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Abstract—As emerging non-volatile memory (NVM) devices,
Ferroelectric Field-Effect Transistors (FeFETs) present distinc-
tive opportunities for the design of ultra-dense and low-leakage
memory systems. For matured FeFET manufacturing, it is
extremely important to have an understanding of manufacturing
defects and accurately model them to develop effective test
solutions. This paper introduces a comprehensive framework
for defect and fault modeling, which enables the development
of test solutions. First, a classification of FeFET manufacturing
defects is provided; both conventional defects (such as contacts
and interconnect defects) as well as unique FeFET defects are
discussed. The latter FeFET specific defect leads to unique faults
that cannot be adequately described using traditional modeling
approaches. Then, the Device-Aware Test (DAT) method is used
to effectively and appropriately model, analyze and develop test
solutions for such unique defects; the approach will be illustrated
for Stuck-at-Polarization (SAP) defects.

I. INTRODUCTION

Ferroelectric Field-Effect Transistors (FeFETs) are emerg-
ing as one of the most promising Non-Volatile Memories
(NVMs) technologies, owing to their low driven voltage, low
power consumption, high speed, and high compatibility with
CMOS [1]. However, these FeFETs exhibit high susceptibility
to manufacturing defects due to the specific working mecha-
nisms, like the multi-domain switching mechanism in the FE
layer [2]. Hence, dedicated test solutions are critical for the
future development of FeFET manufacturing.

In this paper, we present the framework of test development
for FeFETs. Firstly, we categorize the defects in FeFETs into
two types: 1) conventional defects, and 2) unique defects.
Conventional defects are modeled with linear resistors; unique
defects are modeled using the device-aware test (DAT) ap-
proach [3-5]. Taking Stuck-at-Polarization (SAP) defects as an
example, we illustrate the effectiveness of the DAT approach
for FeFET testing. To the best of our knowledge, this is the first
work to introduce a framework for FeFET testing, effectively
and accurately modeling and simulating FeFET defects. The
main contributions of this paper are as follows:

o Establish guidelines for testing conventional and unique

defects in FeFETs.

o Design the device-aware defect model for SAP defects

and calibrate it with the measurement data.

o Apply the DAT approach for SAP defects to develop a

fault model and test solution.

The rest of this paper is structured as follows. Section II
establishes the background of FeFET from the device to the
circuit level. Section III provides an overview of the FeFET
testing framework. Section VI to IV applies DAT approach to
SAP defects. Finally, Section VII discusses and concludes the

paper.
II. BACKGROUND

This section outlines the FeFET structure, the 1T-1R cell
configuration, and the FeFET array.

A. FeFET Device

FeFETs share a similar structure with Metal-Oxide-
Semiconductor Field-Effect Transistors (MOSFETs). The pri-
mary distinction lies in replacing the high-x dielectric layer
with a ferroelectric (FE) layer. Typically, FeFET adopts a
metal-FE—-metal-insulator-semiconductor (MFMIS) structure,
as depicted in Fig. 1a [6]. FE materials exhibit a characteristic
polarization—voltage (PV) hysteresis. The two polarization
states signify distinct stored values (see Fig. 1b). For n-
type FeFET, downward polarization attracts minority carriers
toward the channel, enhancing its conductivity and resulting
in a low threshold voltage state (LVT). Conversely, upward
polarization repels these carriers, diminishing channel con-
ductivity and inducing a high threshold voltage (HVT) [6].
These two distinct threshold voltage states are employed for
binary information storage (HVT-logical ‘0’, LVT-logical ‘1°).
The difference in threshold voltages corresponding to a current
level of 1-107? is the Memory Window (MW), defined as
MW = HVT — LVT [7].

B. FeFET Cell and Array

The FeFET cell configuration utilized in this work is the
IT (FeFET)-1R (Resistor) structure. As shown in Fig. lc,
BL, WL, and SL refer to bit line, word line, and select line,
respectively. WL is used to control the conduction of the
transistors for accessing data stored in the desired unit. BL and
SL are set to voltages suitable for write and read operations.
Fig. 1d illustrates the 1T-1R NOR memory architecture. Cells
within the same row share common WL and SL connections,
while those within the same column share the same BL
connections. The peripheral circuits consist of the BL decoder
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Fig. 1. (a) FeFET structure. (b) PV hysteresis. (¢c) 1T-1R cell. (d) A 3 x 3 FeFET NOR memory architecture.

