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Abstract

Program/erase endurance characteristics of split-gate
SuperFlash® memory cells are discussed. Various factors
which affect memory endurance, including cycling data
pattern, cycling frequency, temperature, erase retries, and
technology scaling, are investigated. Superior data
retention after endurance cycling is demonstrated. 

1. Introduction 

The SuperFlash® (Figure 1) is a split-gate flash memory
cell utilizing source-side channel hot electron injection
for program, and poly-to-poly Fowler-Nordheim (F-N)
tunneling for erase [1],[2].

Figure 1a. Non-self-aligned SuperFlash® cell
for low-density flash memory.

Figure 1b. Self-aligned SuperFlash® cell for
medium- and high-density flash memory.

During erase, a high voltage is applied on the word-line
(WL) to induce F-N tunneling of electrons from the
floating gate (FG) to the WL. Instead of exploiting
tunneling through a flat thin oxide layer [3], as
commonly adopted by stacked-gate cells, the
SuperFlash® utilizes local tunneling field enhancement
near a tip formed on the FG, which promotes the
tunneling of electrons. This geometrical field
enhancement enables the use of relatively thick tunnel
oxides operating under relatively low average fields.
Such tunnel oxides are more resistant to stress-induced
leakage current (SILC) [4], and are easier to scale. 
With the suppression of SILC, electron trapping,
particularly in the tunnel oxide, becomes the main cause
of reliability failures. Charge trapping during erase

occurs both through the filling of existing traps and
through the generation and filling of new traps by
tunneling electrons. The trapped electrons reduce the F-
N tunneling field and thus the efficiency of subsequent
erases. Such erase weakness is the dominant endurance
failure mode observed in SuperFlash® cells. The failures
are not catastrophic, but can be alleviated by using
stronger erase, by optimizing operating conditions to
reduce charge trapping, and through the relaxation of
trapped charges during quiescent periods. 
It should be pointed out that, during program, some
electron trapping does happen in the oxide beneath the
FG (FGOX), which also leads to reduction of “1” state
read current. Such mechanism has been reported to cause
endurance failures [5]. However, our studies, the details
of which are beyond the scope of the present paper,
indicate that trapping in the FGOX exerts much smaller
effect on endurance than trapping in the tunnel oxide. 
The following sections discuss endurance characteristics
of SuperFlash® memory. Effects of cycling conditions
which affect endurance, including the data pattern used
in cycling tests, cycling frequency, and temperature are
reported. Effects of erase retries and technology scaling
are also included. Finally, data retention after endurance
cycling is discussed. 

2. Endurance Characteristics

2.1 Data pattern
As endurance is limited by electron trapping in the
tunnel oxide, it is directly affected by the amount of
charge transferred through this oxide during each erase
operation. If a cell is written with data “0” during
program, then during the subsequent erase, a certain
amount of electrons has to be tunneled in order to bring
the cell to the “1” state. Some of these electrons can be
trapped in the oxide. On the other hand, if the cell is
written with data “1” during program, then tunneling
current during the subsequent erase is much lower, and
trapping is relatively insignificant. Figure 2 shows a
comparison of endurance lifetime distributions of two
groups of cells from the same memory array, each cycled
with a different data pattern. The use of a rotating mixed
data pattern, which more closely resembles the random
data used in typical application conditions, gives rise to
2X improvement in endurance lifetime as compared to
the case where each cell is programmed to “0” state in

FG FGWL WL

SL BLBL

FG FGWL WL

SL BLBL

FGWL WL

SL BLBL

FGWL WL

SL BLBL



each cycle.

2.2 Relaxation effects
Endurance testing is typically performed with continuous
program and erase operations to reduce test time. This is
in contrast to the infrequent cycling occurring in typical
usage. In the latter case, relaxation of trapped charges
occurs during the quiescent periods between erase and
program operations, leading to additional endurance
improvements. It has been estimated that the endurance
of SuperFlash® in typical applications (average cycling
frequency < 1 cycle/hr) is at least 2X greater than the
endurance demonstrated in a stress environment using
maximum frequency [6].
Relaxation of trapped charges is accelerated at elevated
temperatures. A comparison of endurance distributions
under different cycling temperatures in [6] shows more
than 2X endurance improvement at 125 °C as compared
to room temperature result. High-temperature endurance
is particularly important in automotive applications.
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Figure 2. Weibull distributions of endurance
lifetime from two 32Kb sectors P/E cycled with
different data patterns: rotating mixed data (each
program cycle writes 50% of cells to “0” and leave
the rest at “1”. The data pattern is inverted in
adjacent write cycles, so that each cell is
programmed to “0” state in half of the write
cycles) and Data 00 (all cells are programmed to
“0” in every cycle). Failure rates in both groups
are based on “1”-state read failures after 1-time
erase from “0” state.

