
[0033] FIG. 3 is a band diagram for a tunneling dielectric
layer including band offset technology at high electric fields.
[0034] FIG. 4 illustrates the electric fields and tunneling
currents during an erase operation for an embodiment of a
memory cell according to the present invention.

[0035] FIGS. 5A through 5D are conduction band diagrams
for the blocking dielectric layer of a single silicon dioxide
layer (FIG. 5A), a single aluminum oxide layer (FIG. 5B), a
first example stacked silicon dioxide/aluminum oxide layer
(FIG. 5C), and a second example stacked silicon dioxide/
aluminum oxide layer having a thicker aluminum oxide layer
than the first example (FIG. 5D).

[0036] FIG. 6 is a schematic diagram of a NAND-type
memory array employing memory cells according to the
present invention.

[0037] FIG. 7 is a simplified cross-sectional view of
memory cells according to the present invention in a NAND
configuration, taken perpendicular to word lines.

[0038] FIG. 8 is a simplified cross-sectional view of
memory cells according to the present invention in a NAND
configuration, taken through a word line.

[0039] FIG. 9 is a block diagram of an integrated circuit
memory employing memory cells and bias circuitry accord-
ing to embodiments of the present invention.

[0040] FIG. 10 is a graph of flat band voltage versus erase
bias time showing erase curves for BE-SONOS cells with a
single silicon dioxide layer blocking dielectric and with a
multilayer blocking dielectric as described herein.

[0041] FIG. 11 is a graph of flat band voltage versus erase
bias time showing erase curves for different multilayer block-
ing dielectric structures.

[0042] FIG. 12 is a graph of flat band voltage versus erase
bias time showing erase curves for different erase bias volt-
ages in a BE-SONOS cell with a multilayer blocking dielec-
tric as described herein.

[0043] FIG. 13 is a graph of flat band voltage versus erase
bias time showing erase curves for BE-SONOS cells having
an aluminum gate, with a single silicon dioxide layer block-
ing dielectric and with a multilayer blocking dielectric as
described herein.

[0044] FIG. 14 is a graph of flat band voltage versus baking
time showing excellent charge retention for various threshold
levels for BE-SONOS cells with a multilayer blocking dielec-
tric as described herein.

[0045] FIGS. 15A-15B are graphs of change in flat band
voltage versus stress time, for BE-SONOS cells with a mul-
tilayer blocking dielectric as described herein, and with a
single aluminum oxide layer blocking dielectric, respec-
tively, for various read voltage levels.
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[0046] FIG. 16 is a graph of read cycle number versus read
voltage for BE-SONOS cells with a multilayer blocking
dielectric as described herein, and with a single aluminum
oxide layer blocking dielectric.

[0047] FIG. 17 is a simplified cross-section of a MONOS
style memory cell with a high-k capping layer.

[0048] FIG. 18 shows erase characteristics of MONOS,
MONOS with a high-k capping layer and MANOS.

[0049] FIG. 19 shows retention characteristics of MONOS,
MONOS with a high-k capping layer and MANOS.

[0050] FIG. 20 shows read-disturb characteristics of
MONOS, MONOS with a high-x capping layer and
MANOS.

[0051] FIG. 21 shows TEM micrograph of MA
BE-SONOS with a SiO, buffer layer.

[0052] FIG. 22 shows erase characteristics of MONOS, and
BE-SONOS with different gate materials. Al (n-type), TiN
(mid-gap) and Pt (P-type) gate are compared. BE-SONOS
has much faster erase speed than MONOS (EOT ~130 A for
both devices). For BE-SONOS, higher work-function metal
gate has lower erase saturation.

[0053] FIG. 23 shows erase characteristics of Pt-gate BE-
SONOS and Al-gate MA BE-SONOS with various SiO,
buffer layer at V~=-15 V. Al-gate MA BE-SONOS shows
similarly low erase saturation level just like Pt-gate
BE-SONOS. This indicates that Al,O, top-capping layer can
greatly suppress the gate injection.

[0054] FIG. 24 shows erase transient current density in
FIG. 23. All the samples show identical erase J-E curves. This
implies that all the devices have the same erase mechanism,
since they share the same ONO tunneling barrier.

[0055] FIG. 25 shows erase speed comparison of MANOS
with and without oxide bufter layer. The EOTs of MANOS
with and without an SiO, buffer layer are 15.4 nm and 17.2
nm, respectively. The gate material is aluminum for both
devices.

[0056] FIG. 26 shows 150° C. bake retention characteris-
tics of MA BE-SONOS with various oxide buffer layer.
Thicker oxide buffer layer improves the data retention.
[0057] FIG. 27 shows read disturb test of MA BE-SONOS
(13/20/25/50/40/60) with oxide buffer layer. Various gate
voltage is applied to the erased state (Vz=1.5V).

[0058] FIG. 28 shows read number vs. V-read curve of MA
BE-SONOS with a 4 nm SiO, buffer layer, extracted from
FIG. 27. The read number=(Stress time for A V=1V at
initial V zz=—1.5V)/(1 ms read access time). The read number
can exceed 1M read cycles at Vread<7 V.

[0059] FIG. 29 shows read disturb characteristics of MA
BE-SONOS with different thickness of SiO, buffer layer.
Thinner oxide buffer layer shows slightly enhanced read dis-
turb.

[0060] FIG. 30 shows cycle endurance of MA BE-SONOS
with different thicknesses of SiO, buffer layers. All the
devices can well maintain memory window after 10K cycling
stress.

[0061] FIG. 31 shows retention characteristics of MA BE-
SONOS with a 4 nm SiO, buffer layer after different P/E
cycles, where all the devices are program to Vz=3V firstand
then baked at 150° C. The film stack of this sample is 13/20/
25/50/40/60 with a Al metal gate.

[0062] FIG. 32 shows retention comparison of MA BE-
SONOS with oxide buffer layer (13/20/25/50/50/60), TiN
gate BE-SONOS (13/20/25/50/50), MA BE-SONOS without
oxide buffer layer, and MANOS without oxide buffer layer.
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[0063] FIG. 33 shows erase characteristics of MA
BE-SONOS with different Al,O; thicknesses. Very thin
AL, O, (4 nm) top-capping layer shows successful erase per-
formance, with low erase saturation level (Vz<-2 V).
[0064] FIG. 34 shows bake retention of MA BE-SONOS
with a SiO, buffer layer but various Al,O, thicknesses at 150°
C. The gate material is aluminum (Al).

DETAILED DESCRIPTION

[0065] A detailed description of embodiments of the
present invention is provided with reference to the FIGS.
1-34.

