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Abstract

The ferroelectricity in fluorite-structure oxides such as hafnia and zirconia has attracted increasing interest since 2011. They have various
advantages such as Si-based complementary metal oxide semiconductor-compatibility, matured deposition techniques, a low dielectric cons-
tant and the resulting decreased depolarization field, and stronger resistance to hydrogen annealing. However, the wake-up effect, imprint, and
insufficient endurance are remaining reliability issues. Therefore, this paper reviews two major aspects: the advantages of fluorite-structure
ferroelectrics for memory applications are reviewed from a material’s point of view, and the critical issues of wake-up effect and insufficient

endurance are examined, and potential solutions are subsequently discussed.

Introduction

Ferroelectric properties in fluorite-structure oxides were first
reported in 2011 by Bdscke et al. and have since attracted
increasing interest in the field of ferroelectricity and nonvolatile
memories..' " Figure 1 shows the variations in the annual num-
ber of papers on fluorite-structure ferroelectrics and the annual
citations of the original paper by Boscke et al.l'! since 2011. As
shown in the figure, the number of papers is rapidly increasing,
and more than 100 papers are expected to be published in 2018
despite 8 years short history of fluorite-structure ferroelectrics.
Various applications, such as ferroelectric memories," ")
energy harvesters,!'""'? electrostatic supercapacitors,
electrocaloric coolers,!''%13-1%1 and pyroelectric sensors,
have been suggested for fluorite-structure ferroelectrics due to
their advantages over the conventional perovskite-structure fer-
roelectrics. Ferroelectric memories with ferroelectric doped
HfO, have also been suggested to be useful for neuromorphic
devices and random-number generators.!'*2%]

The ferroelectric memory is one of the most important
applications of fluorite-structure ferroelectrics.*'*1 Two
spontaneous polarization states can be written electrically,
and the written states can be retained even without power
supply. The write speed and energy efficiency are sufficiently
high for realizing a nonvolatile random access memory. As a
result, ferroelectrics have been considered as a promising

[12-14]
[17,18]

material for future memory devices. One version of a memory
device based on ferroelectrics is the capacitor-based ferroelec-
tric random access memory (FeERAM), whose cell generally
consists of one transistor and one capacitor (1T-1C). Its over-
all structure is very similar to that of a dynamic random
access memory (DRAM), except that the capacitive layer of
the capacitor was replaced by a ferroelectric material, and
the plate line of FeRAM does not remain at a constant volt-
age, as in DRAM, but needs to be pulsed to switch the ferro-
electric polarization. The addition of the plate line increases
the capacitive load during the read-write operations, limiting
the access speed, and additionally complicates the layout of
the memory.

Due to the limited memory array size of perovskite-based
FeRAM capacitors, the commercialization of FeRAM is cur-
rently limited to niche markets. Further scaling is not possible
due to the high physical thickness of the perovskite layer (typ-
ically ~70 nm) and the inability to create three-dimensional
(3D) capacitors, as in DRAM.* The state-of-the-art technol-
ogy node is still 130 nm,">*** a value one order of magnitude
higher than the values of the current technology nodes of
DRAM and NAND flash memory. Such a large feature size
limits the use of the devices for applications where a high oper-
ation speed and low power consumption are essential, due to
the much higher cost per bit compared to DRAM and NAND
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Figure 1. Annual number of papers (blue bars, left y-axis) and annual
citations of the original paper (Ref. 1, red dots, right y-axis) on
fluorite-structure ferroelectrics (source: Google Scholar, June 6th, 2018).
The result was searched using keywords ((Hf02) or (hafniumoxide) or
(hafniumdioxide) or (Zr02) or (zirconiumoxide) or (zirconiumdioxide)) and
((ferroelectric) or (piezoelectric) or (pyroelectric)), and irrelevant results were
manually screened out. It should be noted that the only the number of papers
and citations until June 6 is shown in 2018.

flash memory combined at the equivalent functionality. Other
critical issues will be reviewed in the next section.

The fluorite-structure ferroelectrics are expected to resolve
most of the aforementioned critical issues of perovskite-structure
ferroelectrics. In fact, HfO, and ZrO,, the two most frequently
studied fluorite-structure materials in the semiconductor field,
are already being utilized as the materials for the gate oxide
layer of the logic field effect transistors (FETs) and the dielectric
layers of the DRAM capacitors, respectively.?®! Thus, matured
atomic layer deposition (ALD) techniques are already available.
Simply adding a rapid thermal process for the appropriate crys-
tallization of HfO, or ZrO, thin films prompts ferroelectric
behavior in these materials. Nonetheless, the fluorite-structure
ferroelectrics still have several issues that need to be resolved
before they can be adopted for memory applications. Among
these, the problems of the wake-up effect and insufficient endur-
ance are critical, and numerous studies have been conducted on
these issues. In this review paper, therefore, the aforementioned
reliability issues of fluorite-structure ferroelectrics for memory
applications are intensively reviewed, and perspectives for
resolving such issues are provided based on the data published
in the recent literature.

