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ABSTRACT We have previously studied fatigue and its recovery phenomenon on 64 kbits hafnium-based
one-transistor and one-capacitor (1T1C) ferroelectric random-access memory (FeERAM) with PVD-TiN
(30 nm)/ALD- Hf 5Zrp 502 (8 nm)/CVD-TiN (50 nm) capacitors. In this study, we characterized a single
large capacitor fabricated using the same process as the 1T1C FeERAM to clearly understand the recovery
mechanism and comprehensively qualify the recovery effect. The results reveal that the recovery effect
is caused by domain depinning and new domains switching owing to a redistribution of oxygen vacancy.
Furthermore, it is evident from recovery voltage and recovery pulse width dependence of the recovery
effect that the recovery voltage can be reduced by applying a longer recovery pulse width. This enables
a more flexible circuit design of 1T1C FeRAM when the recovery method is applied to enhance the

cycling endurance.

INDEXTERMS Capacitor, hafnium oxide, ferroelectric random-access memory, recovery, zirconium oxide.

I. INTRODUCTION

HfO,-based ferroelectric devices have been increasingly
discussed in recent years owing to good compatibility
of cutting-edge CMOS logic process and lower switch-
ing current than other resistive random-access memories
(RRAMs) [1], [2], [3]. Zr-doped HfO, (HZO) are widely dis-
cussed toward various ferroelectric random-access memory
(FeERAM) applications [4], [5], [6], [7]. One-transistor
one-capacitor (1T1C) FeRAM with metal/ferroelectric/metal
(MFM) capacitors allows high cycling tolerance owing
to its good interface between the ferroelectric layer and
metal electrodes than metal/ferroelectric/silicon capaci-
tors [8], [9], [10]. However, a degradation of remanent
polarization during cycling stress called “fatigue” required to
be concerned [11], [12], [13]. The mechanism of fatigue has
been widely discussed and the increase in the trap density
near the electrodes results in the domain pinning of dipoles.
References [14], [15], [16], [17]. Furthermore, positively
charged oxygen vacancies formed by electron de-trapping at

the interface between HZO and electrodes can cause domain
pinning, and the fatigue can be recovered by applying a high
stress field [18], [19]. Previously, we have revealed that the
fatigue and recovery phenomenon are caused by the uni-
form usage of 64-kbits of 1T1C FERAM memory array with
Hf 5Zrp50>-based capacitors under a fatigue stress condi-
tion of 2.0 V at 10 MHz and recovery stress condition of 2.8
V at 10 MHz [20]. In this paper, we have extended our prior
work and performed a detailed analysis using a single large
capacitor that was fabricated using a same process to 1T1C
FeRAM to clearly understand the recovery mechanism and
comprehensively investigate the recovery effect.

Il. EXPERIMENT

A 64 kbits-1T1C FeRAM memory array and a large capacitor
were simultaneously fabricated using the same process [11].
The large capacitor (total area of 1,000 wm?) was prepared
by connecting 1,000 capacitors of the same size and struc-
ture as the 1T1IC FeERAM memory cell, which has an area
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FIGURE 1. (a) Fatigue measurement result up to 10'° cycles with a cycling
stress voltage of 2.0 V and the pulse width of 100 ns (b) Recovery test
result of 101 cycles with a cycling stress voltage of 2.8 V and the pulse
width of 100 ns, and (c) Re-fatigue test results for 101° cycles post
recovery with a cycling stress voltage of 2.0 V and the pulse width of 100
ns. Median value of AVg, (Bitline voltage shift of the 1T1C FeRAM) in 4
kbits MFM cells are extracted [20].
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FIGURE 2. Measurement sequence during (a) Fatigue up to 108 cycles
with a cycling stress voltage of 2.0 V and the pulse width of 100 ns

(b) Recovery up to 108 cycles with a cycling stress voltage of 2.8 V and the
pulse width of 100 ns, and (c) Re-fatigue up to 108 cycles with a cycling
stress voltage of 2.0 V and the pulse width of 100 ns.
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FIGURE 3. P-V curve and I-V curve obtained from PUND results during
(a) Fatigue, (b) Recovery, and (c) Re-fatigue phases. Positive bias was
applied from top electrodes. Voltage range of the P-V cure was limited to
—2.4V to 2.4 V to extract the 2-Pr.

of 1 pm? (length of 1.25 wm and width of 0.80 wm). PVD-
TiN (30 nm)/ALD- Hfp 5Zrp50;2 (8 nm)/CVD-TiN (50 nm)
were stacked as the MFM capacitor. For the capacitor, a
positive-up-negative-down (PUND) of the fatigue and its
recovery was conducted using an Agilent B15S00A system
that extracts polarization vs. voltage (P-V) and current vs.
voltage (I-V) measurements based on varying recovery stress,
stress voltage and frequency.

