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A modified Impact-Ionization Recombination(IR) model is proposed to

explain
oxide of an EEPROM is not D.C. but

oxlde damage under dynamic stress. The stress applied to the tunnel
A.C.

equivalent current. According to

coventional theory, the oxide lifetime depends on electric field[1][2].
However, experiments on EEPROMs do not indicate any such clear dependence.

In the modified IR model, trapped holes and free holes in the oxide are
dealt with separately, and the drift of holes in the oxide valence band is
considered. This model allows the experimental results to be explained.

INTRODUCTION
There are two widely known theories of
oxide degradation. The first is expressed
by equation below[1l]. Qh represents the
critical value of trapped holes in the oxide
at which breakdown occurs.

Qh & «Qbd = constant (1)

where a is the hole generation rate and Qbd
is total injected charge to breakdown. This
relationship assumes D.C.condition, and does
not apply directly to dynamic stress. The
second 1s expressed by the simple rate
equation below(IR model)[3].

%F=—g—(a-aP) (2)

where P is hole density, J is electron
current, q is the electron charge, and o is
the hole capture-cross section. This equa-
tion does not lead to a prediction of oxide
lifetime.

The Modified IR model presented in this
paper can be used to predict oxide lifetime
under dynamic stress.

EXPERIMENTS

The devices used in this study are
FLOTOX EEPROM cells with 9.4nm tunnel oxide.
The tunnel oxide lifetime can be precisely
described in terms of W/E(Write/Erase)
cycles. Furthermore, FLOTOX cells are useful
in discussions of the damage to the oxide by
F-N tunneling current, because the tunnel
oxide is affected by F-N tunneling current
alone. We investigate the dependence of
tunnel oxide damage on programming pulse
waveform by measuring endurance characteris-
tics. Typical experimental data is shown in
Fig.1.
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DISCUSSION AND RESULTS
1. Modified IR Model
Figure 2 shows the schematic energy
diagram. Electrons pass through the SiOg

film by F-N tunneling(1), obtaining suffi-
ciently energy to cause impact ionization
from the applied high field(m), the generat-
ed holes drift in the valence band of the
oxide(m), where some recombine with injected
electrons(Iv), and others are trapped in the
oxide(V), some trapped hole recombine with
injected electrons(Vl). Element A is wunit
volume in the valence band. Each vector
indicates a hole flow rate into A and out of
A. Element B is a unit volume in the oxide.
At element A, the rate equation is:
Sr=L la- (o+45)P1 -1 (py py) (3)

(Jpl-Jp2)/q replaces vpaP/aX. vp is hole

velocity in the valence band. At steady
state, 9P/at=0, We have the differential
equation.

2P J

-5T=—\-,f§ [a—(cq+d—';-)P] (4)

Hence initial condition is P(x=0)=0. The
final expression for hole distribution in
the oxide is then

P(X)BE% [1-8)(}3(--})] t A _(JS‘Eq+x)'1 51

The hole density transient at element A
(to simplify calculations, gp/sx is assumed
0) is:

aP
a—t-"Lg—[a-(o‘1+-Jg-)P] (6)
Hence, the initial condition is P(t=0)=0.
The final expression for the hole density
transient in the oxide is:

J Jeot
P(t) = ﬁ |:1—exp(-——c|-ﬁ

) t] (7)
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Fig 6. Comparison between long pulse and short pulse,

Thus the hole current with short pulses is
less than with long pulses.

When the leading edge is steep, the high
field accelerates hole generation as a
result of impact ionization, but a narrow
pulse prevents the hole density in the
oxide from increasing. That 1s, a narrow
pulse compensates for the effect of the
high field. Accordingly, maximum number of
W/E cycles for several rise times are almost
the same value as shown in Fig.5.

3. Narrow Burst Pulses

Figure 7 shows the programming pulse
waveform used in the following measurements
of endurance characteristics. The rise time
is fixed at lusec. With this fairly steep
leading edge, the resulting transients of
tunnel oxide field, tunnel current, and hole
density are shown in Fig.7. Figure 7-(2)
shows results for a burst of narrow pulses.
In this case, the tunnel oxide field and
tunnel current of Fig.7-(1) is simply divid-
ed to give that of Fig.7-(2). The hole
density resulting from the burst of narrow
pulses, as predicted by the modified IR
model, is less than that of single long
pulse. That is, a burst of narrow pulses
causes less damage to the tunnel oxide.