Advantages of fluorite-structure

ferroelectrics over conventional

ferroelectrics for memory applications
In the case of the conventional Pb(Zr,Ti)O3(PZT)- or
SrBi,Ta,O9(SBT)-based 1T-1C FeRAMs using planar capaci-
tors, the main scaling issue is the limited availability of charge
for stable sensing. According to Maruyama et al.*”), at least
double remanent polarization (2P,) of 84 pC/cm? is required
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for a stable operation of a 1 T-1C FeRAM with a 90 nm technol-
ogy node. For practical polycrystalline PZT thin films, 2P, is
limited to <~80 pC/cm? and other polycrystalline ferroelec-
trics, such as SBT and (Bi,La)4Tiz;O;, (BLT), have even
lower 2P, values.”® BiFeO; (BFO) can have 2P, values
above 200 pC/cm? and was suggested as a solution to extend
the scalability.*”) BFO’s low bandgap and associated large
leakage current,'*”! however, limit its practical application in
memory devices. The 2P, values of perovskite-structure ferro-
electrics are usually degraded at several-tens-of-nm-scale
devices due to the damaging effect of the side wall regions,
which may be caused by the patterning processes.

Therefore, the fabrication of 3D nanoscale capacitors is
essential to overcome the scaling issue of 1T-1C FeRAM.
There are several critical issues, however, with regard to the
fabrication of 3D capacitors based on the conventional ferro-
electrics. The first issue is the difficulty of depositing
perovskite-structure ferroelectrics with two or more cation
components in high-aspect-ratio structures via ALD. There
have been several reports on the ALD of perovskite-structure
oxide, but it is very difficult to achieve sufficient ferroelectric
properties for memory applications using ALD.P%*! The
even more fundamental issue is the scaling of the physical
thickness of ferroelectric thin films. To fabricate 3D capacitors,
the total thickness of the capacitor needs to be smaller than ~1/
3 the technology node. The thickness of the conventional
perovskite-structure ferroelectrics, however, is limited to 50—
70 nm to achieve robust ferroelectricity.*?! As a result, the con-
ventional perovskite-structure ferroelectrics cannot be utilized
for the sub-130 nm technology node. There have been exten-
sive discussions on the critical thickness of the ferroelectric
properties of perovskite-structure materials because the ferro-
electric properties of perovskite oxides have been experimen-
tally shown to become degraded with decreasing thickness
below a certain level.>* %1 It is now accepted that the ferroelec-
tric properties can be retained even with several atomic layers’
thickness for epitaxial films grown on selective single-
crystalline substrates. Such films lack complementary metal
oxide semiconductor (CMOS) compatibility, however, and
are thus not suitable for mass production.**>=* Nonetheless,
in practical metal-ferroelectric-metal capacitors that have ferro-
electric materials with a polycrystalline structure, degradation
of the ferroelectric properties with decreasing film thickness
is generally observed. Until now, there is no fabrication method
that is known to integrate single-crystalline perovskite struc-
tures into CMOS devices, and to maintain defect-free proper-
ties up to the end of the integration process.

As mentioned earlier, FeRAM based on perovskite-structure
ferroelectrics cannot be scaled down to below 130 nm, but the
ferroelectric HfO,-based film can make a breakthrough and
achieve 3D capacitors. Polakowski et al.*" reported the ferro-
electric properties of the TiN/AI:HfO,/TiN-based deep-trench
capacitors with a P, per projected area of 152 pClem>.
Figure 2 shows a cross-sectional transmission electron micros-
copy (TEM) image of the fabricated deep-trench capacitor with
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Figure 2. Cross-sectional TEM image (left panel) and projected
polarization-electric field curve (right panel) of the 3D TiN/AI:HfOo/TiN
capacitor. In the right panel, A and B are width and length of the projected
area, respectively, so the projected area can be calculated from (A x B).
Adapted with permission from Ref. 9 (IEEE, 2013).

