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ABSTRACT In this work, the impacts of various pulsing schemes on endurance are comprehensively
investigated. Trapezoidal and triangular waveforms are considered in endurance cycling tests. For endurance
cycling with the trapezoidal waveforms, different rising time (Tr)/falling time (Tf), e.g., 0.05–5 μs,
with a fixed pulse width (Twidth) and different pulse width (Twidth), i.e., 0-10 μs, with fixed rising
time (Tr)/falling time (Tf) are used. As for the endurance cycling with the triangular waveforms, the
frequencies are ranged from 1 kHz to 1 MHz. The results indicate that a shorter rising time (Tr)/falling
time (Tf) results in a completely different endurance characteristic, and a longer Twidth leads to an earlier
breakdown. Furthermore, the higher frequency of the triangular waveform results in a larger remnant
polarization (2Pr) after endurance cycling. Overall, the endurance is highly dependent on the pulsing
schemes, suggesting that a standardized methodology for the endurance evaluation is necessary for fair
benchmarks and qualification of the ferroelectric-based technologies.

INDEX TERMS Ferroelectrics, endurance.

I. INTRODUCTION
HfO2-based ferroelectric devices that are compatible with
complementary metal–oxide–semiconductor (CMOS) tech-
nology are promising for memory, logic, and neuromorphic
applications. Specifically, regarding to memory applications,
such devices have a lower operation voltage and higher
speed compared with other technologies [1]–[2]. In addi-
tion to superior performance, the endurance is regarded
as the most critical reliability issue [3]–[13], which can
be related to the re-distribution/generation of defects (most
likely oxygen vacancy) [3]–[4], [11]–[12]. Although HfO2-
based ferroelectric devices with high endurance have been
developed [2], [5], the pulsing schemes for evaluating are

inconsistent. In this work, the endurance cycling tests with
different pulsing schemes, including the trapezoidal wave-
forms with varying rising time (Tr)/falling time (Tf) and
pulse width (Twidth) and the triangular waveforms with dif-
ferent frequencies, are used to understand the impacts of the
pulsing scheme on the endurance.

II. DEVICE STRUCTURE AND EXPERIMENTAL DETAILS
Si-doped HfO2 ferroelectric metal–ferroelectric–insulator–
semiconductor (MFIS) capacitors are used as the testing
examples. Fig. 1 illustrates the Si-doped HfO2 ferroelectric
capacitor and the transmission electron microscopy (TEM)
image of the devices, fabricated on 300-mm p-type Si wafers.
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FIGURE 1. Cross section and transmission electron microscopy (TEM)
image of a device used in this study.

FIGURE 2. Measurement sequences in the cycling tests.

The capacitors used a 9.5-nm poly-Si/TiN/HfO2-based fer-
roelectric stack with Si doping (3.6%) on the Si substrate.
After the surface clean, 1nm SiO2 interfacial layer (IL) is
formed by immersing the samples in H2O2 solution. The
ferroelectric layer was deposited by atomic layer deposi-
tion (ALD) with Si dopants. Subsequently, 5-nm TiN and
50-nm poly-Si were deposited by ALD and chemical vapor
deposition, respectively. To crystallize the ferroelectric layer,
a post-metallization annealing was performed in N2 ambient
for 30 s at 1000◦C. The device measurements were con-
ducted using the Keysight B1530 Waveform Generator/Fast
Measurement Unit (WGFMU), which has often been used
in the previous studies [14]–[16]. Three devices were mea-
sured for each condition, and the consistent results can be
obtained. Therefore, one represented characteristic for each
testing condition is shown for the following discussions.

III. RESULTS AND DISCUSSION
Trapezoidal waveform for the endurance cycling.

A. IMPACTS OF TR/TF ON ENDURANCE
A triangular waveform is used to characterize the P-V char-
acteristics with a fixed Tr/Tf of 10 μs/V. A trapezoidal
waveform is used for the endurance cycling tests. To under-
stand the impact of Tr/Tf on the endurance reliability, four
Tr/Tf conditions—from 5 μs (slow) to 0.05 μs (fast)—are
used with a fixed Twidth (Fig. 2). A Tr/Tf of 0.5 μs is used
as the standard during the endurance cycling. The P-V char-
acteristics under a ±4V bias with varying Tr/Tf indicate
that the endurance characteristics are dependent on the Tr/Tf
(Fig. 3(a)). Note that the device is broken after 103 cycles
under a Tr/Tf of 0.05 μs (fast). Fig. 3 shows the 2Pr extrac-
tions with respect to the Tr/Tf and bias voltages and the exact

TABLE 1. Summary of the 2Pr value under various Tr/Tf and bias voltage
conditions.

