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Abstract: The erase voltage impact on the 0.18 um triple self-aligned split-gate flash endurance is studied. An op-
timized erase voltage is necessary in order to achieve the best endurance. A lower erase voltage can cause more cell
current degradation by increasing its sensitivity to the floating gate voltage drop, which is induced by tunnel oxide
charge trapping during program/erase cycling. A higher erase voltage also aggravates the endurance degradation by
introducing select gate oxide charge trapping. A progressive erase voltage method is proposed and demonstrated to
better balance the two degradation mechanisms and thus further improve endurance performance.
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1. Introduction

Split-gate flash memory is well-known for its high program
efficiency and immunity to “over-erase”[!~#, thus attracting
much research interest in recent years° =81, Among various
split-gate flash memories, the self-aligned split-gate flash pro-
posed by Silicon Storage Technology Inc. (SST) is widely used
in standalone and embedded applications for its many advan-
tages, including fast erase speed with low erase voltage, mod-
ular process and compatibility with the CMOS process!®~121.
It uses field enhanced poly-to-poly Fowler—Nordheim (F—N)
tunnelling for erasing{'3], and drain-coupling source side hot
carrier injection (SSI) for programming['4-15],

Endurance is one of the flash memory’s most important re-
liability aspects. It determines how many times the flash mem-
ory can be programmed and erased. The endurance is sen-
sitive to the memory cell structures and fabrication process
conditions. As the split-gate flash technology shrinks to 0.18
pm node, the mechanism of the cell endurance characteristics
becomes more complicated. In this paper, the erase voltage
impact on the 0.18 um triple self-aligned split-gate flash en-
durance is investigated. Compared with previous studies!!®!7],
both the tunnel oxide charge trapping and the select gate (SG)
oxide charge trapping are taken into consideration. It is found
that an optimized erase voltage exists for a certain tunnel ox-
ide thickness. Either lower or higher erase voltages cause more
degradation, but through different mechanisms. A progressive
erase voltage method is finally proposed and demonstrated to
further improve the endurance.

2. Device fabrication

The flash cells used in this paper were fabricated by
0.18 pum triple self-aligned split-gate flash technology!”>8l.
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Compared with its non-self-aligned counterpart, a high-
temperature-oxide (HTO) was deposited to form both the tun-
nel oxide and the SG oxide. The thickness is about 16 nm.
Then, a poly-silicon spacer was formed as the SG. During
erase, positive voltage was applied to the SG to facilitate poly-
to-poly F-N tunnelling. The cell schematic cross-section and
operation conditions are shown in Fig. 1 and Table 1 respec-
tively.

3. Experiment results and discussion

The split-gate flash cells are cycled with different erase
voltages (Vgrs). As shown in Figs. 2(a) and 2(b), the best en-
durance performance is achieved with 12 'V Vggs for 16 nm tun-
nel oxide thickness. The erased state cell read current (/) de-
grades 9% (from 41.4 to 37.7 nA) after 60 000 program/erase
(P/E) cycles. When Vggs is reduced to 11 V or even lower volt-
age, not only does the initial /;; decrease, but the /;; degrada-
tion percentage also increases. However, if Vggg is raised to 13
V, the I, degradation is also aggravated. The I;; degradation
sharply increases to 60% with 14 V Vggs, indicating that the
degradation is very sensitive to Vggs. Furthermore, when the
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Fig. 1. Schematic diagram of cell structure cross-section.
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Table 1. Cell operation conditions.

Source (V) Drain (V) SG (V) Substrate (V)
Program 7.4 0.6 1.6 0
Erase 0 0 11-13 0
Read 0 0.8 2.5 0
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Fig. 2. (a) Iy cycling degradation with different erase voltages (the
tunnel oxide thickness is 16 nm). (b) /;; degradation percentage af-
ter 60 000 program/erase cycles with different erase voltages. 13 nm
tunnel oxide data is also shown as a comparison.

tunnel oxide thickness is reduced to 13 nm, the most optimized
Vers 1s reduced to 11 V.

This observation is related to the split-gate structure of the
flash cell, in which the cell current flows through the serially
connected FG channel and SG channel during read operation.
The erased FG potential keeps increasing with increasing Vigs.
When the FG potential is high enough, the FG channel resis-
tance decreases significantly and the cell current becomes lim-
ited by the SG channel. Consequently, the cell current becomes
insensitive to the FG potential’s minor variation and tends to
saturation with increasing Vggs, as shown in Fig. 3.