AL:HfO, (left panel) and its projected polarization-electric field
(P-E) curve (right panel).*”! Although the P, value of the planar
capacitor was only 15 pC/cm?, the 1.6-um-deep-trench capaci-
tor with an aspect ratio of 13:1 could increase the P, per pro-
jected area by one order of magnitude, which is very close to
the degree of increase of the capacitor area.*”! To date, the larg-
est P, value ever reported for fluorite-structure (planar) ferro-
electrics is 45 pC/em? for a La:HfO,.[! If this film is grown
in the previous 3D capacitor structure, a P, of ~450 nC/cm?
per projected area can be achieved.

The scaling limit of HfO,-based FERAM can be estimated
through a simple calculation.*® Using HfO,-based ferroelec-
trics, a FERAM capacitor can be fabricated with dimensions sim-
ilar to those of a DRAM capacitor, since the equivalent material
(HfO,) is being utilized as a capacitive layer. Therefore, a poten-
tial scaling limit can be estimated through simple comparison
with the state-of-the-art DRAM. The amount of charge that
can be stored in a DRAM capacitor (Q) can be calculated
using the simple equation Q =g, & V/t, where &, &, V, and ¢
are the permittivity of vacuum, the dielectric constant of the
dielectric layer, the operation voltage, and the film thickness,
respectively. For the DRAM capacitors, the &, V, and ¢ are
roughly 20, 0.5V, and 6 nm, respectively. With these values,
the charge on a DRAM capacitor is calculated to be approxi-
mately 1.5 uC/cm?, which is about 5-10% of the 2P, value of
ferroelectric-HfO,-based films with a similar film thickness.
With a polarization value that is more than one order of magni-
tude higher, HfO,-based FeRAMs are expected to scale better
than DRAM. For the practical scaling of FeRAMs, however,
the effect of the film thickness needs to be carefully examined
especially if the required film thickness is below 5 nm.

Two other types of ferroelectric memories, the ferroelectric
field effect transistor (FeFET) and the ferroelectric tunnel junc-
tion (FTJ), have also been considered promising candidates.”*”’
FeFET is a simple nonvolatile memory cell consisting of only a
single transistor, where the gate oxide layer of the metal-oxide-
semiconductor FET was replaced by a ferroelectric layer.
Depending on the polarization orientation, the threshold volt-
age is modulated, and information can be directly stored in a
1 T memory cell. Unlike in FeRAM, the data stored in

FeFET can be read non-destructively. FTJ is based on the tun-
neling conduction of electrical carriers through an extremely
thin ferroelectric layer (generally a few nm level), and the tun-
neling current density is determined by the polarization direc-
tion of the ferroelectric layer relative to the configuration of
the two different electrodes. FTJ is also considered as a prom-
ising candidate for the next-generation nonvolatile memory, but
it also has critical issues that are not easy to overcome. For prac-
tical device fabrication with a large wafer area (300 mm in
diameter), it is very difficult to have a uniform thickness over
the entire area. As FTJ is based on the tunneling conduction
mechanism, only small thickness non-uniformity in atomic
scale can make significant differences. Even worse, for uniform
device performance, precise control of the interface property
between the thin ferroelectric layer and the semiconductor or
electrode layers is critical. To simplify the device design and
to relax the requirements for the ferroelectric layer, an alterna-
tive structure with additional tunneling (dielectric) layer was
proposed. In the structure, the polarization is switched in the
ferroelectric, but the tunneling current is limited by a thin tun-
neling layer.1****) Several issues, however, including the insuf-
ficient read current, still need to be resolved before putting such
structure in practical memory arrays. Thus, FeFET is considered
a nearer-future candidate compared with FTJ. Accordingly, in
this review, the focus is mainly on the capacitor-based 1T-1C
FeRAM and FeFET devices.

