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Abstract—A new technique of erasing nonvolatile memory
(NVM) devices based on nitride storage (SONOS) with bottom
oxide thickness in the range of 30�A has been developed. Oxide
thickness in this range is necessary to minimize the undesirable
effects of gate disturb while still enabling a low-voltage operation
to maximize the cost benefit of SONOS memories. To erase such
bitcells, Fowler–Nordheim tunneling (FNT) is preferred over hot-
hole injection (HHI) due to the less damaging nature of FNT.
However, FNT alone cannot be used to erase the device completely
due to erase saturation limitations. Hence, the new “combination–
erase” technique combines both FNT and HHI erase to achieve
a fast and controlled erase. Furthermore, by using FNT erase at
higher field conditions, and HHI erase at lower field conditions,
the reliability of the bitcell is also improved.

Index Terms—Combination–erase, data retention, Fowler–
Nordheim tunneling (FNT), gate disturb, hot-electron injection,
hot-hole injection (HHI), nitride traps, SONOS memory.

I. INTRODUCTION

NONVOLATILE memories (NVM) based on storage in
nitride traps have gained increased interest due to the

simplicity of the bitcell structure and process, low-voltage op-
eration, and its immunity to extrinsic charge loss as compared
to traditional floating gate (FG)-based NVM. Nitride-based
memories can be further broadly classified into nonlocal
charge-storage memories, such as SONOS, and localized
charge-storage memories, such as those popularized by NROM
[1]. In either case, the nonvolatility is achieved by storing
charge in nitride traps and surrounding the nitride with oxide
to form an oxide–nitride–oxide (ONO) stack. The more well-
known SONOS-based memories with thin bottom oxide
( 25 ) typically utilize uniform tunneling for both program
and erase operations resulting in programming times in the
1-ms range, which is slower than desired for many high-density,
embedded Flash electrically erasable programmable read-only
memory (EEPROM) applications [2], [3]. Furthermore, the use
of thin oxides causes severe read disturb in the selected bitcell
and gate disturb in the unselected bitcells sharing the same
word line during a read operation. An architectural approach
to minimize the gate disturb for SONOS memories has been
developed by Lancasteret al. [4], but the programming speed
limitation is still the major factor that has prevented widespread
use of these thin-oxide SONOS devices.
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On the other hand, localized charge-storage memories are
typically programmed using channel hot-electron injection
(HEI) and erased using hot holes generated by band-to-band
tunneling in the source and drain overlap regions. In this case,
both the program and erase are very fast operations, but require
the use of much thicker bottom oxide in the order of 70[5]
in order to minimize damage to the bottom oxide by energetic
holes during erase operation. Even with such thick oxides, read
and gate disturb from the low state, and degradation in the
data retention characteristics from the highstate, have been
shown to occur after thousands of program/erase (P/E) cycles
[5], [6]. Additionally, the use of thick oxides requires high
voltages (greater than 9 V) for program and erase operations.
To support these high voltages, large peripheral transistors
must be used, thus decreasing the cost benefit offered by the
use of SONOS memories.

From the above discussion, it is clear that SONOS-based
memories using FNT erase are preferable if the programming
speed of such bitcells can be increased and gate disturb min-
imized. To that end, we recently reported a SONOS memory
device with thin bottom oxide (22 ) utilizing HEI for pro-
gramming and FNT for erase [7], with programming speeds in
the range of 1–10 s, and erase speeds in the range of 100 ms.
The uncycled gate disturb of the bitcell has also been shown to
substantially decrease by lowering the natural threshold voltage

of the device, but the cycled gate disturb remains a con-
cern. By decreasing the of the device, the vertical field
during gate disturb is decreased as governed by the equation
for the bottom oxide field ,
where is the effective ONO thickness. One model that
explains the gate disturb enhancement after P/E cycling is that
the cycling creates electron and interface traps that enhance
hole tunneling from nitride into the channel. Thus, an easy way
to improve post-cycled gate disturb would be to increase the
tunneling distance between the holes and the oxide traps by
increasing the bottom oxide thickness to approximately 30.
However, with increasing bottom oxide thickness, the erase
speed also decreases exponentially, as governed by electric
field dependence. In this thickness range, the FNT erase itself is
severely limited by the “erase saturation” effect, which occurs
when the electrons are injected from the gate into the nitride
faster than they can be removed through the bottom oxide due
to increasing top oxide field.

II. NEW TECHNIQUE

In order to overcome the problem of erase saturation asso-
ciated with erasing bitcells with intermediate oxide thickness
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Fig. 1. Erase speed comparison between FNT, HHI, and combination–erase
techniques. FNT erase saturates quickly with higher gate biases. The total erase
time for combination–erase is approximately the same as FNT erase time, since
HHI is substantially faster than FNT erase.

(30 ), we propose a new two-step erase technique called “com-
bination–erase.” In this technique, the bitcell is initially erased
using FNT to the onset of saturation, and then the remainder
of the erase is completed using source and drain HHI. During
FNT, the total erase voltage is split between the gate and the
well/source/drain in order to enable low-voltage erase opera-
tion. During the subsequent HHI erase, the well bias is turned
off while maintaining a negative gate bias, and positive source
and drain biases. As a result, electron-hole pairs created from
band-to-band tunneling in the source/drain overlap regions are
accelerated by the lateral electric field and injected into the ni-
tride assisted by the vertical electric field to complete the erase.
It should be noted that the ONO stack has to be optimized in
order to maximize the FNT erase by suppressing saturation and
minimize the extent to which HHI erase is used. In this letter, we
report the implementation of this technique in SONOS-based
memories for 1 bit/cell storage, but the technique can also be
equally well applied to localized charge storage memories to
achieve 2 bits/cell.