[0066] FIG. 1 is a simplified diagram of a charge trapping
memory cell employing a multilayer blocking dielectric layer
and a bandgap engineered dielectric tunneling layer. The
memory cell includes a channel 10, a source 11 and a drain 12
adjacent the channel in a semiconductor body. A gate 18
overlies a multilayer stack, including the multilayer blocking
dielectric layer, the charge trapping layer and the tunneling
layer, of dielectric materials acting as the charge storage
structure.

[0067] Gate 18 in this embodiment comprises p+ polysili-
con. N+ polysilicon may also be used. Other embodiments
employ metals, metal compounds or combinations of metals
and metal compounds for the gate 18, such as platinum,
tantalum nitride, metal silicides, aluminum or other metal or
metal compound gate materials (e.g. from Ti, TiN, Ta, Ru, Ir,
RuO,, IrO,, W, WN, and others. For some applications, it is
preferable to use materials having work functions higher than
4 eV, preferably higher than 4.5 eV. A variety of high work
function materials suitable for use as a gate terminal are
described in U.S. Pat. No. 6,912,163, referred to above. Such
materials are typically deposited using sputtering and physi-
cal vapor deposition technologies, and can be patterned using
reactive ion etching.

[0068] In the embodiment illustrated in FIG. 1, the dielec-
tric tunneling layer comprises a composite of materials,
including a first layer 13, referred to as a hole tunneling layer,
of'silicon dioxide on the surface 10a of the channel 10 formed
for example using in-situ steam generation ISSG with
optional nitridation by either a post deposition NO anneal or
by addition of NO to the ambient during deposition. The
thickness of the first layer 13 of silicon dioxide is less than 20
A, and preferably 15 A or less. Representative embodiments
are 10 A or 12 A thick.

[0069] A layer 14, referred to as a band offset layer, of
silicon nitride lies on the first layer 13 of silicon oxide formed
for example using low-pressure chemical vapor deposition
LPCVD, using for example dichlorosilane DCS and NH,
precursors at 680° C. In alternative processes, the band offset
layer comprises silicon oxynitride, made using a similar pro-
cess with an N,O precursor. The thickness of the layer 14 of
silicon nitride is less than 30 A, and preferably 25 A or less.
[0070] A second layer 15 of silicon dioxide, referred to as
an isolation layer, lies on the layer 14 of silicon nitride formed
for example using LPCVD high temperature oxide HTO
deposition. The thickness of the second layer 15 of silicon
dioxide is less than 30 A, and preferably 25 A or less. The
valence band energy level at the first location is such that an
electric field sufficient to induce hole tunneling through the
thin region between the interface with the semiconductor
body and the first location, is also sufficient to raise the
valence band energy level after the first location to a level that
effectively eliminates the hole tunneling barrier in the engi-
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neered tunneling dielectric after the first location. This struc-
ture enables electric field assisted hole tunneling at high
speeds while effectively preventing charge leakage through
the engineered tunneling dielectric in the absence of electric
fields or in the presence of smaller electric fields induced for
the purpose of other operations, such as reading data from the
cell or programming adjacent cells.

[0071] Inarepresentative device, the engineered tunneling
dielectric layer consists of an ultrathin silicon oxide layer O1
(e.g. <=18 A), an ultrathin silicon nitride layer N1 (e.g. <=30
A) and an ultrathin silicon oxide layer O2 (e.g. <=35 A),
which results in an increase in the valence band energy level
ofabout2.6eV atanoffset 15 A or less from the interface with
the semiconductor body. The O2 layer separates the N1 layer
from the charge trapping layer, at a second offset (e.g. about
30 A to 45 A from the interface), by a region of lower valence
band energy level (higher hole tunneling barrier) and higher
conduction band energy level. The electric field sufficient to
induce hole tunneling raises the valence band energy level
after the second location to a level that eftectively eliminates
the hole tunneling barrier, because the second location is at a
greater distance from the interface. Therefore, the O2 layer
does not significantly interfere with the electric field assisted
hole tunneling, while improving the ability of the engineered
tunneling dielectric to block leakage during low fields.
[0072] Embodiments of the memory cell described herein
include gates comprising polysilicon, such as n+ polysilicon,
or metal, such as aluminum. In alternatives, the gates com-
prise materials having work functions that are greater than the
work functions of n+ polysilicon, including for example, p+
polysilicon, platinum, tantalum nitride, and other materials
chosen for work function, conductivity and manufacturabil-
ity.

[0073] The structure of the dielectric tunneling layer is
described in more detail below with reference to FIGS. 2 and
3.

[0074] A charge trapping layer 16 in this embodiment com-
prises silicon nitride having a thickness greater than 50 A,
including for example about 70 A in this embodiment formed
for example using LPCVD. Other charge trapping materials
and structures may be employed, including for example sili-
con oxynitride (Si,O,N,), silicon-rich nitride, silicon-rich
oxide, trapping layers including embedded nano-particles
and so on. A variety of charge trapping materials are
described in the above referenced U.S. Patent Application
Publication No. 2006/0261401 Al, entitled ‘“Novel Low
Power Non-Volatile Memory and Gate Stack™, by Bhatta-
charyya, published 23 Nov. 2006.

[0075] The blocking dielectric layer in this embodiment
comprises a stack including a buffer layer 17A and a high-k
capping layer 17B. High-k herein refers to dielectric con-
stant>7, such as found in materials including Al,O;, HfO,,
7Zr0,, La,0;, AlSiO, HfSiO and ZrSiO etc.

[0076] The buffer layer of silicon dioxide can be formed by
wet conversion from the nitride by a wet furnace oxidation
process. Other embodiments may be implemented using high
temperature oxide (HTO) or LPCVD SiO,. An aluminum
oxide capping dielectric layer can be made by atomic vapor
deposition, with a post rapid thermal anneal at about 900° for
60 seconds to strengthen the film.

[0077] Using these processes, a layer of silicon oxide can
be formed with very few defects, and a capping layer of
high-k, high conduction band offset material like aluminum
oxide, combine to provide a blocking dielectric layer which
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provides excellent retention characteristics and very low
erase saturation voltages. Therefore, the EOT can be reduced
and the operation voltage can be lowered.

[0078] In a representative embodiment, the first layer 13
can be 13 A of silicon dioxide; the band offset layer 14 can be
20 A of silicon nitride; the isolation layer 15 can be 25 A of
silicon dioxide; the charge trapping layer 16 can be 70 A of
silicon nitride; and the blocking dielectric layer 17A, 17B can
be of silicon oxide between 5 A and 90 A, with a capping layer
of aluminum oxide between 5 and 90 A The gate material can
be p+ polysilicon (work function about 5.1 eV). For improved
retention characteristics, it is preferred that the layer of silicon
oxide have a thickness greater than 30 A.