The conventional perovskite-structure ferroelectrics have
been intensively studied to date, but the perovskite-based
FeFETs still have critical issues. First, Si compatibility is
more important for FeFET than for 1T-1C FeRAM because
in the former, the ferroelectric layer is in direct contact with
the Si channel. The conventional ferroelectric materials, such
as PZT, SBT, and BLT, are not Si-compatible, and interface
reactions like silicate formation prevent them from having
direct contact with Si, and further deter any high-temperature
procedure afterward. Additionally, in a FET arrangement, the
ferroelectric will be in a serial connection with the depleted
channel capacitance. As perovskite-structure ferroelectrics
have very high &, in the range of a few hundred, the applied
voltage is divided in an unbalanced manner. This voltage
divider effect becomes even more severe when a low-g, interfa-
cial layer is formed between the ferroelectric layer and the Si
channel to avoid the aforementioned interfacial reactions, and
a severe depolarization field is generated in the retention condi-
tion as a result.?>***! Several methods, such as the insertion
of a high-k buffer layer below the ferroelectric layer and replac-
ing the Si channel with an oxide semiconductor, have been sug-
gested to resolve this issue.?>***7! Figure 3(a) shows a
cross-sectional TEM image of a FeFET with a Ca:SBT ferro-
electric and a HfO, buffer layer on a Si substrate.**] The
HfO, buffer layer was inserted to prevent low-quality interface
formation between Ca:SBT and the Si substrate.**! It is note-
worthy that a HfO, or doped HfO, layer was also used as a
high-€, buffer layer due to its good Si compatibility.[***%]
The best retention properties for FeFET with the conventional
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Figure 3. Cross-sectional TEM images of a FeFET with (a) Ca:SBT and (b) Si:HfO, ferroelectric gate oxide layer, respectively. (c) Physical gate length of logic
FETs and FeFETs in the literature. Figure 3(a) was reproduced from Ref. 48 with permission (The Japan Society of Applied Physics, 2015), and Fig. 3(b) and 3(c)

were reproduced from Ref. 49 with permission (IEEE, 2017).

ferroelectrics have been reported with a rather thick SBT ferro-
electric in combination with a HfO,-based buffer layer.[***%]
Figure 3(b) shows the cross-sectional TEM image of a FeFET
with a ferroelectric-Si:HfO, thin film with a 22 nm technology
node.*” Unlike the SBT-based FeFET in Fig. 3(a), the thickness
of the ferroelectric layer and the gate length can be reduced by
~80%. It is important to note that the memory window (MW)
of a FeFET is determined by the voltage margin for switching
ferroelectric polarization, which can be estimated as MW =
2E xtr., where E_ is the coercive field, and # is the thickness
of the ferroelectric layer. As a result, the rather low E. of
perovskite-structure ferroelectrics (typically 50-100 kV/cm)
will require a very thick ferroelectric in the 100 nm range.
This, in turn, significantly limits the scalability of a FeFET
device based on perovskite-structure ferroelectrics.” %44
Therefore, a high E. of fluorite-structure ferroelectrics with a
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0.8-2.0 MV/cm range is more advantageous for FeFET applica-
tions. Figure 3(c) shows the scaling in the physical gate length of
logic FET and FeFET over a period of about 20 years. As shown
in the figure, there was a technology gap of one to two orders of
magnitude between logic FET and FeFET before the adoption of
fluorite-structure ferroelectrics, but the gap almost disappeared
after the introduction of ferroelectric HfO,. Currently, the small-
est reported technology node for FeFET is 22 nm.[*”!

The high E, together with the rather low &, of ferroelectric
HfO, can significantly improve the retention of FeFET,")
which has been the most critical issue for FeFETs with conven-
tional perovskite-structure ferroelectrics. To date, the best
retention property reported for a conventional material was
the use of an SBT-based FeFET with a HfAlO, buffer layer
[Fig. 4(a)].*”) As shown in the figure, the retention was mea-
sured for a period of 37 days, and an extrapolated 7,,/I ¢

10° 10" 10" 10° 10* 10° 10° 10" 10° 10°
(b) Time (s)

Figure 4. Retention test results for FeFETs with (a) an SBT/HfAIO gate oxide layer and (b) a Si:HfO, gate oxide layer, respectively. Figure 4(a) was reproduced
from Ref. 47 with permission (The Japanese Society of Applied Physics, 2005), and Fig. 4(b) was reproduced from Ref. 9 with permission (IEEE, 2013).
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ratio of 10* after 10 years was achieved.'*’") Figure 4(b)
shows the retention test result of the FeFET with ferroelectric
Si:Hf0,.’" As shown in the figure, a memory window of
0.9 V was extrapolated after 10 years, and even at 200 °C, a
memory window of 0.2 V was retained. Despite its short devel-
opment time of only 8 years, the retention property of
HfO,-based FeFET is comparable with or even better than
the best-reported retention properties from the perovskite-based
FeFETs. It is important to note that on the integrated memory
arrays of 28 and 22 nm technology nodes, comparable retention
data were achieved.!®*")

The spatially inhomogeneous distribution of £, of polycrystal-
line fluorite-structure ferroelectrics can be another potential issue
for scaled FeFETs. Since the lateral grain diameter of ALD grown
fluorite-structure ferroelectrics are generally comparable with
their film thickness, only a few grains are expected to present
in the gate stack of a scaled 28 or 22 nm device. Each grain
may have a different £, for switching, resulting from a different
orientation or the inhomogeneity of the material. The grain size
dependent coercive field is also known for perovskite structure
ferroelectrics.**! Accordingly, a different region within the chan-
nel may have a slightly different threshold voltage, leading to the
stepwise switching of the devices.!'®>* Hence, if the grain distri-
bution cannot be precisely controlled, the threshold voltage distri-
bution, which is strongly related to the E, distribution in the
ferroelectric layer, of scaled devices can increase as scaling pro-
ceeds.l*”) With further scaling, however, FinFET or gates around
the structures are necessary, where the effective gate area is larger
compared with the planar devices, which will mitigate this issue.