Defect
Model

Defect Fault Validated Test
Modeling Modeling Faults Generation

Fig. 2. FeFET test development framework.

(BLD), the SL decoder (SLD), the WL decoder (WLD), and
the Sense Amplifier (SA). During a read operation, the SA
detects the current flowing through the cell and compares it
to a reference [8, 9]. This study employs the MFMIS FeFET
and NOR array. The proposed framework and results remain
applicable to other structures and array configurations.

III. FRAMEWORK OF FEFET TEST DEVELOPMENT

In this section, we describe the proposed FeFET testing
framework as illustrated in Fig. 2. Subsequently, we system-
atically categorize and classify all potential defects that might
arise during the fabrication of FeFETs.

A. Test Development Approach

Our proposed FeFET testing framework relies on precise
defect and fault modeling to generate better-quality test so-
lutions with higher time efficiency. The framework shown in
Fig. 2 is comprised of three steps as follows:

o Defect modeling: This framework begins by categoriz-
ing defects and then employs different defect modeling
approaches for two defect types. Conventional defects
may occur during standard CMOS fabrication steps.
These defects are typically modeled using linear resistors.
However, due to the nonlinear characteristics of unique
defects, such models struggle to accurately capture the
behavior of devices with unique defects [10]. Therefore,
device-aware modeling is employed for the unique de-
fects model.

Fault modeling: Initially, the fault space is defined to
describe all potential faults in the presence of defects.
Conventional defects are typically represented using lin-
ear resistor fault models, while the developed FeFET fault
models accurately capture the faulty behavior of unique
defects.

Test development: Test solutions, including the March
algorithm and specialized Design-for-Testability (DfT),
are generated to detect the faults within the previously
fault space.
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B. Defects in FeFET

The manufacturing process of FeFET involves standard
CMOS manufacturing steps along with the deposition of the
FE layer. According to the manufacturing stage, defects in
single-cell can be categorized into Front-End-of-Line (FEOL)
and Back-End-of-Line (BEOL) defects. Fig. 3b depicts the
FEOL process used in this work, which is a typical manufac-
turing process for FeFETs [11].

1) Conventional defects: Given the extensive research on
conventional defects potentially arising during typical CMOS
fabrication processes, only a concise overview is provided
here. Table I lists most known potential conventional defects.
Resistors commonly model these well-studied conventional
defects [12, 13].

2) Unique defects: Unique defects that are primarily con-
centrated in the FE layer (the HZO depicted in Fig. 3a),
hence they typically belong to FEOL defects. Next, we will
comprehensively outline the potential unique defects at each
stage of the distinct FeFET fabrication process.

The FE layer is typically deposited through Atomic Layer
Deposition (ALD), as shown in Fig. 3b. The deposition tem-
perature affects the material and electrical properties. How-
ever, factors such as uneven heating can cause temperature
variations, significantly affecting the performance of FeFETs
[14].

The subsequent critical step involves depositing the insulator
layer (see insulator deposition step in Fig. 3b). The FE layer
is closely linked to the insulator layer, making this step prone
to unique defects [15]. For instance, line roughness in the
insulator layer can prevent it from supplying the necessary
charges for FE polarization balance, thereby diminishing the
MW and reducing retention and endurance of FeFET [16].

Following the insulator deposition, the next crucial step is
crystallization annealing, as illustrated in the crystallization
annealing step of Fig. 3b. Annealing temperature and duration
directly affect the degrees of crystallinity and polymorph
composition in the FE layer, thereby increasing the likelihood
of unique defects [17].

In the rest of this paper, we will use the DAT approach [3-5]
to develop test solutions for defective FeFETs; we will apply
this for SAP defects that are identified based measurements.
DAT approach follows the similar framework as shown in
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Fig. 3. (a) Cross-section TEM. (b) FEOL processing flow.
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TABLE I
CONVENTIONAL DEFECTS CLASSIFICATION.

FEOL BEOL
Material impurity Open vias/contacts
Crystal imperfection Irregular shapes
Polish variations Big bubbles
Shifting of dopants Small particles
Patterning proximity
Line roughness

Fig. 2, where the defect modeling is a major. Next, the DAT
three steps will be applied to SAP defects.

IV. DEVICE-AWARE DEFECT MODELING OF SAP

The SAP defects model is designed following these steps.

1) Characterization: While analyzing the measurement data,
we observed a significant decrease in the MW for some
devices. In Fig. 4, the Ip — Vi curves are compared to
characterize devices with and without defects, illustrating their
distinct electrical behaviors.