III. RESULTS AND DISCUSSION

SONOS memory devices with bottom oxide thicknesses in
the range of 22–30 , low-pressure chemical vapor deposition
(LPCVD) nitride with thicknesses ranging from 70–150, and
top oxide thicknesses of approximately 50that are either de-
posited or thermally grown have been processed with channel
lengths ranging from 0.16 to 0.26m using 90-nm advanced
copper technology [7].

The erase speed of FNT, HHI erase, and the combination–
erase are compared in Fig. 1. The FNT erase with12 V gate
bias is fast at the beginning of erase, but the erasequickly
saturates at approximately 4 V. The HHI erase is undoubtedly
faster and more efficient, but imparts damage to the bottom

Fig. 2. Endurance characteristics of SONOS bitcells with 30�A bottom oxide
thickness that is erased using combination–erase. The eraseV increase is due
to transconductance degradation caused by oxide and interface traps formed
during HCI programming.

oxide, as will be shown later. In the combination–erase case,
the total erase time is approximately the same as the FNT erase
time, since the HHI erase time is negligibly small compared
to FNT erase time. Fig. 2 shows the endurance characteristics
of combination–erase with voltage conditions same as Fig. 1.
The increase in erase threshold voltage observed during cy-
cling is due to transconductance and subthreshold slope degra-
dation caused by the oxide and interface traps generated by
hot electrons during programming [8], [9]. Similarly, we ob-
serve an increasing degradation of the transconductance and
subthreshold slope with cycling that correlates with the increase
in erase . The increasing erase is not an indication of an
electron build-up, since the also increases after the FNT por-
tion of the combination erase, but a uniform tunnel erase in it-
self is resistant to electron build-up in the nitride. If the electrons
were to build up in the nitride, then the local vertical field also
increases correspondingly, resulting in tunneling of those excess
electrons.

Fig. 3 compares data retention at 150C between bitcells
that are cycled to 10 000 times using HCI/FNT, HCI/combina-
tion–erase, and HCI/HHI. The bottom oxide thickness is 22
for the HCI/FNT cycling and 30 for HCI/combination–erase
and HCI/HHI cycling. Furthermore, we have also experimen-
tally determined that the difference in the nitride thickness be-
tween the samples has no effect on the data retention (DR) be-
havior. The DR comparison shows that both combination–erase
and HHI erase are worse than FNT erase, but the combina-
tion–erase is substantially better than HHI erase over a longer
period of time. This inherent improvement in the reliability with
combination–erase is achieved by using FNT erase when the
oxide field is the highest and using HHI erase when the oxide
field is much lower.

The gate disturb improvement achieved by using 30-
bottom oxide thickness is shown in Fig. 4. This figure shows
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Fig. 3. High-temperature data retention comparison between bitcells that are
P/E cycled 10 K times using various erase mechanisms. The combination–erase
is found to be more reliable than HHI erase alone over a longer period of time.

Fig. 4. Gate disturb dependence on oxide thickness is strongly evident, espe-
cially after P/E cycling for bitcells with a high natural threshold(V � 2V).
Combination–erase enables use of 30-�A bottom oxide that has much less gate
disturb than thin oxides.

substantial degradation of gate disturb after cycling in bitcells
with 22 bottom oxide as compared to bitcells with 30
bottom oxide. The gate bias for this disturb measurement is
chosen to be 1 V higher than the erasein order to ensure
sufficient read current, and in order to enable a fast read access

15 ns. The gate disturb degradation after cycling is believed
to be caused by the electron and interface traps that are formed
during cycling, which not only tend to increase the natural
threshold of the device, but also enhance hole emission from the
nitride [10], [11]. With a thicker bottom oxide, the tunneling

distance is increased, and the hole emission probability is
considerably decreased. Furthermore, we have reported that the
gate disturb can be dramatically decreased by decreasing the
natural threshold voltage of the bitcell [7]. Thus, combining
these two results, it is possible to design an optimized SONOS
bitcell with a low natural threshold and bottom oxide thickness
in the range of 30 that can be programmed and erased with
low voltages, has good reliability, and suffers from little or no
gate disturb after cycling. Another circuit-related advantage
of combination–erase over HHI erase is that the erase current
requirement of combination–erase is lower than HHI erase.
As a result, the charge pumps supplying the erase voltages
can be smaller to further enhance the cost benefit of SONOS
memories.

IV. CONCLUSIONS

A new combination–erase erase technique that combines the
benefits of FNT erase and the HHI erase has been demonstrated
for use in SONOS NVM devices with an intermediate range of
bottom oxide thickness (30 ). Very thin bottom oxides are
limited by gate disturb after thousands of cycling, and very thick
bottom oxides require high voltages and are subject to hot-hole
induced damage to the bottom oxide. However, the combina-
tion–erase technique has been shown to enable development of
SONOS bitcells that have fast program and erase speeds, are rel-
atively disturb-free, and can be operated with low voltages. In
addition, the reliability of the SONOS bitcells is also improved
by utilizing FNT erase when the erase fields are high and by
using HHI for only a short period of time under lower erase field
conditions.
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