Fluorite-structure ferroelectrics have other advantages over
perovskite-structure ferroelectrics for memory applications. For
perovskite materials like PZT, special electrode materials such
as Ir, IrO,, and SrRuO; are required to show reliable proper-
ties."°] In layered perovskites like SBT, this is not necessary,
but due to the complicated crystal structure of SBT, a very
high thermal budget for annealing is necessary, leading to severe
problems in integration, specifically for the stacked 1T-1C mem-
ory cells.>®! The metal nitride electrodes, however, which are the
standard electrode materials in the semiconductor industry, can
be utilized for fluorite-structure ferroelectrics. This will improve
the cost-effectiveness and CMOS compatibility of
fluorite-structure ferroelectrics. Furthermore, Park et al. reported
that the ferroelectric (Hf,Zr)O, (HZO) film could endure the
adverse effect of hydrogen annealing,””! whereas the ferroelec-
tric properties of perovskite oxides could be seriously degraded
by hydrogen annealing.*®**) TiN does not bear the catalytic
activity of dissociating the H, molecules into the H atoms,
which is the case for the Pt electrode for the conventional
perovskite-structure ferroelectrics, making TiN/HZO/TiN even
more robust against the H, effect.l*”]

Remaining issues in fluorite-structure
ferroelectrics

In the previous section, the advantages of fluorite-structure fer-
roelectrics over the conventional perovskite-structure

ferroelectrics for ferroelectric memories were reviewed. This
section will discuss the remaining issues in fluorite-structure
ferroelectrics for the same applications, the wake-up effect,
and endurance (or fatigue), which will be dealt with in the sec-
tions Wake-up effect and Limited endurance, respectively. The
other critical issue in ferroelectric memories is imprint, which is
the tendency of a ferroelectric to stabilize the state it is stored in,
and leads to a loss of retention of the opposite state.l°”! The
imprint effect is generally associated with charge trapping at
the defect sites related to oxygen vacancies, but to date, only
basic studies have been conducted on this topic for doped
HfO, ferroelectrics.*"**?! As fatigue and imprint generally
have the same origin,[*>¥ it is expected that the imprint
would be improved when the other reliability issues such as
wake-up effect and endurance are mitigated. Therefore, the
main focus in the following two subsections will be on the
wake-up effect and endurance issues.

Wake-up effect

The first critical issue is the so-called “wake-up effect,” which
was first studied by Zhou et al. in ferroelectric Si:HfO, thin
films.'!  This effect can also be observed in
perovskite-structure ferroelectrics,'®® but the number of cycles
to the woken-up state of the order of 10° is negligible compared
with the overall cycling stability of the order of 10'°~10' as
long as the initial P, is sufficiently high.[*”? Moreover, opti-
mized PZT films using oxide electrodes show negligible
wake-up effect, which is not the case for the HfO,-based ferro-
electrics. Figure 5(a) shows the general switching current-
electric field curves of ferroelectric-HfO,-based thin films
within three different stages (pristine, woken-up, and fatigued)
of field cycling, while Fig. 5(b) accordingly shows the changes
in P,. with the increasing number of field cycles. In the pristine
state [the blue dotted curve in Fig. 5(a)], the switching current
curve has two peaks in both the positive and negative bias
regions. This is different from the ideal switching current
curve of a ferroelectric, where only a single switching current
peak is seen at each E.. During the electric field cycling pro-
cess, the switching current peaks are merged [the black curve
in Fig. 5(a)]. With a further increased number of field cycles,
the switchable polarization decreases, which corresponds to
the generally observed fatigue in many ferroelectrics.