1Il. RESULTS AND DISCUSSION

A. MECHANISM STUDY OF RECOVERY EFFECT

Fig. 2 demonstrates the measurement sequences during the
fatigue, recovery, and re-fatigue phases. To investigate cur-
rent peak and its intensity, PUND pulses were applied as a
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FIGURE 4. Remanent polarization and E;, as a function of cycling stress
during (a) Fatigue, (b) Recovery, and (c) Re-fatigue phases. 2Py was
extracted by PUND pulse subscribing dielectric contribution in the left
vertical axis. E;;,¢ was extracted by a formula of 1/2(|Ecp|-|[Ecq|) in the right
vertical axis. The coercive fields were extracted from the voltage with the
peak current shown in the bottom I-V curves of in Fig. 3.

read sequence using voltages ranging from —2.8 V to 2.8 V,
which is a higher range than the cycling stress during the
fatigue phase to clearly identify a split current peak. The
cycling stress conditions obtained corresponded to the con-
dition shown in Fig. 1. Fig. 3 shows the P-V and I-V curves
during the fatigue, recovery and re-fatigue phases. A current
peak split at a cycling stress voltage of 2.0 V was observed
during the fatigue and re-fatigue phases, indicating that some
domains cannot be flipped because the fixed domains exhibit
a higher coercive field. During the recovery phase, the split
current peak first merged, and then the current peak intensity
increased. A remanent polarization (2-P;) as a function of
cycling stress during each phase in Fig. 2 was described in
Fig. 4 using red lines. The 2-P, degradation and recovery
were compatible with the AVpy in Fig. 1. An internal field
(Eint) was derived from (1).

1
Eint = 5 (|Ecp| — |Ecal) ey

where Ecp and Ec, represent positive and negative coercive
fields, respectively. The coercive fields were extracted from
the voltage with the peak current shown in the bottom I-V
curves of Fig. 3. A positive Ej,; was observed, implying that
a more positively charged oxygen vacancies should exist on
the surface of the bottom electrode than that at the surface of
top electrodes. The Ej,; increased with cycling stress in the
fatigue phase, whereas in the recovery phase it decreased,
which supports the fact that a positively charged oxygen
vacancy generated by electron de-trapping at bottom elec-
trodes could cause domain pinning during the fatigue phase
and can be neutralized in the recovery phase. Reference [19]
The Ejy is represented by the blue lines shown in Fig. 4.
From the result of current peak splitting behavior and
decrement of Ejy, the recovery mechanism can be explained
as shown in Fig. 5. In the initial state, there could be pinned
domains that were not flipped by a stress voltage during the
fatigued phase (Fig. 5(a)), with a higher coercive field. When
a higher cycling stress was applied to the fatigued capacitor,
the pinned domain started to flip via neutralization of the
positively charged oxygen vacancy accompanied by electron
de-trapping at the interfacial layer (Fig. 5(b)) resulting in
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FIGURE 5. Recovery model during (a) Fatigue, (b) Recovery, and

(c) Further-recovery phases. I-V image extracted from Positive pulse in
PUND sequence at upper row. Image of switching behavior of domains at
bottom row.

merged current peak splits. As the recovery cycling stress
increases, oxygen vacancies are redistributed owing to fac-
tors similar to those observed during wake-up behavior, such
as phase change [21] or reorientation of domains (in-plane
to out-of-plane) [22], resulting in more switching domains
that can participate in remanent polarization (Fig. 5. (c)).
The gradual sharpening of the peak could be due to the
migration of oxygen vacancies to the grain boundary dur-
ing recovery stress. Reference [23] In addition to including
the recovered domains that were fixed during fatigue, the
switching domains also include wake-up domains that did
not work under fatigued stress from the beginning. If fur-
ther recovery stress cycles are applied, domain pinning or
dielectric breakdown may occur owing to the stronger stress.

