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Abstract—In this letter, we report the effects of N2O annealing
of interpoly oxide on flash cell performance. It is demonstrated
that by adding an N2O anneal after interpoly oxide formation,
improved cycling endurance is achieved. The program and erase
efficiencies are also improved significantly, compared to the
control cell without N2O anneal. The cells with N2O anneal show
higher cell current (i.e., drain current), which can be ascribed to a
lower threshold voltage and higher transconductance, compared
to the control cell.

I. INTRODUCTION

EEPROM write/erase cycling endurance of greater than
100 K is desirable for industrial applications. This places

a stringent requirement on the EEPROM’s oxide quality, as the
oxide must remain relatively free from stress-induced electron
and/or hole trapping after being subjected to the program and
erase cycling stress for over 100 K times. Recently, a flash
cell with a horn-shaped floating-gate, as shown in the inset of
Fig. 1, has been proposed by Silicon Storage Technology, Inc.
(hereafter called SST cell) for enhancing the erase efficiency
[1]. The SST cell utilizes the bird’s beak created by a LOCOS-
type oxidation performed on the polysilicon to form the tip of
the horn on the floating-gate. The high programming efficiency
of the cell is achieved by source-side hot electron injection
[2], [3]; while enhanced interpoly Fowler–Nordheim tunneling
from the tip of the horn of the floating gate to the select gate
(i.e., control gate) is used for sector erase.

For the SST cell, it is very difficult to achieve write/erase
cycling endurance of over 60 K. This is because the erase
path is from the sharp tip of the horn of the floating gate to
the control gate (as shown in the inset of Fig. 1). During erase,
the electrons escape the floating-gate by tunneling through the
interpoly oxide. Since the interpoly oxide quality, especially
that grown on the sharp tip of the horn, is in general worse
than that grown directly on top of the single-crystal silicon,
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Fig. 1. The write/erase cycling endurance of the split-gate flash cell for the
samples with ( ) and without ( ) N2O anneal. Cell current in the “1” state
remains higher than 40�A (i.e., minimum current required for the sense
amplifier to sense as “1”) for the cell with N2O anneal, even after 100 K
erase/write cycling endurance.

poor cycling endurance is normally observed. Recently, NO
annealing has been applied to the thin tunneling oxide (i.e.,
first gate oxide grown on top of the single-crystal silicon)
in the EEPROM for improving the cell performance, such
as better endurance, and programming efficiency [4]–[6]. The
characteristics of polysilicon oxide grown in pure NO have
also been reported [7]. In this letter, we show, for the first time,
that by adding an NO-annealing step after interpoly oxide
formation, significant improvement in SST cell’s write/erase
cycling endurance, as well as program and erase efficiencies
can be achieved.

II. EXPERIMENTS

A standard 0.8-m, double-level polysilicon CMOS process
using 6-in wafers was used to fabricate the SST cells used
in this study. After forming a 15-nm first gate oxide, a
170-nm polysilicon layer was deposited, followed by the
deposition of a 150-nm silicon nitride layer. The silicon
nitride layer was then selectively removed with a reverse-
gate mask, so as to expose the floating-gate region. Wafers
were then oxidized to form a LOCOS-type polyoxide on top
of the exposed polysilicon layer [1]. The remaining nitride
layer was then stripped by hot phosphoric acid, exposing
the underlying polysilicon layer. The exposed polysilicon
layer was subsequently etched away, while the remaining
polysilicon layer underlying the LOCOS-type polyoxide was
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preserved during the polysilicon etch, as the LOCOS-type
polyoxide serves as a hard mask during the etch, thus leaving
the horn-shaped floating gate underneath the LOCOS-type
polyoxide. Wafers were then split to receive the polyoxide
oxidation. For the control split, the polyoxide was grown by a
conventional O oxidation. While for the NO-annealed split,
polyoxide was first grown in O oxidation, followed by an
N O anneal for 15 min at 925C Both splits have comparable
final polyoxide thickness. Afterwards, a second polysilicon
layer was deposited, saturation-doped, and patterned to form
the control gate of the cell.