Figure 8 shows the pulse width depend-
ence of the maximum number of W/E cycles.
The original pulse is 50usec in width. This
pulse 1s divided into varying number of
pulses; for instance, two burst pulses of
25usec  width, five burst pulses of 10Qusec
width, and so on. The number of W/E cycles
increases as the pulse width is narrowed.
Clearly, this result sustains the modified
IR model.
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Fig 7. Effect of programming pulse waveforms on tunnel
oxide field, tunnel current, and hole density. Rise
time is 1 usec. (1) a 31ng1e pulse of large width ;
(2) burst pulses of narrow width.
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CONCLUSION

Compared with the oxide lifetime under
D.C conditions, oxide survives a long time
under A.C. conditions. To explain this, a
modified IR model is proposed. In this
model, trapped holes and free holes in the
oxide are dealt with separately, and the
drift of holes in the valence band of the
oxide is considered. As a result, it is
confirmed that the hole density in the
valence band has time-constant. This time-
constant result in the difference in oxide
lifetime under A.C conditions and D.C.
conditions.
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Fig.1. Typical Endurance characteristics. In this
figure the threshold voltage changes at about 3million

cycles. We identified this as tunnel oxide breakdown,
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cross-section of holes in the valence band, o2
trapping cross-section of trapped holes. P :density of
holes in the valence band, Ptrap: density of trapped
holes in the oxide, x is possibility of hole trapping
" to the oxide.
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£§§ﬁ3' Schematic hole density transient in the valence

The schematic hole density transient in the

valence band is shown in Fig.3. There is a

clear time constant in the characteristic.
At element B, the rate equation is:

BPIT?E _%.(,,p(x‘t)-deo'zﬂrap) (8)

where P is function of distance and time.
Hence, in the steady state aPtrap/at=0. The
trapped hole density is:

Plrap = Jo g P (x. 1) (9)

Equation 8 is similar to Eq.2. The relation-
ship expressed by Eq.2 is measured by C-V
method. So P in Eq.2 represents the trapped
holes expressed by Ptrap in Eq.8. Equation 8
is also consistent with other experimental
data collected by the authors[4][5].
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Fig. 4. (a) Leading—edge of the programming pulse;

(b) tunnel oxide field calculated by a capacitive
circuit simulator. Shaded area indicate the stress due
to F-N tunneling current. Dotted line shows the case
of a steep leading edge.
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Table 1. Prediction of tunnel oxide

t lifetime for
different rise times,

2.Leading-edge Dependence

To change the tunnel oxide field, the
leading-edge of programming pulse is used.
When the applied control gate voltage rises
linearly, the tunnel oxide field transient
is described by Fig.4. At point B, F-N
tunneling current start to flow and charge
accumulates in the floating gate. This
stored charge prevents the tunnel oxide
field from increasing. As a result, from
point B to C, the tunnel oxide field is
almost constant. The stress on the tunnel
oxide due to F-N current is the character-
istic pulse-shaped shaded area. If the
leading-edge of the program pulse rises more
steeply, the width of shaded pulse is
reduced, and the hight of the pulse in-
creases(dotted line). Table 1 shows predic-
tions of tunnel oxide lifetime as made by
Eq.1 for several rise times. In esch pro-
gramming operation, an equal amount of
charge passes through the tunnel oxide.
Thus, this estimated lifetime corresponds to
the maximum number of W/E cycles, and means
the number of W/E cycles to programming
failure due to tunnel oxide breakdown.

According to calculations, maximum
number of W/E cycles with a 200usec rise-
time is expected to be about four times
greater than that with a 2usec rise-time.
The experimental results in Fig.5, however,
indicate almost equal values.

Figure 6 is a schematic comparison of
long and short pulse cases. The hole density
transient in the valence band has a time-
constant. Hence, a long pulse width allows
enough time for the hole density to reach
the steady state, while short pulses do not.




