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Abstract—This paper presents a comprehensive SPICE com-
pact modeling methodology for split-gate embedded flash
(eFLASH) memory that supports transient program/erase simu-
lation and worst-case operation-failure analysis. The effectiveness
and accuracy of the proposed methodology are validated using
experimental data from a 28-nm HKMG logic process. To accu-
rately capture bias-dependent and time-transient threshold volt-
age (Vrn) shifts during program and erase operations, tunneling
and injection current mechanisms are implemented in Verilog-
A. Furthermore, cycling-induced endurance degradation and
worst-case word-line (WL) transistor behavior are incorporated
into a statistical modeling framework for program/erase failure
analysis. The resulting model estimates high-sigma operation-
failure probabilities within the SPICE environment, providing a
practical basis for reliability-aware eFLASH design.

Index Terms—eFLASH, Split-Gate, SPICE Modeling, Statisti-
cal Modeling, Endurance Modeling, Reliability Simulation

I. INTRODUCTION

As embedded flash (eFLASH) is increasingly deployed in
reliability-critical applications, including Al, automotive, IoT,
and security [1, 2], accurate SPICE modeling has become
indispensable for ensuring design robustness. The conventional
BSIM-based SPICE model [3] is widely adopted in indus-
try due to its simplicity in predicting read current (/rgap);
however, its reliance on empirical equations for floating-
gate charge (Qpg) limits the modeling to DC bias-dependent
behavior and fails to capture time-transient QJrg evolution
during program and erase operations. In addition, such models
are typically calibrated to nominal process corners, making it
difficult to adequately cover worst-case scenarios.

To address these limitations, this work presents a unified
modeling framework with two key components. First, compact
modeling of Fowler—-Nordheim (FN) tunneling and Source-
Side Injection (SSI) currents enables the dynamic prediction
of Qrg as a function of time and bias, from which quantitative
threshold voltage (Vry) shifts are derived. Second, large-
volume measurement data are used to construct statistical
models that capture cycling-induced endurance degradation
and worst-case WL transistor behavior. This framework en-
ables SPICE-based prediction of erase and program failure
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Fig. 1. Split-gate embedded flash cell structure. (a) Cross-sectional schematic
of the split-gate eFLASH cell with electron-flow paths during program and
erase operations. (b) Corresponding SPICE equivalent circuit model.

cases as well as the estimation of high-sigma failure levels,
facilitating more robust and reliability-aware design planning.

II. MODELING FOR TRANSIENT SIMULATION

This section presents the compact modeling procedure for
transient program and erase simulation, along with the corre-
sponding simulation results.

A. DC Modeling and Coupling Ratio Extraction

The DC I-V characteristics are first modeled following the
methodology in [3], because Qrg-induced AVry is ultimately
reflected in Irgap through the read-current model. As shown
in Fig. 2(a) and (b), the measured DC Igjy, characteristics are
fitted as functions of Viyy, and Vg, respectively, confirming
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Fig. 2. DCI-V fitting and coupling-ratio extraction based on the methodology
in [3]. (a) and (b) show the Igy, characteristics as functions of Vyyy, and Vgy,,
respectively. (c) and (d) show the node-specific coupling ratios extracted by
fitting the node-voltage dependence of the erase curve.
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Fig. 3. Compact model equations for transient Qrg and Irgap simulation.
The calculated AVpy is applied as an equivalent offset to Vo, and the
newly introduced Cjnj term captures the saturation behavior of the program
curve in Fig. 4(b).

that the model reproduces the bias-dependent read-current
behavior. In addition to the curves shown in Fig. 2, the DC
fitting was performed over all bias and temperature conditions
considered in this work.

The node-specific coupling ratios (CRs) are then extracted
by fitting the node-voltage dependence of the erase curve
using the corresponding capacitance values, as summarized
in Fig. 2(c) and (d). The extracted CRs are subsequently
incorporated into the transient QQrg model to calculate the
Qrg-induced threshold voltage shift (AVry) together with the
effective capacitance (Ceg), which is experimentally extracted
as described in [4].

B. Floating Gate Charge Modeling

Erase and program operations are modeled using the Ipyn
and Iggy current sources shown in Fig. 1(b). The corresponding
model equations are summarized in Fig. 3 [5, 6]. The calcu-
lated AVry is applied as an equivalent voltage offset to the
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Fig. 4. Comparison of measured and simulated AVpy and Irgap as functions
of (a) erase time under 1-V-stepped Vgg conditions and (b) program time
under 1-V-stepped Vo conditions.

control-gate voltage (Vo) under read conditions, allowing the
threshold shift to be reflected in the transient Iggap simulation.
Fig. 4(a) and (b) compare the SPICE simulation results with
measured data, demonstrating accurate prediction of transient
behavior over a wide range of time and bias conditions.