[0079] Also, it is found that the ratio of the thickness of the
top layer 17B to the thickness of the bottom layer 17A of the
blocking dielectric layer can be less than 2 for the combina-
tion of silicon oxide (k=3.9) and aluminum oxide (k=about
8). In general, the top layer 17B can have a thickness that is
less that the ratio of the dielectric constants thicker than the
bottom layer 17A. Thus, the blocking dielectric layer as
described herein includes a first layer 17A having a dielectric
constant K, contacting the charge trapping dielectric layer and
a second layer 17B contacting another one of the channel
surface and the gate, the second layer 17B having a dielectric
constant K, higher than k, of the first layer, and the second
layer having thickness less than K/, times that of the first
layer. For aluminum oxide as a top capping layer, the dielec-
tric constant is ~8 and the barrier height or conduction band
offset is more than 3 eV to obtain the erase saturation V zz<—
2V. Since the barrier height of Al,Oj; is almost the same as
Si0,, the electron barrier height or conduction band offset of
aluminum oxide with N+ polysilicon gate is about 3.1 eV.
[0080] In examples of memory cells described herein, in
order to get a reasonable operation speed (program and erase)
at a voltage of less than 20 volts, the total effective oxide
thickness EOT for the multilayer dielectric stack (e.g., High-
k-O—N—O—N—0, and High-k-O—N—O) between the
gate and the channel should be less than 160 A. The EOT of
abandgap engineered (BE) ONO tunneling barrier or a single
layer SiO, tunnel oxide is typically in a range of about 40 to
55 A, and preferably 45 to 50 A and the EOT of a nitride
charge trapping layer is typically in a range of about 25 to 40
A, and preferably 30 to 35 A. Therefore, the EOT for the
multilayer blocking dielectric layer (e.g. SiO, buffer layer
and Al,O,) is less than 95 A, and preferably in a range of
about 75 to 85 A, for the memory cells described herein.
[0081] FIG. 2 is a diagram of the energy levels of the
conduction and valence bands of the dielectric tunneling
structure including the stack of layers 13-15 of FIG. 1 under
a low electric field, showing a “U-shaped” conduction band
and an “inverted U-shaped” valence band. From the right
side, the bandgap for the semiconductor body is shown in
region 30, the valence and conduction bands for the hole
tunneling layer are shown in region 31, the bandgap for the
offset layer is shown in region 32, the valence and conduction
bands for the isolation layer are shown in region 33 and the
valence and conduction bands for the charge trapping layer
are shown in region 34. Electrons, represented by the circles
with the negative sign, trapped within the charge trapping
region 34 are unable to tunnel to the conduction band in the
channel, because the conduction band of the tunneling dielec-
tric layer in all three regions 31, 32, 33 remains high relative
to the energy level of the trap. The likelihood of electron
tunneling correlates with the area under the “U-shaped” con-
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duction band in the tunneling dielectric layer and above a
horizontal line at the energy level of the trap to the channel.
Thus, electron tunneling is very unlikely at low field condi-
tions. Likewise, holes in the valence band of the channel in
region 30 are blocked by the full thickness of regions 31, 32
and 33 from tunneling to the charge trapping layer (region
34), and the high hole tunneling barrier height at the channel
interface. The likelihood of hole tunneling correlates with the
area over the “inverted U-shaped” valence band in the tun-
neling dielectric layer and below a horizontal line at the
energy level of the channel to the charge trapping layer. Thus,
hole tunneling is very unlikely at low field conditions. For the
representative embodiment, in which the hole tunneling layer
comprises silicon dioxide, a hole tunneling barrier height of
about 4.5 eV prevents hole tunneling. The valence band in the
silicon nitride remains 1.9 eV below that of the valence band
in the channel. Therefore, the valence band in all three regions
31, 32, 33 of the tunneling dielectric structure remains sig-
nificantly below the valence band in the channel region 30.
The tunneling layer described herein therefore is character-
ized by band offset characteristics, include a relatively large
hole tunneling barrier height in a thin layer (region 31) at the
interface with the semiconductor body, and an increase 37 in
valence band energy level at a first location spaced less than 2
nm from the channel surface. The band offset characteristics
also include a decrease 38 in valence band energy level at a
second location spaced from the channel by providing a thin
layer (region 33) of relatively high tunneling barrier height
material, resulting in the inverted U-shaped valence band
shape. Likewise, the conduction band has a U-shape caused
by the same selection of materials.

[0082] FIG. 3 shows the band diagram for the dielectric
tunneling structure under conditions of an electric field of
about -12 MV/cm in the tunneling region 31, for the purposes
of'inducing hole tunneling (in FIG. 3, the O1 layer is about 15
A thick). Under the electric field the valence band slopes
upward from the channel surface. Therefore, at an offset
distance from the channel surface the valence band in the
tunneling dielectric structure increases in band energy level
substantially, and in the illustration rises above the band
energy in the valence band in the channel region. Therefore,
the hole tunneling probability is increased substantially as the
area (shaded in FIG. 3) between the level of the valence band
in the channel and above the sloped, inverted U-shaped
valence band in the tunneling stack is reduced. The band
offset effectively eliminates the blocking function of the oft-
set layer in region 32 and isolation layer in region 33 from the
tunneling dielectric during high electric field allowing a large
hole tunneling current under relatively small electric fields
(e.g. E<14 MV/cm).

[0083] The isolation layer (region 33) isolates the offset
layer 32 from a charge trapping layer (region 34). This
increases the effective blocking capability during low electric
field for both electrons and holes, improving charge retention.
[0084] The offset layer 32 in this embodiment must be thin
enough that it has negligible charge trapping efficiency. Also,
the offset layer is a dielectric, and not conductive. Thus, for an
embodiment employing silicon nitride, the offset layer should
be less than 30 A thick, and more preferably about 25 A or
less.

[0085] The hole tunneling region 31, for an embodiment
employing silicon dioxide, should be less than 20 A thick, and
more preferably less than 15 A thick. For example, in a
preferred embodiment, the hole tunneling region 31 is silicon
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dioxide about 13 A or 10 A thick, and exposed to a nitridation
process as mentioned above resulting in an ultrathin silicon
oxynitride.

[0086] The tunneling dielectric layer can be implemented
in embodiments of the present invention using a composite of
silicon oxide, silicon oxynitride and silicon nitride without
precise transitions between the layers, so long as the compos-
ite results in the required inverted U-shape valence band,
having a change in valence band energy level at the offset
distance from the channel surface needed for efficient hole
tunneling. Also, other combinations of materials could be
used to provide band offset technology.

