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Abstract - Concurrent engineering aims at in-
tegrating technology, device and circuit develop-
ment in parallel. We will show here an example for
an EEPROM development case, which has been
realized with a transient circuit simulator. A pre-
cise unified EEPROM model was developed de-
scribing all characteristics with surface potentials
dependent on technological parameters. This new
exact model enabled us to realize all requested
goals from the first wafer run.

[. INTRODUCTION

A major request for industrial development is
to minimize turn-around-time to reduce the total
amount of cost. For this purpose it has been pro-
posed to undertake concurrent engineering, synergy-
ing all contributions up to circuit design from the
beginning of the development [1]. Though the tech-
nology CAD is well established with the help of pro-
cess and device simulators [2], the inclusion of the
circuit level is not yet well accomplished. The diffi-
culty lies on analytical transistor models, which act
as connectors between technology and circuit perfor-
mance optimization. Often the models include too
many model parameters, which causes the complica-
tion of the model parameter extraction [3]. One of the
most serious problems is that models are not physical
enough to predict technological influences on circuits
correctly.

The demand for high circuit performances requires
automatically a high modeling capability of the cir-
cuit simulator. Not only common MOSFET charac-
teristics but also additional specific device features
have to be included. For nonvolatile devices such as
the EEPROMs studied here, the tunneling current
Iiun into or out of the floating gate is such a feature
[4,5]. This time dependent current is the essence of
the EEPROM cell characteristics, and is well studied
analytically [4,6,7] and numerically [8,9]. Our aim
here is to show that a major issue for the successful
concurrent engineering is to develop not only a reli-
able model for local device characteristics but also a
model describing the complete EEPROM cell on the
circuit level. Our newly developed model and its suc-
cessful application to the EEPROM cell development
will be demonstrated.

II. EEPROM FEATURES

A cross-section of the floating gate-thin oxide EEP-
ROM cell is shown in Fig. 1. The main feature of the
cell is the tunneling of charges into or out of the float-
ing gate from or to the drain contact. To inject elec-
trons into the floating gate for the erase operation, a
positive pulse Ve () is applied on the control gate,
while all other electrodes are grounded. To eject elec-
trons out of the floating gate for the write operation,
a positive pulse Vp () is applied on the drain contact,
while the control gate is grounded. The negative or
positive charges in the floating gate cause a shift of
the threshold voltage to higher or lower levels, which
is the cause of the erase/write state.

A. Technological Aspects

Fig. 2 shows the measured threshold voltage V;; of
the memory transistor as a function of the erase pulse
duration with pulse amplitudes V,, between 13V and
17V. For long durations with large V,,’s a reduction
of V;j, is observed. This newly observed transient be-
havior cannot be explained by conventional knowl-
edge, but by considering the charge incorporation into
the interpoly dielectric ONO. The ONO structure is
shown in Fig. 3. Since the bottom oxide is grown on
a highly doped poly silicon, defect assisted tunneling
causes charge injection into the nitride, especially at
sharp grain edges, during the erase pulse with large
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Fig. 1. Cross-section of an EEPROM cell. The essential capac-
itances are also indicated. Carriers flow through the tunneling

oxide from the drain into the floating gate and vice versa.
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Fig. 2. Measured V; as a function of the erase pulse duration
for various pulse amplitudes Vy,. The symbols indicate mea-

sured points. The solid curves are simulated results.

amplitudes. For a long pulse duration the floating
gate potential decreases due to the injected charges.
This causes the increase of the electric field in the bot-
tom oxide, which results in the charge injection into
the nitride. In the nitride the charges move to the
edge of the top oxide. Mostly they are trapped at the
interface between the top oxide and the nitride. The
Vin reduction is attributed to this charge movement.

The possibility of the charge loss to the drain con-
tact through the tunneling oxide has been studied to
explain the long term degradation of the EEPROM
cell [10]. In our case the V;; reduction occurs dur-
ing the pulse duration, which assists the charge in-
jection into ONO, and not to the drain. Additionally
we observed no relationship between the amount of
the charge loss into ONO and the magnitude of the
long-term V;j, degradation. Therefore we have elim-
inated the possibility in our treatment. The charge
movement in the nitride is well studied by applying
a heat process to improve the charge retention of the
EEPROM cell. It is shown that the bake with 250°C

enables injected charges to move in the nitride [11].
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Fig. 3. After a certain pulse duration with a large amplitude
charges enter into ONO. These charges contribute still to a Vip,
shift. With long pulse durations these charges move through
the nitride towards the control gate, and contribute no longer
to a Vi shift.
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Fig. 4. Measured Vy, of an EEPROM cell vs. erase voltage (1
ms pulse duration) before and after a 24 hours bake at 250°C.