FIGURE 3. Trends of remnant polarization (2Pr) under various Tr/Tf and
bias voltage conditions.

values are summarized in Table 1. In the case of the device
under ±3V cycling (Fig. 3(b)), we can clearly observe that
the device cycled with a Tr/Tf of 0.05 μs shows the com-
pletely different characteristics compared to the other cases,
i.e., a slight wake-up and a larger 2Pr. Furthermore, in the
case of the devices under ±4V cycling, the device cycled
with a Tr/Tf of 0.05 μs shows an earlier breakdown after
103 cycles compared with the other cases. Last, the device
tested with a Tr/Tf of 0.2 μs exhibits a slightly larger 2Pr at
106 cycles. Therefore, the results demonstrate that different
Tr/Tf of the trapezoidal waveform used for cycling can affect
the final endurance characteristics. A higher Tr/Tf indicates
a longer cumulative endurance testing time. For example,
the total endurance testing time to 106 cycles under a Tr/Tf
of 0.05 and 5 μs is 2.2 and 22 s, respectively. However, a
shorter cumulative endurance testing time results in a larger
2Pr at the end of testing—or even, an earlier breakdown
(Fig. 3(a)). In order to further understand the impact of
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FIGURE 4. Example of record voltage and current in the case of Tr/Tf =
0.05 μs (a), overshoot in the case of Tr/Tf = 0.05 μs (b), and the summary
of the voltage overshoot versus 2Pr (c).

Tr/Tf, Fig. 4(a) shows the recorded voltage and switching
current during the tests. The device tested with a lower Tr/Tf
(i.e., a high sweeping rate (dV/dt)), has a large total current
(Fig. 4(a)) and an obvious voltage overshoot (Fig. 4(b)).

The total current consists of the 1) polarization switching-
induced current, 2) displacement current due to dV/dt,
and 3) conduction current of the material (IC) as shown
below [17]:

I(t) = A× dP(t)

dt
+ C × dV(t)

dt
+ IC,

where A is the area, t is the time, P(t) is the ferroelec-
tric polarization, C is the parallel plate capacitance, and
V(t) is the applied voltage. Therefore, the high sweeping
rate (dV/dt) results in a large C× dV(t)

dt , which further con-
tributes to the total current during the polarization switching
(Fig. 4(a)). Moreover, a voltage overshoot (�V = 0.411V)
occurred under a Tr/Tf of 0.05 μs is clearly observed
(Fig. 4(b)). Fig. 4(c) shows the summary of the voltage over-
shoot during the cycling test with respect to the 2Pr. This
indicates that the difference in endurance under a Tr/Tf of
0.05 μs is most likely due to the voltage overshoot. When
the voltage overshoot is below 100mV, it results in a limited
impact on the 2Pr. On the other hand, the larger voltage
overshoot has a positive correlation with the larger 2Pr at
±3V cycling and with the earlier breakdown at ±4V cycling.
Therefore, the completely different endurance performance
with a Tr/Tf = 0.05μs can be most probably due to the

FIGURE 5. (a) Schematic of the cycling waveform under differing Twidth.
(b) Trend of remnant polarization (2Pr). Note that Tr/Tf of 0.5 μs is
selected as a standard to minimize the effects of the voltage overshoot.

larger voltage overshoot. The larger voltage overshoot can
result in a larger electric field applied to the FE layer. This
issue can both influence the reorientation of polarization and
defect generation and distribution, resulting in the different
wake-up and degradation [4], [12]. The similar overshoot
issue is also observed in the recent literature [18], showing
∼10% voltage overshoot with reported gate voltage pulsing
waveform with Tr/Tf = 10ns.

B. IMPACTS OF TWIDTH ON ENDURANCE
During the cycling endurance tests with the trapezoidal wave-
form, Twidth can be varied. Fig. 5(a) shows a schematic of the
trapezoidal waveform in the cycling endurance tests under
differing Twidth (0, 1, 5, and 10 μs) and a fixed Tr/Tf of
0.5 μs. The 2Pr extraction vs. cycling number with dif-
ferent Twidth is shown in Fig. 5(b), observing that Twidth
has the impact on the endurance characteristics. For exam-
ple, 2Pr is slightly large once the Twidth is increased from
0μs to 1μs . When Twidth is increased to 5 or 10 μs, a
breakdown is occurred after 105 cycles. A longer Twidth can
1) improve the wake-up efficiency [19]–[23], which might
be related to the defect redistribution [3]–[4], and 2) result
in time-dependent dielectric breakdown [24] that can cause
an earlier cycle-to-breakdown due to a longer stress time.
Triangular Waveform in Cycling Endurance Tests: In addi-

tion to the trapezoidal waveform, a triangular pulsing scheme
is one of the most common waveforms to evaluate the
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TABLE 2. Comparison of the pulsing schemes in the recent reported ferroelectric-based capacitors.