For the write/erase cycling endurance test, a 14-V, 800-
s pulse was applied to the control gate, while the source

and drain were grounded, so as to facilitate interpoly
Fowler–Nordheim tunneling for the erase operation. For
programming the cell with source-side hot-electron injection,
the drain was held at 12 V, the source at 0.6 V, the substrate
at ground, and a 2-V, 800-s pulse was applied at the control
gate. After each write/erase cycling, the cell current was read
by applying 4 V to the control gate, 2 V to the source, while
the substrate and drain were held at ground. For the program
efficiency test, the control gate was held at 2 V, the source
at 0.6 V, the substrate at ground, and the drain voltage was
varied in magnitude and duration, and the cell current was
read after each programming. Finally, for the erase efficiency
test, all terminals were grounded, while the control gate was
varied in magnitude and duration, and the cell current was
read after each erase.

III. RESULTS AND DISCUSSION

The results on the write/erase cycling endurance of the SST
split-gate flash cells are shown in Fig. 1. It can be seen that
the cell read current in the “1” (i.e., “erase” or low threshold)
state is much higher for the cell with NO anneal. Specifically,
the initial cell current is about 140A for the N O-annealed
cell, while the initial cell current is only about 110A for
the control cell. Furthermore, the cell current in the “1” state
remains higher than 40A (i.e., minimum current required
for the sense amplifier to sense as “1”) for the cell with
N O anneal, even after 100 K erase/write cycling endurance.
While for the control cells, it is very difficult to achieve a
cycling endurance of over 50 K. We believe the higher initial
cell current of the NO-annealed cell can be ascribed to a
better capacitve coupling between the control gate and the
floating-gate, due to the formation of an interfacial silicon
oxynitride layer [8], as the nitrogen is known to pile up around
the polysilicon floating-gate [9]; or a smaller acceptor-type
interface state on the polyoxide near the floating gate, which
will in turn result in a smaller threshold voltage of the cell. The
smaller threshold voltage accounts for the higher cell current of
the N O-annealed cells. The “window closure” (i.e., decrease
in cell read current in the erased state) after write/erase cycling
in our cell is believed to be due to the build-up of electron
trapping and electron trap generation between the control gate
and the tip of the floating-gate as a result of the write/erase
cycling [9], causing a “shielding effect” thus reducing the
efficiency of the electrons being pulled out from the floating

(a)

(b)

Fig. 2. The program efficiency for cells (a) without and (b) with N2O
anneal. Significant improvement is achieved for the N2O-annealed cell. Note
the scale difference on the vertical axis for two plots.

(a)

(b)

Fig. 3. The erase efficiency for cells (a) without and (b) with N2O anneal.
Significant improvement is achieved for the N2O-annealed cell.

gate during “erase” operation. A slower window closure rate
observed on the NO-annealed cells could be explained by a
reduced electron traps by the NO-anneal [9].

The program and erase efficiencies are also studied. As
shown in Fig. 2, significant improvement in programming
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efficiency is achieved by the NO anneal. For example, it takes
7.5 V at the drain for about 10s for the N O-annealed cell,
while it will take 7.5 V for more than 3500s for the control
cells to achieve the same programming results. Substrate
current measurements also confirm that SST cells annealed
by N O depict larger substrate current than the control cell
without N O anneal (data not shown). The erase efficiencies
are plotted in Fig. 3. Again better erase efficiency is achieved
for the N O-annealed cells. The better erase efficiency can
again be explained by a better capacitive coupling or a reduced
interface state density on the NO-anneal cells, which results in
an enhanced Fowler–Nordheim tunneling between the control
gate and the floating gate. Detailed mechanisms are still under
investigation, and will be reported later.

IV. CONCLUSION

In this letter, we demonstrate that the cycling endurance of
flash cell with N O-annealed interpoly oxide can be improved
to over 100 K, which is normally difficult to achieve for the
SST cell with horn-shaped floating gate used in this study. The
program and erase efficiencies are also significantly improved
over the control cell without NO anneal. These improvements
could be explained by a better capacitive coupling between
control gate and floating gate or a smaller acceptor-type
interface state density on the NO-annealed polyoxide, causing
a threshold voltage reduction and better initial cell current for
the N O-annealed samples.
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