We have performed the same experiment for 24 hours.
The result is shown in Fig. 4. The V;; difference
between before and after the bake is attributed to
the movement. A nearly linear dependence of Vi
before the bake as a function of the erase voltage is
seen. The deviation from the linear dependence is
caused by the charge premovement in the nitride due
to the high electric field. Therefore, the evaluation of
the amount of the charge movement from the static
bake process is restricted only for relative low erase
voltages including no premovement.

To investigate the influence of the charge move-
ment on Vi, qualitatively, two different nitride thick-
nesses T,;; are studied both experimentally and nu-
merically. The bottom-oxide thicknesses are kept the
same, and the top-oxide thicknesses are adjusted so
that the total reduced-oxide thicknesses are the same.
Fig. 5 shows the results. The measured AV;, ; val-
ues are differences between the V;, values with a 15V
pulse of 1ms before and after the bake. The level of
15V is chosen to minimize the premovement before
the bake. The numerical 2D simulation results of
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Fig. 5. Measured and simulated threshold voltage shift AV} 5
due to bake as a function of the nitride thickness. For the sim-
ulation AVyy 3 is the difference between the threshold voltage
with charges at the bottom oxide in the nitride and that with
charges at the top oxide.



AVipp are differences between the Vi, values with
fixed charges in the nitride at the interface to the
bottom oxide and that to the top oxide. For the sim-
ulation all inputs are kept the same except the thick-
ness of the nitride. The fixed charge density is fitted
to the measured AVy, ; value for T),;;=30 nm, yield-
ing a value of 2-10'? em~2. This charge density value
is used for the 7,;;=20 nm case to calculate AV ..
The agreement of the simulation result with the mea-
surement for the 7,,;;=20 nm case proves that AV,
is caused by the charge movement in the nitride.

Conventional specifications require 10 year data re-
tention even at elevated temperatures. To meet this
requirement we had to mitigate this effect by a slight
increase of the bottom oxide thickness. However, this
measure shifts the erase/write characteristics out of
its optimum.

B. Circuitry Aspects

Fig. 6 shows simulated I;,,, and the substrate current
Iup of an EEPROM cell. For this simulation model
parameters (cf. next section) are fitted to measured
Tiun and I5yp. As can be seen, Iy, can be much higher
than Iy, itself. This leakage I, must be considered
in memory circuit design, where the erase/write po-
tential is provided by on chip high voltage generators.
Due to the limited strength of charge pumps, the cur-
rent flow during an erase or write cycle can saturate,
especially when all EEPROM cells in the whole mem-
ory array are simultaneously selected. In Fig. 7 a
simulated memory cell in a current saturation mode
is shown. As can be seen, the increase of the float-
ing gate potential at the beginning of an erase cycle
is suppressed significantly, as indicated by an arrow,
due to the I, contribution, resulting in a poor erase
performance. To improve it, conventionally either the
operation period is extended or the current supply is
enhanced. In our case the issue will be solved by min-
imizing I, by optimizing the doping concentration
under the tunneling oxide Niy,.
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Fig. 6. Simulated transient behavior of Ii,n and I.,; for an

EEPROM cell at Vog=0V and Vp=15V.

ITII. METHOD FOR CONCURRENT
ENGINEERING
A. Analytical Model for the EEPROM cell

Fig. 8 shows a cross-section of the energy-band dia-
gram of the EEPROM cell. The floating gate poten-
tial is [4,6]

Vea(t) CrcVea(t) + giD Vb(t) — Q)

Cr = Crc+Crs+ Crsuw+ Crp,

(1)

where () is the total charge stored in the EEPROM
cell. All essential capacitances (' are depicted in Fig.
1. The threshold voltage shift from a cell without
charges in the floating gate Vi;o is written