The phenomenon that lower Vggg causes more [} degra-
dation has been explained in Ref.[12]. After P/E cycling, elec-
trons trapped in the tunnel oxide cause erase efficiency drop
and subsequent FG potential drop, which has a similar effect
to applying a lower erase voltage. Points A, B, C and A’, B/,
C’ shown in Fig. 3 signify the initial (cycling number = 0) and
final (cycling number = 60 000) I o with Vggs =12V, 11 V
and 10 V, respectively. When Vggg is reduced from 12 'V, the
I.ei—VERs curve becomes steeper thus even less tunnel oxide
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Fig. 3. Ice11—VERs curves. All I values are normalized to the /. at
VErs = 13 V. The solid and open symbols denote the cell current before
and after 60 000 program/erase cycles with different erase voltages
respectively (A, B,C: 12V, 11 V,10 V; D, E,F: 11 V, 10 V,9 V).

charge trapping causes more significant /;; degradation. This
explanation can also be demonstrated by points D, E, F and D,
E’, F’, which denote the initial and final /..y with Vgrs = 11V,
10 V, 9 V and 13 nm tunnel oxide thickness.

When Vggs is increased to 13 V, the initial /;; may still
benefit a bit from the higher Vigrs. However, as the high voltage
stress across the SG oxide also increases, charge trapping is
more likely to be generated in the SG oxide. Moreover, because
the SG voltage remains constant (equals to Vgrs) during the
entire erase duration, the stress across the SG oxide increases
directly with increasing Vgrs. When FG channel fully turns on
and 7, is mainly determined by the SG channel, the SG oxide
charge trapping can cause more /;; degradation.

The above explanation is verified by the Ip—Vsg curves.
As shown in Figs. 4 (a) and 4(b), after P/E cycling with 13 V
VErs, a significant threshold voltage (Vry) shift is observed,
whereas the Vry shift is not significant after P/E cycling with
12 V Vggs. This is further confirmed by the Synopsys TCAD
simulation (shown in Fig. 4(c)). Cell A represents the normally
erased cell, with 2.0 x 10™!> C/um charge in the FG. Cell B
has 1.2 x 10715 C/um charge in the FG, less than cell A, as
a representation of charge trapping only in the tunnel oxide,
which consequently reduces the erase efficiency. Cell C also
has 1.2 x 10713 C/um charge in the FG, but has additionally
1 x 1012 cm™2 fixed electrons in the SG oxide/silicon interface,
representing a cell that has charge trapping in both the tunnel
oxide and the SG oxide. The Ip—Vsg curve of cell B is similar
to 11 V Vggs, while cell C is similar to 13 V Vggs. The simula-
tion result demonstrates that with 13 V Vggg, charge trapping
is generated in the SG oxide and causes /;; degradation.

When the tunnel oxide (as well as the SG oxide) thickness
is reduced to 13nm, the optimized Vgrs with the best endurance
is also reduced, as shown in Fig. 2(b). This observation is con-
sistent with the above discussion. From Fig. 3, the I;1—Vggrs
curve of 13 nm tunnel oxide enters a gradual region with lower
Vers than 16 nm tunnel oxide. Moreover, the SG oxide charge
trapping could be generated at lower Vgrs due to the thinner
SG oxide thickness.

To further improve the endurance performance, both the
tunnel oxide charge trapping and the SG oxide charge trapping
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Fig. 4. Ip—Vsg curve comparison before and after 60 000 P/E cycles
with different erase voltages. The drain is biased at 0.1 V. (a) 13 V
erase voltage. (b) 12 V erase voltage. (c) Simulation /p—Vgg curves
with three different cell conditions. (Cell A: 2.0 x 1071> C/um charge
in the FG; Cell B: 1.2 x 10713 C/um charge in the FG; Cell C: 1.2 x
10715 C/pum charge in the FG, and 1 x 1012 cm™?2 fixed electrons in
the SG oxide/silicon interface.)

must be taken into consideration. A progressive erase voltage
method is then suggested as a better balance. At the beginning
of cycling, when there is no or very little tunnel oxide charge
trapping, lower Vggs is used to avoid over-stress on the SG ox-
ide. As the tunnel oxide charge trapping accumulates with P/E
cycling, Vggs is increased dynamically to compensate the tun-
nelling efficiency drop and to maintain a stable FG potential.
As demonstrated in Fig. 5, with an initial erase voltage of 11.5
V and voltage step of 0.1 V for every 50 000 P/E cycles, I;;
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Fig. 5. I;; degradation curve with the progressive erase voltage
method. The erase voltage curve is also shown. The initial erase volt-
age is 11.5 'V, and it increases by 0.1 V after every 50 000 P/E cycles.

only degrades about 10% (from 39.0 to 34.6 ©A) after 500 000
P/E cycles. It is also demonstrated that this method is better
than either constant 11.5 V Vgrg or constant 12.5 V Vggs.

4. Conclusion

The erase voltage impact on the split-gate flash endurance
is studied. Considering both the tunnel oxide charge trapping
and SG oxide charge trapping, an optimized erase voltage is
found to achieve the best endurance. A lower erase voltage
causes more degradation by increasing the I;; sensitivity to
tunnel oxide charge trapping induced erase efficiency drop. A
higher erase voltage will cause more /;; degradation by intro-
ducing SG oxide charge trapping. Finally, a progressive erase
voltage method is proposed and demonstrated to better balance
the tunnel oxide and SG oxide charge trapping and improve the
endurance performance.
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