[0087] The description of the dielectric tunneling layer
focuses on “hole tunneling” rather than electron tunneling
because the technology has solved the problems associated
with the need to rely on hole tunneling in SONOS type
memory. For example, a tunnel dielectric consisting of silicon
dioxide which is thin enough to support hole tunneling at
practical speeds, will be too thin to block leakage by electron
tunneling. The effects of the engineering however, also
improve performance of electron tunneling. So, both pro-
gramming by electron tunneling and erasing by hole tunnel-
ing are substantially improved using bandgap engineering.
[0088] In alternatives, the multilayer tunneling stack may
be replaced with a single layer tunneling oxide as used in
conventional MONOS devices, or with other tunneling layer
structures. It is known that although the conventional
MONOS (tunneling oxide>3 nm) has good data retention, its
erase saturation level is too high for NAND application
because the SiO, top oxide cannot well suppress the gate
injection.

[0089] MANOS/TANOS were proposed as referred to
above. These structures use an Al,O; (k~8) to replace the top
oxide (k=3.9). The erase saturation is greatly suppressed,
therefore, MANOS device has lower erase saturation level
and larger memory window than MONOS. However, the use
of'a single high-k top dielectric may introduce new reliability
issues. This is because the high-k dielectric is often more
leaky than the conventional SiO, top oxide. Therefore, the use
of a single, high-k top dielectric does not provide retention
reliability.

[0090] As described herein, an additional high-k capping
film is capped on the top oxide of MONOS. This new struc-
ture has good retention and read disturbance characteristics
because the buffer layer has a low leakage current and can
form the deep traps in the interface between trapping layer
(SiN) and buffer layer (SiO,). Also, the top high-k film can
suppress the gate injection because of its high dielectric con-
stant, so that this new innovation can get a low erase satura-
tion level and large memory window, which are good for
NAND flash applications.

[0091] FIG.4 isaschematic illustration of the gate stack for
a charge trapping memory cell like that in FIG. 1, showing
electric field dynamics during an erase process. The gate
stack includes a hole tunneling layer 43, a band offset layer
44, and an isolation layer 45 which in combination act as the
dielectric tunneling layer for the device. A charge trapping
layer 46 is shown on the tunneling dielectric layer. A blocking
dielectric layer consisting of a multilayer structure including
a buffer layer 47A and a capping layer 47B separates the
charge trapping layer 46 from the gate 48. During an erase
process, the electric field is induced by bias voltages V5 and
V- applied at the gate and channel of the memory cell, and
results in an electric field E,,,, 50 through the dielectric
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tunneling layer 43, 44, 45 and an electric field E; 51 through
the blocking layer 47A/47B. The magnitude of the electric
field E ;5 50 through the dielectric tunneling layer is suffi-
cient to induce hole tunneling current 52 into the trapping
layer 46. The magnitude of the electric field E 51 through the
capping layer 47B in the blocking dielectric layer is reduced
relative to that through the silicon dioxide in the tunneling
dielectric layer because of the higher dielectric constant by an
amount that is about 3.9/, where 3.9 is the dielectric constant
for silicon dioxide and x is the dielectric constant of the
capping layer 47B. Therefore, because of sufficient electron
affinity of the gate 48, the relatively lower electric field E; 51
and the thickness of the blocking dielectric layer 47A/47B,
electron tunneling current 53 is effectively blocked, allowing
large memory windows without erase saturation effects.
Memory devices as taught herein are operable with bias volt-
ages across the gate and semiconductor body low enough that
a maximum electric field of 14 MV/cm or less occurs in the
tunneling dielectric layer during erase, with a corresponding
lower electric field in the blocking dielectric layer.

[0092] FIGS.5A through 5D are conduction band diagrams
for the blocking dielectric layer of a single silicon dioxide
layer (FIG. 5A), a single aluminum oxide layer (FIG. 5B), a
first example stacked silicon dioxide/aluminum oxide layer
(FIG. 5C), and a second example stacked silicon dioxide/
aluminum oxide layer having a thicker aluminum oxide layer
than the first example (FIG. 5D). The tunneling probability
for electron injection from the gate can be understood from
these figures. The magnitude of the electric field within the
material is reflected by the slope of the conduction band.
Thus, the region corresponding to the silicon dioxide buffer
layer labeled O3 in FIGS. 5C and 5D has a greater slope than
the region corresponding to the aluminum oxide capping
layer. The conduction band offset at the gate interface is
reflected by the height of the step in the conduction band. For
a bandgap engineered SONOS device as shown in FIG. 5A,
the tunneling probability is relatively high, even though the
conduction band offset is relatively large because of the high
magnitude of the electric field. For an embodiment having an
aluminum oxide blocking dielectric layer as represented in
FIG. 5B, the tunneling probability is relatively low because of
the lower slope on the conduction band caused by the rela-
tively high dielectric constant (e.g. greater than 7), and
because the conduction band offset remains relatively high
(e.g. greater than 3 eV). FIGS. 5C and 5D suggest that the
tunneling probability for gate injection is about the same for
multilayer stacks having a silicon dioxide buffer layer and an
aluminum oxide top layer, so long as the thickness of the
aluminum oxide top layer is larger than a minimum value.
Thus, the tunneling probability for the embodiment FIG. 5C
having a thinner aluminum oxide layer is about the same as
that for the embodiment of FIG. 5D having a thicker alumi-
num oxide layer.

[0093] Memory cells implemented as described above can
be arranged in a NAND-type array as shown in FIG. 6. The
array includes a plurality of bit lines BL.-1, BL-2, BL.-3, BL-4,
...,and a plurality of word lines WL-1, WL.-2, ..., WL-N-1,
WL-N. Groups of N memory cells are connected in series
between a block select transistor coupled to a corresponding
bit line and a source select transistor coupled to a source line.
A block select word line BST is coupled to a row of block
select transistors and a source select word line SST is coupled
to arow of source line connect transistors. Thus, for example,
for a representative bit line, BL-2, in the figure, a block select
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transistor 60 connects a series of memory cells 61-1 through
61-N to the bit line BL.-2 in response to the signal BST on the
block select word line. The last memory cell 61-N in the series
is connected to source select transistor 62 which couples the
series to the source line SL in response to the signal SST on a
source select word line.

[0094] Inthe alternative, the memory cells can be arranged
in AND-type, NOR-type and virtual ground-type arrays often
applied in flash memory devices.