Schenk et al. discussed the possible mechanisms of the split-
ting of the switching current peaks in the pristine state.[*”)
First-order reversal curve (FORC) measurement was con-
ducted, and a locally distributed inhomogeneous internal field
resulted in a divided switching current peak.”’®! The inhomoge-
neous internal electric field distribution can originate from the
spatially unevenly distributed charged defects, such as oxygen
vacancies.® A high oxygen vacancy concentration is
expected to be present near the electrodes due to the reduction
of the doped HfO, layer by the metal nitride electrodes, whose
distribution may be mostly asymmetric. The resulting asym-
metric distribution of the oxygen vacancies can be an origin
of the internal field in the pristine material.[®® During the
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Figure 5. (a) Current-voltage and the corresponding polarization-voltage characteristics (b inset) of ferroelectric Sr:HfO, for the pristine, woken-up, and fatigued
states. (b) Extracted evolution of the positive and negative remanent polarization with field cycling. The difference between the positive and negative remanent
polarization, P,,/P;_, is related to the memory window. Adapted from Ref. 68 with permission (John Wiley and Sons, 2016).

electric field cycling process, the oxygen vacancies may diffuse
into the bulk regions of the ferroelectric-HfO,-based films, in
which case the wake-up process will occur, accompanied by
the merging of the switching current peaks [the black solid
curve in Fig. 5(a)].l°" In subsequent studies, a redistribution
of the charges related to the oxygen vacancies was reported.!®¥

Another mechanism of the wake-up effect can be the
field-cycling-induced phase transition. It was Lomenzo et al.
who first suggested that the phase transition from the tetragonal
(t-) to the ferroelectric orthorhombic phase (o-phase) is the ori-
gin of the wake-up effect.'”"! They observed a decrease in the &,
as well as an increase in P, with an increasing number of elec-
tric field cycles. The £, decrease and P, increase could be related
to a phase transition from a non-ferroelectric higher-g, phase to
a ferroelectric lower-g, phase. In fluorite-structure ferroelec-
trics, the phase transition from the t- to the o-phase corresponds
to this case.’l A similar trend was confirmed in other

Pristine

Bulk

lr -
e 00)

studies.!”>”?! Kim et al. examined the changes in the interfacial
capacitance (C;), which originates from the non-ferroelectric
interfacial layer, and found that the C; value increased with
an increasing number of field cycles, suggesting a decrease in
the thickness of the interfacial layer, which is most probably
in the t-phase.’?! A phase transition from the monoclinic
(m-) to the o-phase was observed by Grimley and Schenk
et al. using scanning TEM (STEM) and impedance spectro-
scopy.l”* Figure 6 shows (a) a schematic and cross-sectional
TEM images of the (b) pristine, (c) woken-up, and (d) fatigued
states of the ferroelectric-Gd:HfO, film near the TiN top elec-
trode. In the pristine state, the interfacial region is highly defec-
tive, and the crystalline structure was identified to be the
t-phase. On the other hand, the dominant crystalline phase in
the bulk region was the m-phase. Ten different regions were
analyzed using the STEM to obtain a statistically reliable result,
and the overall capacitor performance was analyzed using

Wake-Up

Fatigue

Growth direction

(a)

(d)

Figure 6. Single-grain segments of the capacitor stack near the electrode interface. (a) Sketch of the interfacial region next to the electrode. STEM images of
doped HfO, in (b) pristine, (c) woken-up, and (d) fatigued conditions showing relaxation of the bulk monoclinic and tetragonal symmetries at the electrode
interfaces towards the ferroelectric phase. This trend is most pronounced in the pristine state and least pronounced in the fatigued state. The intensity levels were
adjusted to enhance the contrast near the electrode. Adapted from Ref. 68 with permission (John Wiley and Sons, 2016).
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impedance spectroscopy.l’*! After electric field cycling, the
thickness of the highly defective interface significantly
decreased, and the dominant crystalline phase of the bulk
region changed to the ferroelectric o-phase, as shown in
Fig. 6(c). As discussed earlier, in the woken-up state, P,
enhancement was observed, which was well matched with
the results of other studies on the wake-up effect. With the
onset of fatigue, an increase in the bulk defect density could
be confirmed by the increase in the leakage current and the
changes in the impedance spectra.[’*!

It should be noted that a migration of oxygen vacancies is
not an origin of ferroelectric hysteresis as Shimizu et al. exper-
imentally examined.!”> They compared ferroelectric properties
of Hfyy sZr( 50O, thin films annealed under the O, or N, atmo-
sphere at various temperatures and switching pulses, and
proved that Hf sZr( 5O, thin films show an intrinsic ferroelec-
tric properties which should originate from the sub-unit-cell
motion of ions.[”>) However, according to computational simu-
lation, free energies of various crystalline phases of HfO, are
affected by oxygen vacancy concentration.l’®) According to
Hoffmann et al.’s work,”® the free energy of high symmetry
phases such as the t- and c-phase decreases with increasing
oxygen vacancy concentration compared with that of the
o-phase in a high oxygen vacancy concentration range of a
few %. Such high oxygen vacancy concentration is unreason-
able for the entire doped HfO, thin films but might be possible

in the interfacial regions which are generally more defective
compared to the bulk region of thin films. Therefore, a local
phase evolution during repetitive electric field cycling is a plau-
sible mechanism for the wake-up effect.