FIGURE 6. (a) Measurement sequences of endurance evaluation with a
triangular waveform. (b) Summary of remnant polarization (2Pr) trends.
Note that the impact of the voltage overshoot is limited because the
voltage is lower than 30 mV in the cycling endurance tests with the
triangular waveform for all of the varied frequencies.

endurance reliability as well. Fig. 6(a) shows the measure-
ment sequence of endurance evaluation with a triangular
waveform. Three different frequencies from 1 kHz to 1 MHz
are used. Fig. 6(b) shows that different frequencies during
the cycling test result in the different endurance character-
istics. A higher frequency results in a smaller 2Pr before

105 cycles, which is consistent with the reported literature
explained by the concept of switchable region [13]. On the
other hand, a higher frequency also results in a slight degra-
dation in 2Pr at 106 cycles, most probably related to the
limited dipole switching [9]–[11] that can suppress the gen-
eration of oxygen vacancies [11]. A higher frequency can
also limit the dipole switching due to a shorter switch-
ing time since the reported dipole switching time is in
the range from 0.2μsec to 2msec [19] depending on the
effective bias and material properties under the nucleation
limited switching (NLS) model [19]–[23]. Therefore, the
ferroelectric dipoles might be unable to respond, leading
to a minor 2Pr degradation at the cycling number of 106.
Fig. 7 shows the benchmark of the endurance for the differ-
ent pulsing schemes used in this work, which, to the best
of our knowledge, has never been reported before. We can
clearly observe that the endurance reliability is highly depen-
dent on the pulsing schemes. Table 2 summarizes the recent
reported cycling characteristics in ferroelectric-based capac-
itors, showing that there is no consistent pulsing scheme to
evaluate the cycling characteristics and some of the pulsing
details are not disclosed [5]–[8], [13]–[15]. Therefore, the
benchmarking comparison within different works can be mis-
leading due to the inconsistent pulsing schemes. A consistent
methodology for evaluating endurance reliability is necessary
for the assessment and qualification of ferroelectric-based
technologies.

IV. CONCLUSION
In this work, to the best of our knowledge, the effects of
the pulsing scheme on the endurance are comprehensively
studied for the first time in Si-doped HfO2 MFIS capacitors
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FIGURE 7. 2Pr characteristics versus the pulsing schemes.

by considering the endurance cycling tests with 1) different
Tr/Tf values with a fixed Twidth in the trapezoidal wave-
form, 2) different Twidth values with a fixed Tr/Tf in the
trapezoidal waveform, and 3) different frequencies in the
triangular waveform. First, it is the first time to report that
the endurance cycling tests with a shorter Tr/Tf results in the
completely different 2Pr characteristics, leading to a larger
2Pr in the case of ±3V and an earlier breakdown in the
case of ±4V, which is most probably due to the overshoot.
Since the devices are identical in this study, the endurance
result can be influenced by the voltage overshoot, which is
independent of the device characteristics. Secondly, a longer
Twidth during the trapezoidal waveform can 1) increase 2Pr
(in the case of Twidth = 1 μs) and 2) result in an earlier
breakdown (in the case of Twidth = 5 and 10 μs). Finally,
considering the endurance cycling test with the triangular
waveform, high frequencies can increase the 2Pr at 106

cycles. In summary, we demonstrate that the endurance is
sensitive to the pulsing schemes, which can lead to mislead-
ing evaluation and comparison among the results found in the
literature. A standardized methodology to test the endurance
reliability is needed for the development, benchmark, and
qualification of the ferroelectric-based technologies. Using
the consistent pulsing schemes to have a fair endurance
evaluation and to unify the degradation mechanisms can
be the future work to advance the ferroelectric-based tech-
nologies. Similar studies for the other ferroelectric-based
technologies, such as metal–ferroelectric–metal capacitors,
ferroelectric field-effect transistors, and negative capacitance
field-effect transistors, and the neuromorphic operations, can
be the future works as well since the understanding of the
impacts of the pulsing schemes on the performance and
reliability in these technologies have not been discussed in
details yet.
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