[0095] Programming may be accomplished in the NAND
array by applying incremental stepped pulse programming
ISPP or other processes for inducing Fowler Nordheim FN
tunneling. ISPP involves applying a stepped programming
voltage, starting at a gate bias of for example about plus 17V,
and incrementing the voltage for each programming step by
about 0.2 V. Each pulse can have a constant pulse width of
about 10 ps for example. In variations of the technique, the
pulse width and the increment applied for each succeeding
pulse can be varied to meet the needs of the particular imple-
mentation. The memory cells of this type have demonstrated
relatively linear programming characteristics, and very large
memory windows compared to the prior art, making them
particularly well-suited to storing multiple bits per cell with
multilevel programming technologies. In alternative embodi-
ments, the so-called voltage pulse self-boosting technique is
applied for programming. Other biasing arrangements can be
applied as well, selected for compatibility with array charac-
teristics.

[0096] Other programming bias techniques can be applied.
For NOR array structures, various biasing arrangements for
inducing hot electron tunneling or FN tunneling may be
applied as well as other techniques known in the art.

[0097] FIGS. 7 and 8 show cross-sectional views of a rep-
resentative memory cell structure as described herein imple-
mented in a NAND-type array, taken across the word lines
and along the word line respectively. FIG. 7 shows a semi-
conductor body 70 including channel regions 74, 75 and
source/drain terminals 71, 72, 73 contacting the channel
regions. The channel length between the source and drain
terminals is preferably less than 50 nm, and in preferred
embodiments 30 nm or less. The composite dielectric tunnel-
ing layer 76, the charge trapping layer 77, the multilayer
blocking dielectric layer 78A/78B and the word line layer 79
are arranged in stacks 80 and 81 over the channel regions 74
and 75, respectively.

[0098] FIG. 8 shows the structure of FIG. 7 taken in cross-
section along a word line which includes the same stack with
the same reference numerals as described with reference to
FIG. 7. Columns of series connected cells are separated by
shallow trench isolation STI structures 82, 83, 84. In the
illustration, the surfaces of the channel 74, and of the adjacent
channel 74A, are planar. Implementations of the device may
include recessed (concave) channel surfaces in this cross-
section, or extended (convex) channel surfaces, depending on
the manufacturing techniques and the desired product. The
tunneling dielectric layer 76 and the rest of the stack, includ-
ing layers 77, 78A/78B, 79 overlie the channel surfaces,
whether planar, concave or convex, in a conformal manner.
The channel width between the STI structures (e.g., 82, 83) is
preferably less than 50 nm, and more preferably as small as
the STI techniques allow.

[0099] FIG.9is asimplified block diagram of an integrated
circuit employing blocking dielectric  engineered
BE-SONOS memory cells as described herein having a metal
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or polysilicon gate, a multilayer, high-k capped blocking
dielectric, and a bandgap engineered tunneling dielectric
layer. The integrated circuit 810 includes a memory array 812
implemented using blocking dielectric engineered
BE-SONOS memory cells as described herein on a semicon-
ductor substrate. A word line (or row) and block select
decoder 814 are coupled to, and in electrical communication
with, a plurality 816 of word lines and block select lines, and
arranged along rows in the memory array 812. A bit line
(column) decoder and drivers 818 are coupled to and in elec-
trical communication with a plurality of bit lines 820
arranged along columns in the memory array 812 for reading
data from, and writing data to, the memory cells in the
memory array 812. Addresses are supplied on bus 822 to the
word line decoder and drivers 814 and to the bit line decoder
818. Sense amplifiers and data-in structures in block 824,
including current sources for the read, program and erase
modes, are coupled to the bit line decoder 818 via data bus
826. Data is supplied via the data-in line 828 from input/
output ports on the integrated circuit 810 or from other data
sources internal or external to the integrated circuit 810, to the
data-in structures in block 824. In the illustrated embodiment,
other circuitry 830 is included on the integrated circuit 810,
such as a general purpose processor or special purpose appli-
cation circuitry, or a combination of modules providing sys-
tem-on-a-chip functionality supported by the memory cell
array. Data is supplied via the data-out line 832 from the sense
amplifiers in block 824 to input/output ports on the integrated
circuit 810, or to other data destinations internal or external to
the integrated circuit 810.

[0100] The array 812 can be a NAND array, an AND array
or a NOR array, depending on the particular application. The
very large memory window available supports storing mul-
tiple bits per cell, and thus multiple bit sense amplifiers can be
included on the device.

[0101] A controller implemented in this example, using
bias arrangement state machine 834, controls the application
of'bias arrangement supply voltages and current sources 836,
such as read, program, erase, erase verify, program verify
voltages or currents for the word lines and bit lines, and
controls the word line/source line operation using an access
control process. The controller 834 can be implemented using
special purpose logic circuitry as known in the art. In alter-
native embodiments, the controller 834 comprises a general
purpose processor, which may be implemented on the same
integrated circuit, which executes a computer program to
control the operations of the device. In yet other embodi-
ments, a combination of special-purpose logic circuitry and a
general-purpose processor may be utilized for implementa-
tion of the controller 834.

[0102] FIG. 10 is a graph of simulated flat band voltage
(which correlates with threshold voltage for a memory cell)
versus erase bias time showing simulated erase curves for a
negative 18 V erase bias for an embodiment of a memory cell
having a tunneling dielectric layer comprising a tunneling
layer (O1) of 13 A of silicon dioxide on the channel surface,
an offset layer (N1) of 20 A silicon nitride and an isolation
layer (02) of 25 A silicon dioxide, a charge trapping layer
(N2) comprising 70 A of silicon nitride, a blocking dielectric
(O3) consisting of silicon dioxide 90 A thick, and in a similar
cell in which the blocking dielectric includes a buffer layer
(03) of silicon dioxide about 50 A thick capped by a layer of
aluminum oxide about 80 A thick so that the effective oxide
thickness ofboth embodiments is about 178 A. The channel is
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grounded in these examples, and the gate voltage V ; is about
-18 V. The plot shows on trace 1001 that the erase saturation
occurs in the embodiment without the aluminum oxide cap
layer at a flat band voltage level higher than negative 2 V.
However, the plot shows on trace 1000 that with the alumi-
num oxide capping layer, erase saturation is avoided at least to
flat band voltage levels below -4 V.