In the Verilog-A implementation, the transient QQrg dy-
namics are implemented using an external node driven by
the operation-bias voltages defined in the SPICE netlist. The
transient block is coupled to the conventional DC-based read
model only through equivalent voltage feedback. Since the
model computes AVyy through compact equations, the run-
time overhead of transient simulation is minimal.

III. WORST-CASE MODELING

This section describes three worst-case factors incorporated
into the proposed SPICE framework: statistical process vari-
ation, WL-transistor current limitation, and cycling-induced
endurance degradation.
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Fig. 5. Comparison of large-volume experimental data with Monte Carlo and
fixed-corner modeling results.
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Fig. 6. Measured and modeled I-V characteristics of the WL transistor at
25 °C and —40 °C. The measurements were performed in the erased state
to isolate the WL transistor behavior from the cell-transistor characteristics.

A. Statistical Modeling

As eFLASH-embedded logic technologies scale down,
the impact of process variations becomes increasingly pro-
nounced. Local and global variation components are charac-
terized separately: in-die variations are treated as local compo-
nents, whereas the remaining variation sources are modeled as
global components. The resulting total variation is compared
with large-volume experimental data in Fig. 5, along with the
Monte Carlo and fixed-corner modeling results. The backward
propagation of variation (BPV) methodology [7] is employed.
In this approach, BSIM parameters (TOX, XL, NFACTOR,
etc.) as well as Qrc,pem and Qrg,ers are defined using
Gaussian distributions.

B. Word-Line Transistor Modeling

Accurate I-V modeling of the word-line (WL) transistor has
also become essential. While earlier studies often treated the
WL transistor as a simple switch, continued scaling has made
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Fig. 7. Measured and modeled programmed and erased Vg as a function of
program/erase cycling count (V). The erased-state degradation is fitted using
a power-law model.

device mismatch and temperature dependence non-negligible.
In particular, device scaling and reduced operating voltage
decrease the WL overdrive margin; at low temperature, the WL
transistor Vg can approach the applied Viyy,, limiting Ipgym
due to insufficient turn-on. As shown in Fig. 6, the intrinsic
I-V characteristics of the WL transistor are extracted with the
cell transistor in the erased state and are modeled using BSIM
parameters.

C. Endurance Modeling

In split-gate architectures with a separate erase gate (EG),
cycling-induced degradation is observed predominantly in the
erased-state Vry [8]. Because this degradation can result in
the worst-case read-fail condition, the model incorporates only
the erased-state Vry degradation. Fig. 7 presents the measured
programmed and erased Vg as a function of cycling count
(N), along with the modeling results fitted to a power-law
equation [9]. The cycling count N can be defined as an
instance parameter, and the calculated AVry can be reflected
in the BSIM parameters of the cell transistor.

IV. HIGH-SIGMA OPERATION FAILURE ANALYSIS

By incorporating the worst-case factors modeled in Sec-
tion III, cell-level program and erase failure probabilities can
be predicted within the SPICE framework. Although modeling
is typically performed at the 30 level based on measurement
data, extrapolation beyond the measured range is a commonly
adopted methodology for evaluating high-sigma behavior in
high-reliability applications [10].

Erase operation failure may occur in the high-sigma tail
under a large cycling count (). As illustrated in Fig. 8(a),
after 1M program/erase cycles, the proposed approach enables
prediction of the sigma levels at which Irgap falls below the
sensing criterion.
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Fig. 8. High-sigma failure analysis for (a) erase operation (IRgap below
the sensing criterion) and (b) program operation (/pgn below the functional
limit), considering cycling-induced read-margin reduction and worst-case WL
transistor behavior. The minimum bit-line voltage (Vg1,) in (b) is determined
by the current-mirror Vpg sat-

Program operation failure can occur when the WL transistor
cannot supply sufficient current, causing Ipgy to fall below the
functional limit. In this evaluation, the Ipgy source is designed
as a two-stage cascode current mirror, and the simulation is
performed at —40 °C. As shown in Fig. 8(b), the proposed
approach estimates the high-sigma conditions under which the
WL transistor fails to supply the required Ipgym.

V. CONCLUSION

We proposed a SPICE compact modeling methodology for
split-gate eFLASH cells that supports transient program/erase
simulation and worst-case operation-failure analysis. FN tun-
neling and SSI current models captured transient Qrg behavior
and accurately reproduced AVry and Irgap under various pro-
gram/erase biases. Process variation, endurance degradation,
and low-temperature WL-current limitation were incorporated
as worst-case factors. This approach enables SPICE-based
evaluation of erase failure due to read-margin loss and program
failure due to insufficient Ipgy.
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