2) Defect-free Model: The defect-free FeFET model is
developed by calculating the key parameter ‘FE polarization
Prpg’, as follows [18]:

PFE = PS . tanh(VFE — dir - EC . tFE)

(D
Vy =Vre +Vymos

Prg | FE polarization Pg FE layer maximum polarization
Veg | Voltage across the FE layer dir Polarization direction

Ec Coercive field trp FE layer thickness

Vg Gate voltage Vimos | Voltage across MOS structure

The relationship between I; and V;, follows the conventional
MOSFET model [19].

3) Physical Defect Modeling: This step models physical
defects. To properly model the impact of non-switchable
domains on FE polarization. A new parameter « is introduced
to represent the percentage of non-switchable domains. pre-
senting SAP-defective FeFET as follows:

SAP : Py = Ps - tanh (Vg — dir- a - Ec - tpg)  (2)
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Fig. 4. Defective and device-free devices fitting in the logarithmic y-axis.
SAP* : Py = Pg - (tanh(VFE —dir-a- Ec - trr
3)

itanh((l —a)Ec - tFE>>

Here, « refers to the defect strength, representing the per-
centage of domains capable of free conversion. When « equals
100 %, it indicates defect-free devices. As a decreases, fixed
domains begin to appear and gradually increase in number.
The vertical cross-section in the Fig. 5 depicts the process from
alpha 100 % to 0 %, where eventually all domains become non-
switchable. The horizontal cross-section illustrates the upward
polarization situation, showing that defective domains fail to
provide polarization charge. For SAPY defect (Equation 2), a
represents domains capable of normal conversion. However
for SAPT defects, non-switchable domains are fixed in up-
ward or downward polarization. Therefore, defective domains
collectively influence the polarization of the FE layer with the
normal domains. Consequently, an additional constant term to
represent the domains providing fixed polarization (Equation
3). Since the methods and results obtained for both types of
defects are similar, this paper primarily discusses SAP defects
and highlights the differences with SAP*.

4) Electrical Defect Modeling: Following the physical de-
fect analysis, the impacted physical parameters (V¢ a) are in-
tegrated into the electrical parameters in this step. The compact
Preisach model is described in Verilog-A and integrated into
the FeFET compact model [18]. The SAP-defective FeFET
model allows for seamless integration into SPICE simulators to
further examine how the defect affects the electrical behavior
(e.g., current, MW).

« represents the percentage of domains capable of free
conversion, which affects V-, further directly impacting MW.
If all domains can switch normally (o = 100%), MW is
maximized. However, MW decreases proportionally when
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Fig. 5. Upward-polarized FE layer with SAP defects. (a) Vertical cross-
section. (b) Horizontal cross-section.

there is a certain percentage of non-switchable domains. As
illustrated by the inset graph in Fig. 6, MW and « exhibit
a fundamental linear relationship. Although SAP defects all
cause the same decrease in MW, they differ in their effects.
For SAP" defect, the Ip-V curves of LVT and HVT change
simultaneously, resulting in a decrease of MW. For SAP™
defect, due to the presence of domains fixed in the upward
polarization state, the transfer curve exhibits minor changes
for all upward-polarized HVT because all domains in this state
are ‘correct’ (albeit with defects). However, for the downward-
polarized LVT, the upward-polarized non-switchable domains
will counteract with partially downward-polarized domains,
leading to a faster rise in the threshold voltage of LVT.

5) Fitting and Optimization: In this step, we calibrate the
model obtained in the previous step using measurement data.
The fitting is carried out by SPICE simulation and involves
two steps: 1) Fitting the performance of the defect-free device.
2) Fitting the performance of the defective device with the
parameter o. Fig. 4 illustrates a comparison of Ip-V curves
between defective and defect-free FeFETs. Firstly, the data of
defect-free FeFET is used to calibrate the defect-free model.
Then, the defect model is calibrated using data of defective
FeFET with o = 49 % in Verilog-A. The fitting results indicate
that the model accurately describes the behavior of the SAP-
defective device, which enables further steps of fault modeling.

V. DEVICE-AWARE FAULT MODELING OF SAP

1) Simulation Setup: Cadence Spectre is employed for
circuit-level simulations. The simulation circuit is depicted in
Fig. 1d. SAP defects injection is carried out by replacing the
defect-free Preisach models with the defective device model
[18]. The defect strength is modeled by sweeping alpha from 0
to 100 %, with each « level corresponding to a curve. Besides,
We set values above 1- 1077 as storing ‘I’ and values below
1-107%as storing ‘0’, so the minimum I,, /I, can reach
1-102. If the current value lies between the two, ‘U’ indicates
that it flips to an incorrect, undefined state, which may lead

94
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Fig. 6. Faulty behaviors with different « values.