[0103] FIG. 11 is a graph of simulated flat band voltage
versus erase bias time for similar cells with varying thick-
nesses of the charge trapping layer N2. The thickness of the
silicon oxide buffer layer O3 and the thickness of the alumi-
num oxide capping layer are adjusted. The embodiment in
which the charge trapping layer is 60 Angstroms, the buffer
layer is 30 Angstroms and the capping layer is 70 Angstroms
has a much higher erase speed than the alternative embodi-
ment in which the charge trapping layer is 70 Angstroms, the
oxide buffer is 50 Angstroms and the aluminum oxide cap-
ping layer is 80 Angstroms. This erase speed characteristic
can be explained by the smaller effective oxide thickness of
the first example, resulting in greater magnitude of electric
field across the tunneling layer. However, in the embodiment
in which the charge trapping layer is 60 Angstroms, the buffer
layer O3 is less than k2/k1 time the thickness of the capping
layer. Thus, such cell will suffer reduced charge retention.
[0104] FIG. 12 is a graph of simulated flat band voltage
versus erase bias time for a memory cell embodiment with a
buffer layer of silicon dioxide about 50 Angstroms thick and
a capping layer of aluminum oxide about 80 Angstroms thick,
with various erase bias voltages. As illustrated, the erase
speed improves significantly with increasing erase bias from
—-18 Vto about —-20V. At erase bias of about =20V, a threshold
reduction of more than 7V can be accomplished in about 100
ms. More than 2 V reduction in threshold can be accom-
plished in less than 1 ms.

[0105] FIG. 13 illustrates performance of a memory cell
embodiment with and without the capping layer in the block-
ing dielectric, having an aluminum gate. An aluminum gate
has a relatively low work function. However it can be seen as
the use of the capping dielectric layer lowers the erase satu-
ration threshold to a flat band voltage of almost negative 4
volts. In contrast, in an embodiment with a single silicon
dioxide blocking layer, the erase saturation occurs at above
positive 1 V.

[0106] FIG. 14 shows retention characteristics according to
a bake test for an embodiment of the memory cell described
herein with a 60 Angstrom silicon dioxide buffer layer and an
80 Angstrom aluminum oxide capping layer. As can be seen,
for flat band voltage thresholds of about 3, 2, 1, -1 and -2
volts, charge retention is quite good for baking times out to a
million seconds at 150° C.

[0107] FIGS. 15A and 15B illustrate the read-disturb char-
acteristics for various read voltages (e.g. word line voltage in
a NAND configuration during a read operation) in a memory
cell embodiment having a 60 Angstrom silicon dioxide buffer
layer and a 65 Angstrom aluminum oxide capping layer, and
a memory cell embodiment with a 150 Angstrom aluminum
oxide blocking layer, without a silicon dioxide buffer layer,
respectively. Both embodiments have an aluminum gate, with
a relatively small work function. As shown in FIG. 15A, the
read voltage can exceed about 7.6 V and still pass one million
read cycles without disturbing the threshold voltage of the
cell by more than 1 V. On the other hand, without the silicon
dioxide buffer layer, maximum read voltage to pass this test is
closerto 6 V.

[0108] FIG. 16 is a graph of read cycle number versus read
voltage within a MA-BE-SONOS embodiment having an
aluminum oxide blocking layer 150 Angstroms thick and a
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stacked 60 Angstrom silicon dioxide buffer/65 Angstrom alu-
minum oxide capping layer structure. For a read bias which
passes the one million cycle test, itis predicted by this test that
the use of the silicon dioxide buffer layer will improve the
endurance by more than two orders of magnitude.

[0109] FIG.17 shows a memory cell comprisinga MONOS
multi-layer stack with a high-k capping layer 717B, without
the bandgap engineered tunneling layer of FIG. 1. Referring
to FIG. 17, the “High Work Function” gate 718 can comprise
any metal gate material or alternatively a polysilicon gate.
The high-x capping layer can well suppress the gate injection
so that almost all the metal films can be used, including
materials like aluminum in which the work function is as low
as 4.3 eV. TaN, TiN, P+ poly-Si gate and N+ poly gate may be
preferred. Platinum is also a good metal gate material. Alter-
natives include Ti, Ta, Al, W, WN, RuO,, etc.

[0110] The capping layer 717B is a high dielectric constant
layer with the dielectric constant>6, such as Al,O,, HfO,,
7r0,, La, 05, AlSiO, HfSiO and ZrSiO etc., where Al,O; and
HfO, are preferred in this invention. The thickness of high-k
top-capping layer is 3~20 nm.

The buffer layer 717A can be wet conversion SiO, from
nitride, high temperature oxide (HTO) or LPCVD SiO, etc.
However, the wet conversion SiO, is preferred. The preferred
thickness of buffer layer 717 A is 0.5~8 nm, where the relative
thickness satisfies the relation that is more than K1/« 2 time the
thickness of the capping layer 717B.

[0111] For embodiments employing a buffer layer of sili-
con dioxide and a capping layer of aluminum oxide, the
thickness range for SiO, buffer layer is preferably in the range
of 20~70 A, and the Al, O, capping layer preferably has a
thickness less than 50 A. Currently preferred embodiments
use a SiQ, buffer layer of about 60 A, and a capping layer of
Al,O; of about 40 A.

[0112] The charge trapping layer 716 is preferably silicon
nitride, which offers a high trap density. Other materials,
including for example silicon oxynitride, silicon rich nitride,
and silicon rich oxide, can be used as charge trapping layers.
[0113] The tunnel layer 714 is grown on top of silicon
channel with a thickness range from 3~5 nm. Furnace oxide
where the tunnel oxide is formed by oxidation of the silicon
substrate, is preferred in this embodiment.

[0114] FIG. 18 shows the erase characteristics of typical
MONOS, MONOS with a high-k capping layer as described
herein, and MANOS. The dimensions of the cell are shown in
the table below. Platinum is the gate material for the cells in
the simulation. MANOS and MONOS with a high-x capping
layer have lower erase saturation levels and larger memory
windows than MONOS. In addition, MANOS and MONOS
with a high-k capping layer also have higher erase speed.

Trapping

Tunneling Nitride Top

dielectric (N2) Dielectric EOT
MONOS 45 70 Si0, =90 174
MONOS with 45 70 Si0,/ALO; = 40/60 155
a high-k
capping
layer
MANOS 45 70 ALO; =150 162

* The unit is angstrom.

[0115] Compared with conventional single SiO, layer for
blocking oxide, the high-k capping layer has higher dielectric
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constant and can well suppress the gate electron injection,
therefore, high-k capping layer is also good for the EOT
scaling of blocking oxide.

[0116] FIG. 19 shows the retention characteristics of
MONOS, MONOS with a high-x capping layer and
MANOS, where MONOS and MONOS with a high-x cap-
ping layer have better retention than MANOS. It’s because
the unstable high-«/SiN interface is eliminated by top oxide
(Si0,).