B. QUALIFICATION OF RECOVERY EFFECT

A recovery effect was qualified by investigating various
recovery stress pulses. Different recovery voltages and pulse
widths shown in Fig. 2(b) were applied post fatigue stress
shown in Fig. 2(a). Fig. 6 shows a qualification of the recov-
ery effect obtained from the recovery voltage and pulse width
dependence. The recovery ratio was determined by (2),

Recovery ratio = Py recover/Pr_ioss 2

where P, 1,5 1s the remanent polarization degradation post
108 cycles with a cycling stress voltage of 2.0 V, and
Py recover 1 the amount of P, recovered from the fatigue post
10° recovery cycles. Higher recovery ratio was obtained with
higher cycling voltage and longer pulse width. There was
no recovery effect observed at 2.0 V, and this was similar
to that observed for fatigued stress voltage including when
the pulse width was longer. Moreover, a large recovery ratio
was obtained at recovery stresses higher than 2.4 V, indi-
cating that a higher recovery voltage was required for the
recovery phase, contrary to a higher fatigue stress voltage.
Furthermore, the recovery ratio increased above 100% when
the recovery stresses and pulse widths where 2.8 V, 3.2 V,
100 ws, and 10 ws, respectively. The impact of new wake-
up domains caused by the recovery stress is investigated in
Fig. 7. The 2-Pr of the recovery stage under the condition
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FIGURE 6. Recovery ratio calculation as a function of recovery cycling
voltage ranging from 2.0 V to 3.2 V (step 0.4 V) with different pulse width
of 100 ns, 1 s, 10 ps and 100 ps. Definition of the recovery ratio was
described by left graph.
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FIGURE 7. 2.Pr as a function of the cycling number during (a) fatigue with
different conditions, i.e., 3.2 V with 100 s in red and 2.0 V with 100 ns in
blue. (b) Recovery at 3.2 V with 100 ps.

of 3.2 V with 100 ws was saturated to the value of the
fatigue stage under the same condition of the fatigue phase.
This indicates that domains, which were not involved in
switching during fatigue (Prpey), contribute to increase the
recovery rate above 100% as illustrated in Fig. 5(c). The
recovery cycling voltage dependence of the switching cur-
rent with a fixed pulse width of 1 us is shown in Fig. 8. It
can be observed that when the recovery stress voltage was
2.4V, the current peak split was unmerged, and the current
peak intensity was saturated, indicating that the current peak
split should be suppressed first by applying a higher recov-
ery stress voltage. Fig. 9 shows the recovery cycling pulse
width dependence of the switching current with a fixed stress
voltage of 3.2 V. The current peak split was merged includ-
ing when the pulse width was 100 ns, and a higher current
peak was obtained post 10° cycles with a longer recov-
ery pulse width. These results summarized that the domain
depinning and generation of polar domains can occur simul-
taneously under higher recovery voltage or longer recovery
pulse conditions.

IV. CONCLUSION

In this study, we have extended prior work and performed a
detailed analysis using a single large capacitor that was fab-
ricated using the same process as 1T1C FeRAM to clearly
understand the recovery mechanism of memory windows and
qualify the recovery effect. First, a peak splitting behavior
and its intensity were monitored during the fatigue, recovery,
and re-fatigue phases. The E;,; increased with cycling stress
during the fatigue phase and decreased during the recovery
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FIGURE 8. I-V curve during recovery cycling post fatigue stress with a
different voltage condition of (a) 2.0 V, (b) 2.4 V, (c) 2.8 V, and (d) 3.2 V,
respectively. Pulse widths were fixed as 1 ps among these conditions. Only
positive pulse during PUND pulse subscribing was described for simplicity.
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FIGURE 9. I-V curve during recovery cycling post fatigue stress with a
pulse width condition of (a) 100 ns, (b) 1 ps, (c) 10 us, and (d) 100 ps,
respectively. Voltage of the pulses were fixed as 3.2 V among these
conditions. Only positive pulse during PUND pulse subscribing was
described for simplicity.

phase. During the recovery phase, the current peak splits
first merged, and then the current peak intensity increased.
These results suggest a recovery mechanism in which posi-
tively charged oxygen vacancies are neutralized, resulting
in domain de-pinning, followed by redistributed oxygen
vacancies forming new switching domains. The recovery
effect was qualified by investigating the recovery voltage
and pulse width dependence of the recovery ratio. A recov-

ery

ratio above 100% was obtained at a higher recovery

voltage and longer recovery pulse width, which is in good
agreement with the mechanism that domain de-pinning and
new domains contribute to remanent polarization increment.
A higher recovery ratio was obtained at a higher recovery
voltage or longer pulse width in contrast to the stress con-
dition of the fatigue phase, and the recovery voltage can be
reduced by applying longer recovery pulse widths. Therefore,
this technology enables greater flexibility of 1T1C FeRAM
circuit design in improving the cycling endurance.
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