TABLE Il
FAULT ANALYSIS RESULTS.
a% ‘MW[V] H Fault ‘Type
(0w0/1/—)
(0, 44%) 0-0.98 (1w0/1/—)
(or0/1/1y | EP
(0r0/U/1)
(44%,59%) | 0.98-1.43 || (Ow0/U/—)
(1w0/U/—)
(0r0/U/0) | HD
(59%,70%) | 1.43-1.76 || (Ow0/U/—)
(1w0/U/—)

(70%, 100%) \ 1.76-2.53 H Fault free \

to functional errors during reading. Moreover, 1V is chosen
as the read voltage, which is a reasonable and conservative
value. In practical applications, a higher read voltage is often
used to achieve faster reading [20]. As shown in Fig. 6, when a
read voltage is fixed, as MW decreases, the difference between
high and low threshold voltages narrows. When it narrows to
a certain extent, functional errors occur.

2) Device-Aware Fault Modeling and Analysis: The results
are shown in Table II. It indicates that SAP defects have a
stronger effect on the ‘0’ state. As « decreases to 70 %, the
stored value becomes ‘U’, and The readout may be either
‘I’ or ‘0’ resulting in faults classified as Hard-to-Detect
(HtD). While « is 44 %, the stored value is the incorrect
‘I’ (see Fig. 6) leading to faults as Easy-to-Detect (EtD). In
practical applications, when selecting a higher read voltage
and I, /I,5f, a smaller defect strength is sufficient to cause
functional errors. In addition, since the choice of read voltage
is typically high, The impact of SAP™ defect is relatively
minor because it hardly affects the HVT Ip-V; transfer curve.
While the faults caused by SAP' defect are more serious.

VI. DEVICE AWARE TEST DEVELOPMENT OF SAP

The last step of the DAT approach involves devising ef-
fective test solutions for faults induced by SAP defects. As
depicted in Table II, SAP defects result in faults during read ‘0’
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and write ‘0’ operations. Detecting EtD faults can be reliably
achieved by implementing March algorithm [3]:

March — SAP = {{} (w1); { (w0,70)}

The procedure begins by writing 1 to initialize the memory
cell to state ‘1°, followed by writing ‘0’ and reading ‘0’
operations to detect faults. This test algorithm ensures the
detection of EtD faults.

However, DfT is required to detect HtD faults because the
March algorithm fails to meet the fault detection with the ‘U’
state, which can lead to random read outputs [21]. Specifically,
this involves adding reference resistors so that the SA can
differentiate current states between ‘U’/‘1” or ‘U’/‘0’ instead
of solely distinguishing the regular ‘0’/°1" [22]. In Fig. 7,
We use a controllable resistor to adjust the magnitude of the
reference current. This enables the detection of the ‘U’ state,
with reference line (RL) connecting to the current-steering SA
[23]. Our work employs a 1T1R cell where the resistor Value
is 1kQ. The controllable resistor is set to 20 k€2 for detecting
the ‘1’ and ‘0’ states with a current of I,..f1. Then the current
for reading the ‘0’ state of the defective device is set to Iy,
which is close to I,.f1 (within the SA margin), so the correct
state cannot be read. I,..r2 (with the controllable resistor set to
10k€?) is established to distinguish between the ‘1’ and ‘U’
states. Therefore, after performing a read ‘O’ operation for
the defective device, employing the I,.r2 allows for correct
differentiation between the ‘1’ and ‘U’ states based on the
readout values.

VII. DISCUSSION AND CONCLUSION

In this paper, we present a comprehensive, high-quality
testing framework for FeFETs. Although FeFET circuits vary
in their configurations, the proposed framework can be applied
to different circuit designs. Firstly, we outline the defects
present in FeFETs. Subsequently, we propose different mod-
eling and testing methods tailored to various types of defects.
Conventional defects, such as interconnect and contact defects,
are modeled using linear resistor defect modeling. For unique
FeFET defects, we employ the DAT approach, with SAP
defects serving as an illustrative example. This demonstrates
the effectiveness of applying specific modeling techniques
to different defect types, with the DAT approach proving
particularly powerful for appropriately testing unique FeFET
defects.
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