[0117] FIG. 20 shows the read-disturb characteristics of
MANOS and MONOS with a high-k capping layer, where
MONOS with a high-k capping layer also shows a better
performance because of the elimination of high-iK/SiN
unstable interface.

[0118] In summary, MONOS with a high-k capping layer
has the most optimized performance among the three
embodiments shown in the table above, such as low erase
saturation level, large memory window, good retention and
good immunity to read disturbance.

[0119] The examples described above are implemented
using n-channel devices, in which the source and drain ter-
minals are doped with n-type impurities. The technology can
be implemented using p-channel devices as well, in which the
source and drain terminals are doped with p-type impurities.
[0120] The examples described above are implemented
using devices with flat or planar channel surfaces. The tech-
nology can be implemented using non-planar structures,
including cylindrical channel surfaces, fin shaped channels,
recessed channels and so on.

[0121] In the examples described above the charge storage
stack is implemented so that the tunneling layer is on the
channel surface and the blocking dielectric layer is adjacent
the gate. In alternatives, the charge storage stack may be
reversed, so that the tunneling layer is adjacent the gate ter-
minal and the blocking dielectric is on the channel surface.
[0122] A memory cell and memory architecture is provided
using a composite multilayer blocking dielectric layer that
includes a buffer layer and a capping layer of high dielectric
constant material. The composite structure eliminates the
unstable interface between high dielectric constant materials
and the charge trapping layer. Experimental results show that
the device suppresses erase saturation and provides excellent
data retention. A very large memory window (greater than
7V) with excellent cycling endurance, read disturb immunity
and data retention has been demonstrated. Memory cells hav-
ing gate lengths on the order of 45 nm or less can be provided.
[0123] Experimental results have been obtained based on
fabrication of MA BE-SONOS basically similar to [S. C. Lai
et al, IEEE NVSMW, pp. 88-89, 2007]. Before Al,O; depo-
sition, various oxide buffer layers converted from part of
nitride are formed by furnace wet oxidation. The typical TEM
cross-sectional view of the device is shown in FIG. 21.
MANOS with a SiO,, buffer layer is also fabricated for com-
parison in this study.

[0124] FIG. 22 shows that the erase speed of BE-SONOS is
much faster than MONOS at the same EOT. This is because
ONO tunneling barrier in BE-SONOS greatly enhances the
channel hole tunneling efficiency for the erase, while electron
de-trapping in MONOS is very slow. On the other hand, the
gate material has profound effect on the erase saturation. A
high work-function metal gate (such as Pt) is necessary to
suppress the gate injection for these type cells.

[0125] In order to suppress the gate injection, an additional
Al Oj layer is formed on top of BE-SONOS. FIG. 23 com-
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pares the erase characteristics of MA BE-SONOS with vari-
ous SiO, buffer layers. It shows that MA BE-SONOS has a
low erase saturation level, just like Pt-gate BE-SONOS, even
using an “n-type” (low work function) Al gate. It can be
expected that the erase saturation can be further improved
when combined with a higher work function metal gate.

[0126] In FIG. 23, the “apparently” lower erase speed of
MA BE-SONOS with a SiO, buffer layer is attributed to the
higher EOT. In order to fairly compare the erase speed, we
employ the transient analysis [H. T. Lue et al, IEEE Electron
Device Letters, vol. 25, pp.816-818, 2004], as shown in FIG.
24. The J-E plot clearly shows that all the devices have the
same erase current densities, since they share the same ONO
tunneling barrier. This proves that the oxide buffer layer has
no impact on the erase mechanism.

[0127] We also study the MANOS with an additional oxide
buffer layer. FIG. 25 shows that the insertion of oxide buffer
layer basically shows similar erase performance to MANOS.
However, MANOS shows much slower erase speed than BE-
SONOS, because electron de-trapping is very slow as com-
pared with substrate hole injection. Therefore, MANOS is
less practical in terms of the erase speed.

[0128] FIG. 26 compares the retention of MA BE-SONOS
with various oxide buffer layers at 150° C. Thicker oxide
buffer layer can improve the data retention. This suggests that
Al,O, causes charge leakage. FIG. 27 shows the read disturb
test. The device can sustain a high gate voltage (>6 V) stress.
FIG. 28 shows that the read disturb life time exceeds more
than 1M read cycles at Vread<7 V. FIG. 29 shows that the read
disturb is slightly degraded with a thinner buffer layer, with
substantial improvement occurring with a buffer oxide layer
that is half or more of the thickness of the aluminum oxide
capping layer. Therefore it is desirable to provide a relatively
thicker buffer layer according to these results, as discussed
above.

[0129] FIG. 30 shows the cycle endurance of MA BE-
SONOS with various SiO, buffer layer thicknesses. All the
devices can well maintain memory window after 10,000 P/E
cycles.

[0130] The post-cycled retention of MA BE-SONOS (13/
20/25/50/40/60) with a 40 Angstrom thick oxide buffer layer
and a 60 Angstrom thick aluminum oxide capping layer is
shown in FIG. 31, in which the devices were first programmed
to a flat band voltage level of 3 V. The post-cycled device
shows larger initial charge loss. However, the long-term
retention becomes similar to the fresh state.

[0131] FIG. 32 compares the retention of various devices,
including an aluminum gate, MA BE-SONOS device with a
50 Angstrom silicon dioxide buffer and a 60 Angstrom alu-
minum oxide capping layer, a TiN gate, BE-SONOS with 50
Angstrom silicon dioxide only blocking layer, an aluminum
gate, MA BE-SONOS device without a silicon dioxide buffer
but with an 150 Angstrom aluminum oxide capping layer, and
a platinum gate MANOS device without a silicon dioxide
buffer layer. It shows that TiN gate BE-SONOS shows the
best retention performance. Both MANOS and MA
BE-SONOS without oxide buffer layer show worse retention.
This data suggests that Al,O; directly contacting with nitride
charge trapping layer causes charge leakage.

[0132] The scaling capability of Al,O; top dielectric was
also investigated. In FIG. 33, various Al,O; thickness in MA
BE-SONOS are compared. It shows that both a 4 nm Al,O;
and 3 nm oxide buffer layer can maintain good erase perfor-
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mance. In FIG. 34, the 4 nm Al,0; and 3 nm buffer oxide also
possesses good data retention.

[0133] While the present invention is disclosed by refer-
ence to the preferred embodiments and examples detailed
above, it is to be understood that these examples are intended
in an illustrative rather than in a limiting sense. It is contem-
plated that modifications and combinations will readily occur
to those skilled in the art, which modifications and combina-
tions will be within the spirit of the invention and the scope of
the following claims.