Pesic et al. comprehensively examined the wake-up effect
through both an experiment and a computational simulation.[**]
Figure 7(a) shows the simulation results of the oxygen vacancy
distribution in the ferroelectric-HfO, capacitor at three different
times, and Fig. 7(b) depicts the corresponding electric field dis-
tribution in the capacitor. Figure 7(c) describes the simulated
switching current-voltage and the polarization voltage curve
in the pristine and woken-up states. At =0 s in Fig. 7(a), the
oxygen vacancy concentration is high in the interface regions.
As a result, the spatially inhomogeneous electric field can be
observed as shown in the left panel of Fig. 7(b). With the
increasing number of field cycles, the oxygen vacancies diffuse
into the bulk region of the film, and their distribution becomes
more homogeneous, as shown in Fig. 7(a). At the same time,
the electric field distribution also becomes more homogeneous
with an increasing number of field cycles, as seen in Fig. 7(b).
With this simple model, the I-V and P-V curves can be simu-
lated as shown in Fig. 7(c).

Starschich et al. showed that even a single DC pulse with a
sufficient length could wake up the ferroelectric doped HfO,
capacitors.””) Thus, the total pulse length rather than the num-
ber of switching cycles may be critical for the wake-up effect,

Current (a.u.)

| = Simulated wake-up-
- Simulated pristine 1

Y (nm) Y (nm)

-2

Polarization (a.u.)

- o

Electric field (a.u.)

0 2

Y (nm) (c)

Figure 7. Simulated wake-up effect of the device: (a) vacancy diffusion and (b) the corresponding electric field evolution within the device with the field cycling
of the ferroelectric capacitor at three different points in time at a 4 MV/cm externally applied field. IF represents a low-g, interfacial layer whereas G1-G3 represent
three different grains within the stack. (c) The |-V and P-V characteristics obtained by removing the charges from the interface and changing the k-value of the
grains undergoing phase transformation. Adapted from Ref. 68 with permission (John Wiley and Sons, 2016).
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implying that a time-dependent phenomenon such as diffusion
may be the origin of such effect. Starschich et al. also showed
that both resistive and polarization switching could be observed
in a single sample, although an initial forming process was
required for resistive switching.!”®! It is generally accepted
that the resistive switching in HfO, is governed by the forma-
tion and rupture of an oxygen vacancy filament, and that the
operating electric fields for resistive and ferroelectric switching
have the same order of MV/cm. Recently, it was shown that the
resistive switching curves of a Sr-doped HfO, film could show
a deep reset after the conduct of significant field cycling in a
ferroelectric mode.[’*) This could indicate the depletion of oxy-
gen, or in other words, an increase in oxygen vacancy concen-
tration towards the interface.’®®! Therefore, it can be deduced
that the wake-up effect can be attributed to the diffusion of
the oxygen vacancies under the electric field.

The wake-up phenomenon is strongly affected by the
annealing temperature. Park et al. reported that the cycle num-
bers required for waking up HZO thin films decrease with
increasing annealing temperature, with an increased P, in the
pristine state.®'! At the same time, the field cycle number to
a hard breakdown decreased as well.”®") Lomenzo et al. also
reported that the P-E curves of Si:HfO, thin films showed stron-
ger pinching when the annealing was performed at a lower tem-
perature of 700 °C, and that the breakdown strength decreased
while the leakage current increased for a higher annealing tem-
perature of 900 °C.1%?! Both the decrease in breakdown strength
and the increase in leakage current are likely related to the
reduced number of field cycles until the hard breakdown occur-
rence. Such a trend was also confirmed by Richter et al. in Si:
HfO, thin films, and by Schroeder et al. in La:HfO, films.[83-84
Thus, increasing the annealing temperature can degrade the
endurance of ferroelectric-HfO,-based films, although it is
effective in reducing the wake-up effect.