Vin — Vino = AViu(t) = %
Crc

If large voltages are applied then some part of ) tun-
nels further into ONO, which are mostly trapped in
the nitride. Fig. 2 shows that Vi, becomes even
smaller by applying large erase pulses for a long time.
The long pulse duration causes the Vpg lowering due
to the increased @ (cf. Eq. (1)). As a consequence,
the potential drop across ONO increases. If the po-
tential drop exceeds a certain limit, electrons are in-
jected from the floating gate through the bottom ox-
ide into the nitride. The resulting V;j increases fur-
ther due to the additional contribution of the nitride
charges, though the floating gate charge remains con-
stant. For further pulse duration, the charges in the
nitride move to the interface of the top oxide. Though
these charges are in the nitride, phenomenologically
they give diminished contribution to the V;; shift.
Therefore we treat these charges as to be lost into the
control gate. Consequently, the total charges stored
in the floating gate are

t
Q) = /0 Lran(ts 1)+ Tuna(t, Ez)— Ipp(t, Eo))dt,
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Fig. 7. Simulated transient behavior of a part of an EEPROM
circuit. CG, FG, and CE are nodes on the control gate, the

floating gate, and the column electrode, respectively.



Fig. 8. Band diagram of the EEPROM cross-section.

where E is the electric field in the oxide. The tunnel-
ing current between the floating gate and the drain
contact is I;yn,1 and that from floating gate into ONO
is ftun,2, and they are of a Fowler-Nordheim type
which is described with two tunneling coefficients a
and b [12] at an arbitrary time ¢

—b

Lun(t, E(t)) = Area - a- E(t)ZeE(t) .

Area is the tunneling area. The charge movement in
the nitride is modeled by the Poole-Frenkel mecha-
nism [13]

Ipp(t, Eo(t)) = Afloat - A- Ey(t)e” BVE2(t),

where A and B are treated as fitting parameters. The
electric fields are

Crp(Vrg — Vp — ®5)

Eit) = At (2)
Crc(Vea — Vrg)
EZ(t) Afl t " £ ’

where @, is a surface potential depicted in Fig. 8.
The areas of the floating gate and the tunneling win-
dow are defined by Af1oq: and Asyn, respectively. The
capacitances Crp and Cpe are approximately equal
t0 Avun - €oc/Tow and Atoar - €0 /Tono, respectively,
where ¢, is the permittivity in the oxide, T,; is the
tunneling oxide thickness and Tono is the effective
oxide thickness of ONO.

Our intrinsic MOSFET model is based on the drift-
diffusion approximation describing all transistor char-
acteristics by surface potentials in the channel, which
are computed iteratively [14]. The voltage depen-
dence of C'rgyp i1s derived automatically from the ap-
plied voltage dependence of the surface potentials,
which are dependent on the technological parameters.
As seen in Eq. (1), the capacitive coupling is respon-
sible for the efficiency of the EEPROM performance.
To calculate capacitances exactly, the surface poten-
tial under the tunneling oxide, ®, in Eq. (2), has to
be calculated as well. It is computed iteratively, sep-
arately from the intrinsic MOSFET part. All above
equations together with the intrinsic MOSFET model
equations [14] have to be solved simultaneously.

B. Analytical Model for the Substrate Leakage Current

The undesired leakage current I, is attributed to
the impact ionization by tunneling electrons from the
floating gate, which is expected to occur in the space
charge region [7]. These electrons have enough energy
(3.2V) to produce electron-hole pairs. Most parts of
these holes flow into the substrate and are observed as
Isup- The lateral doping profile under the tunneling
oxide Ny, is also an important factor for the hole
flow into the substrate. Our resulting I, equation
is written

/265@5 %y
I — Qv -€e kT . I
sub thun tun

_(Ecmt )ﬂ
a = «qqp-e =)

where « is the impact ionization rate, and aq is the
maximum value of approximately 1-10°/cm [15]. The
potential barrier @ is usually around 0.2V, if the lat-
eral diffusion of Ny, is far enough from the edge of
the tunneling oxide [16]. The field F is given in Eq.
(2) and its critical value F;; is treated as a fitting
parameter, and 3 is fixed to be one. Since our g,
is observed when Iy, is detectable, the well known
band-to-band tunneling [17,18] cannot be expected,
and is neglected in our treatment.

C. Equivalent Circuit

Concurrent engineering in the EEPROM develop-
ment requires a new equivalent circuit including all
modeled parts. The circuit diagram of a cell is shown
in Fig. 9. In addition to the conventional EEPROM
equivalent circuit including a node on the floating
gate, the charge injection into ONO and the move-
ment of these charges in the nitride are explicitly in-
troduced. The charges moved towards the control
gate, which contribute no more to the EEPROM char-
acteristics, are treated as charge loss into the con-
trol gate. This additional investigation enabled us
to study the charge retention characteristics on the
transient level. It is planned to handle the two ex-
tra nodes implicitly in a closed box in order to make
the additional computational expense for the model
evaluation not too high.