What is claimed is:

1. A charge trapping memory comprising an array of
memory cells, respective memory cells in the array including:

a semiconductor body including a channel having a chan-

nel surface, and source and drain terminals adjacent the
channel; a dielectric stack between the gate and the
channel surface; the dielectric stack comprising:

a tunneling dielectric layer contacting one of the gate and

the channel surface;

a charge trapping dielectric layer on the tunnel dielectric

layer;

ablocking dielectric layer on the charge trapping layer, the

blocking dielectric layer comprising a first layer having
a dielectric constant k; contacting the charge trapping
dielectric layer and a second layer contacting another
one of the channel surface and the gate, the second layer
having a dielectric constant K, higher than k, of the first
layer, and the second layer having thickness less than
K,/K, times that of the first layer.

2. The memory of claim 1, wherein the dielectric stack has
an effective oxide thickness EOT of less than 160 Angstroms,
the tunneling dielectric layer has an effective oxide thickness
EOT between about 40 and 55 Angstroms, and the blocking
dielectric layer has an effective oxide thickness EOT of less
than 95 Angstroms.

3. The memory of claim 1, wherein the charge trapping
layer comprises silicon nitride, and the first layer of the block-
ing dielectric layer comprises silicon oxide.

4. The memory of claim 1, wherein the second layer of the
blocking dielectric layer comprises aluminum oxide.

5. The memory of claim 1, wherein the blocking dielectric
layer is between the charge trapping layer and the gate.

6. The memory of claim 1, wherein the dielectric constant
K, of the second layer of blocking dielectric layer is greater
than 7.

7. The memory of claim 1, wherein the first layer of the
blocking dielectric layer comprises silicon oxide or silicon
oxynitride, and the charge trapping layer comprises at least
one of silicon nitride and silicon oxynitride.

8. The memory of claim 1, wherein the first layer of the
blocking dielectric layer comprises silicon oxide or silicon
oxynitride, the second layer of the blocking dielectric layer
comprises aluminum oxide, and the charge trapping layer
comprises at least one of silicon nitride and silicon oxynitride.

9. The memory of claim 1, wherein the tunneling dielectric
layer comprises a combination of materials, and is arranged to
establish a relatively low valence band energy level near the
channel surface, and an increase in valence band energy level
at a first distance from the channel surface and a decrease in
valence band energy at a second distance more than 2 nm
from the channel surface.

10. The memory of claim 1, including

circuitry, coupled to the array of memory cells, to apply

bias voltages to selected memory cells for read, program
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and erase operations, including bias voltages across the
gate and semiconductor body to induce an electric field
having a magnitude of less than 14 MV/cm to cause hole
tunneling through the tunneling dielectric layer.

11. The memory of claim 1, wherein the tunneling dielec-
tric layer is on the channel surface, and the gate comprises a
metal, metal compound, n+ doped polysilicon or p+ doped
polysilicon.

12. The memory of claim 1, wherein the tunneling dielec-
tric layer comprises a first silicon oxide layer adjacent the
channel and having a thickness of 18 A or less, a silicon
nitride layer on the first silicon oxide layer having a thickness
of 30 A or less, and a silicon oxide layer on the silicon nitride
layer having a thickness of 30 A or less.

13. The memory of claim 1, wherein the tunneling dielec-
tric layer comprises a single layer of silicon dioxide or silicon
oxynitride having a thickness from about 3 to 5 nm.

14. A charge trapping memory comprising an array of
memory cells, respective memory cells in the array including:

a semiconductor body including a channel having a chan-
nel surface, and source and drain terminals adjacent the
channel;

a tunneling dielectric layer on the channel surface, includ-
ing a first silicon oxide layer adjacent the channel and
having a thickness of 18 A or less, a silicon nitride layer
on the first silicon oxide layer having a thickness of 30 A
or less, and a silicon oxide layer on the silicon nitride
layer having a thickness of 30 A or less;

a charge trapping layer on the tunnel dielectric layer com-
prising silicon nitride having a thickness of 50 A or
more;

a blocking dielectric layer on the charge trapping layer, the
blocking dielectric layer comprising a first layer of sili-
con oxide having a dielectric constant K, contacting the
charge trapping dielectric layer and a second layer con-
tacting the gate, the second layer having a dielectric
constant K, higher than 6, the second layer having thick-
ness less than «,/k; times that of the first layer; and

a gate on the blocking dielectric layer.

15. The memory of claim 14, wherein the blocking dielec-
tric layer has an effective oxide thickness EOT ofless than 95
Angstroms.

16. A method for manufacturing a charge trapping memory
comprising:

defining a semiconductor body including a channel region
on a semiconductor body, the channel region having a
channel surface, and source and drain terminals adjacent
the channel;

defining a gate;

forming a dielectric stack between the channel surface and
the gate, including forming a tunneling dielectric layer
on one of the channel surface and the gate; forming a
charge trapping dielectric layer on the tunneling dielec-
tric layer; and forming a blocking dielectric layer on the
charge trapping dielectric layer, wherein forming the
blocking dielectric layer includes forming a first layer of
material in contact with the charge trapping dielectric
layer and forming a second layer of material in contact
with the other of the channel surface and the gate, the
second layer of material having a dielectric constant
higher than that of the first layer.

17. The method of claim 16, wherein the dielectric stack

has an effective oxide thickness EOT of less than 160 Ang-
stroms, the tunneling dielectric layer has an effective oxide
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thickness EOT between about 40 and 55 Angstroms and the
blocking dielectric layer has an effective oxide thickness EOT
of'less than 95 Angstroms.

18. The method of claim 16, wherein the tunneling dielec-
tric layer comprises a combination of materials having neg-
ligible charge trapping efficiency, and arranged to establish a
relatively low valence band energy level near the channel
surface, and an increase in valence band energy level at a first
offset from the channel surface and an decrease in valence
band energy at a second offset more than 2 nm from the
channel surface.

19. The method of claim 16, wherein the dielectric constant
of the second layer is greater than 7.
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20. The method of claim 16, wherein the gate comprises a
metal, a metal compound, n+ doped polysilicon or p+ doped
polysilicon.

21. The method of claim 16, wherein the tunneling dielec-
tric layer comprises a first silicon oxide layer adjacent the
channel and having a thickness of 18 A or less, a silicon
nitride layer on the first silicon oxide layer having a thickness
of 30 A or less, and a silicon oxide layer on the silicon nitride
layer having a thickness of 30 A or less.

22. The method of claim 16, wherein the tunneling dielec-
tric layer comprises a single layer of silicon dioxide or silicon
oxynitride having a thickness from about 3 to 5 nm.
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