2.3 Erase retries
Endurance failures caused by electron trapping in the
tunnel oxide are not catastrophic, but can be alleviated
by increasing the strength of erase. An efficient way to
improve erase strength and reduce endurance failures is
the use of erase retries. In this scheme, one can use
memory cell verification after each erase operation, and
apply more erase pulses as needed. Figure 3 shows
endurance lifetime distributions of a memory array with

the use of erase retries. It is observed that every doubling
of erase time gives rise to roughly 1.5-1.7X
improvement in endurance lifetime. Memory arrays
undergone extensive endurance testing with up to 10
erase retries did not exhibit any new failure mode related
to extended erase stress.

Figure 3. Endurance lifetime distributions of a
memory array with the use of erase retries. During
cycling, cells are verified after each erase, and
erase is repeated as needed until all cells in the
sector pass verification.

2.4 Technology scaling
It has been previously demonstrated that tunneling
degradation due to electron trapping in the tunnel oxide
is reduced as the tunnel oxide thickness is scaled [6].
This effect can be in part explained by the electrical
screening effect. The highest trapped-electron density is
expected to occur in a thin slice of the tunnel oxide
located just beyond the tunneling barrier [7]. These
charges are also the most effective in screening the
tunneling field during erase. As the oxide becomes
thinner, the effectiveness of these trapped electrons in
screening the tunneling field is reduced. Furthermore,
thinner oxides are also expected to trap fewer electrons,
as a result of the reduced distance of interaction between
the tunneling electron and the oxide. Both of these
effects explain the reduction of trapping-related erase
degradation in thinner tunneling oxides.
Technology scaling benefits endurance not only through
oxide scaling, but through scaling of lateral dimensions
as well. Scaling the cell in both length and width
directions leads to faster scaling of FG capacitance than
the scaling of tunneling edge length. This in turn leads to
a reduction of tunneling current density, and hence a
reduction of electron trapping. Figure 4 shows endurance
lifetime distributions from three generations of the
SuperFlash®. The tunnel oxide thickness has been scaled
together with lateral dimensions. A clear correlation
between technology scaling and endurance improvement
is evident. The typical endurance lifetime of a 16Mb
memory using 0.18um technology is estimated to be 1
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million cycles under typical application conditions.
Further endurance improvement can be achieved by
using error correction codes (ECC).

3. Retention after endurance cycling
In general, the endurance of floating-gate memories is
not only limited by reduction of program/erase
efficiency, but also by data retention failures related to
SILC [4]. In SuperFlash® cells, the average field in the
tunnel oxide during erase is about 6-7MV/cm. This is
significantly lower than the 10MV/cm used in stacked-
gate cells. In addition, the high erase efficiency translates
to significantly shorter erase time. The thinner oxide
underneath the FG is not exposed to high field, hence is
more resistant to SILC than its counterpart in stacked-
gate cells. These advantages make the SuperFlash® more
resistant to cycling-related retention failures. Figure 5
shows cell read current distributions in a 32Kb array
which was cycled extensively (3million cycles) and
subsequently baked at 150 °C for 1500 hours. A
comparison of the distribution before and after baking
indicates the absence of leaky bits even after such
excessive cycling. (After baking, the distribution is
slightly and uniformly shifted toward higher current.
This has been attributed to relaxation of electrons
trapped in the FGOX.) Similar experiments using lower-
temperature bakes for longer time durations show the
same trend.

-18

-16

-14

-12

-10

-8

-6

-4

-2

0

1.E+04 1.E+05 1.E+06 1.E+07
# of program/erase cycles

Ln
(-L

N
(1

-F
)):

 
F 

is
 c

el
l c

um
ul

at
iv

e 
fa

ilu
re

 p
ro

ba
bi

lit
y 0.33um technology

0.25um technology
0.18um technology

1 fail bit in 16Mb array

Figure 4. Endurance lifetime distributions from 3
SuperFlash® generations. Data points (solid lines)
were measured at room temperature using continuous
P/E cycling of all cells to accelerate testing. Erase
retry was not used. Dashed lines corresponds to the
minimum 4X improvement expected under typical
application conditions, taking into account differences
in cycling data pattern and frequency. 

4. Summary
The program/erase endurance characteristics of split-gate
SuperFlash® memory cells are strongly affected by

cycling conditions, including the data pattern, cycling
frequency, and temperature. These effects have been
quantified and can be combined with cycling stress test
results to estimate endurance lifetime under specific
application conditions. Erase retries have been
demonstrated to effectively improve endurance lifetime.
Continuous endurance improvement has been achieved
through technology scaling. A typical endurance lifetime
of 1 million cycles is expected in the 0.18um technology.
Superior data retention after endurance cycling is
demonstrated. 

Figure 5. Normal probability plot for “1”-state cell
read current of 32Kb array subjected to 3 million
P/E cycles. Distribution was measured before and
after 1500 hours bake at 150 °C.
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