D. Parameter Extraction

To extract parameters for the EEPROM case we need
a new extraction strategy and methodology, which
requires special test structures. First, the extraction
of the device parameters of the intrinsic MOSFET
part such as the substrate doping concentration is
performed for our new MOSFET model which is de-
scribed in [14]. For this characterization the floating
gate and the tunneling oxide window are excluded in
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Fig. 9. Equivalent circuit diagram of the EEPROM cell. In ad-
dition to previous approaches, the charge movement in ONO
is implicitly included. The charges moved towards the control
gate, which do not longer contribute to the EEPROM charac-

teristics, are treated as lost into the control gate.

the test structures. With these extracted values, the
tunnel coefficients a and b are extracted as a next
target with the inclusion of the iteration to solve the
Poisson equation under the tunneling oxide T, sepa-
rately from the intrinsic channel region. This proce-
dure is especially important to study the doping con-
centration influence on the tunneling efficiency. The
Fowler-Nordheim tunneling coefficients into ONO are
extracted from the measured V;; difference between
before and after the bake shown in Fig. 4 with rel-
atively small erase voltages. The Poole-Frenkel pa-
rameters are fitted to the measured V;j curves shown
in Fig. 2. This extraction procedure can be done only
with a transient circuit simulator including all mod-
eled parts described above. The extracted parameter
values are tested by comparison with the measured
transient V;;, as shown in Fig. 10.

IV. RESULT

Our circuit simulator solves all equations described
with ®; simultaneously. The simulation result of
the charge retention is depicted in Fig. 2 together
with measurements. Simulation predicts that the bot-
tom oxide thickness has to be increased by 15 % to
suppress the injection into the nitride. However, as
shown in Fig. 11, the increased ONO thickness results
in a V¢ shift from the optimal value determined from
the circuit operation. For compensation, our tran-
sient circuit simulation result suggests a clear advan-
tage of the T,; reduction. Fig. 12 shows the charge
retention results after the optimization. For the 15V
erase pulse, which is the used operation voltage in our
case, no charge loss into ONO is observed. Even for
17V, the loss is drastically suppressed.
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Fig. 10. Comparison of simulated V5 with measurements as a
function of the pulse duration. Open circles are measurements
and solid circles are computed results. The pulse amplitude
Vpp (applied to the control gate for erase and to the drain for

write operations) is fixed at 15V.
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Fig. 11. Vi, vs. write/erase pulse amplitude of an optimized
EEPROM cell and of a not optimal cell with shifted charac-
teristics due to the ONO modification (pulse duration is 1ms).
The characteristics represent an average of measurements over

several lots.

Fig. 7 shows a simulation result of a part of a mem-
ory chip in the current saturation mode. The increase
of the floating gate potential at the beginning of an
erasing cycle became more flat, resulting in a weaker
erasing performance. During a write operation this
effect is more enhanced due to the I, current flow
into the substrate. The increase of Ny, by a factor
of two suppressed the reduction of the floating-gate
potential, as shown in Fig. 13. The increase of Ny,
decreases the substrate current and thus reduces the
charge pump loading. As a result we could get enough
EEPROM cell performance without any change of the
circuit operation condition.
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Fig. 12. Measured V; of an optimized cell under the same con-
dition as in Fig. 4. Note that a V}; shift by baking is observed
only at high erase pulses beyond the operation voltage of 15V.

V. Conclusion

Though numerous approaches have been investi-
gated to characterize the retention properties, up to
now no complete transient treatment of the EEPROM
cell has been proposed. We have shown here for the
first time the directly measured transient charge loss
into the nitride in ONO. During long erase pulses
these charges move to the interface between the ni-
tride and the top oxide in ONO. This transient charge
loss is modeled by three steps. The parameter extrac-
tion for the model is performed on the transient level.
Together with the intrinsic transistor model part, the
model was applied to optimize the EEPROM perfor-
mance. It has to be emphasized that this unified op-
timization is possible only on the transient level with
a circuit simulator due to the transient characteristics
of the charge loss, which is a key optimization task.
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