The doping concentration is another important factor influ-
encing the degree of wake-up effect. Park et al. reported that the
wake-up effect could be reduced by optimizing the doping con-
centration of HZO thin films.”?! In their study, a Zr doping con-
centration slightly lower than that for the largest P, most
effectively optimized the wake-up effect.’?! In general, the
wake-up effect is less obvious in HfO, films with a higher dop-
ing concentration, which generally shows dielectric or antifer-
roelectric properties.!’*>%4 Another important factor is the
electrode material. Hoffmann et al. examined the ferroelectric
properties of Gd:HfO, thin films with TiN or TaN electrodes,
and reported that the TaN electrode led to a longer wake-up
phase.[’®]

Based on the aforementioned research results, it is very
likely that the wake-up effect can be attributed to the diffusion
and redistribution of the oxygen vacancies by repetitive electric
field cycling. Therefore, the wake-up effect is a thermally acti-
vated process whose degree is proportional to the process time
and temperature. Starschich et al. showed that the pulse length
rather than the number of switching cycles is a key factor caus-
ing the wake-up effect,’””®] which is consistent with the
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observation that the wake-up effect is weakened when the
annealing temperature is increased. Higher annealing tempera-
ture should help distribute the oxygen vacancies more uni-
formly in the entire film. The effect of the electrode material
is not easy to understand, as Park et al. discussed elsewhere,
and this topic needs further study.!!

Limited endurance

Besides the wake-up effect, an insufficient lifetime during field
cycling is another critical problem of ferroelectric-HfO,-based
thin films. The best field cycling endurance reported to date
(4= 10" By in the ferroelectric-HfO,-based thin film is
much smaller than that in the conventional perovskite-based
ferroelectrics (10'° for the MSP430 FR573x microcontroller,
Texas Instruments). In general, the failure mechanism of
ferroelectric-HfO,-based thin films is a hard breakdown after a
significant increase in the leakage current.!">82 84871 Thjg
effect is then followed by polarization fatigue, a mechanism
that has also been observed in perovskite-structure ferroelectrics.

The smaller number of field cycles to break down for
ferroelectric-HfO,-based films is a natural consequence of
such films’ high E_ relative to their breakdown field strength.
The E. value of ferroelectric HfO, is generally in the range
of ~0.8-2.0 MV/cm, which is higher by ~one order of magni-
tude than that of perovskite thin films.***¥! As a result, to
achieve a saturated P-E curve, a field equal to or higher than
~3 MV/cm needs to be applied. The apparent (extrinsic) break-
down strength of HfO, is generally ~5 MV/cm.®*! Therefore,
the applied electric field for polarization switching is ~60—-80%
of the breakdown strength, suggesting an inherently small mar-
gin in securing the allowed number of field cycles before the
breakdown. The intrinsic breakdown strength, however, was
suggested to be ~20 MV/cm without any involvement of
defective factors like oxygen vacancies.’””! Such high intrinsic
field to breakdown (E,q) leaves room for improving the limited
endurance through defect engineering. In a normal experiment,
nevertheless, the breakdown of the oxide materials is always
governed by extrinsic factors.

The higher E, value of ferroelectric-HfO,-based films can
be attributed to the higher kinetic energy barrier between the
two spontaneous polarization states. Figure 8(a) and 8(b)
show the free energy curves of tetragonal BaTiO; and ortho-
rhombic HfO, from computational simulations. BaTiO; has a
6.5 meV/f.u. kinetic energy barrier while o-phase HfO, has
~100 meV/fu..B°1 A similar kinetic energy barrier was
reported for o-phase HfO, by other researchers.”*?*! Although
the switching kinetics is generally governed by the reverse-
domain nucleation and growth, the electric field required for
polarization switching is expected to be affected by the kinetic
energy barrier between the two spontaneous polarization states.

The hard breakdown event after an increase in leakage cur-
rent is generally attributed to the formation of a permanent con-
ducting path possibly due to the accumulation of defects such
as oxygen vacancies.®®) It is generally known that oxygen
vacancies tend to accumulate near defects like grain
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boundaries.”* In the case of the ferroelectric o-phase HfO,
thin films, a polycrystalline nature with a nanoscale grain size
is generally observed.!'*®849571011 quch small grain size
results in a high grain boundary area-to-volume ratio, indicating
that the oxygen vacancies can reach the grain boundaries and
accumulate there, with a short diffusion distance. Therefore,
increasing the grain size can be a promising method of improv-
ing the endurance of ferroelectric HfO,-based thin films. The
effect of the grain size on endurance, however, has not yet
been carefully studied. On the other hand, in many previous
studies, it was shown that increasing the grain size could result
in an increased m-phase fraction due to the weakened interface/
grain boundary energy effect. Therefore, there may be a trade-
off between optimizing the non-ferroelectric m-phase fraction
and endurance.

The doping concentration also affects the endurance of
doped HfO, or HZO thin films. Figure 9(a) shows the changes
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in the 2P, and endurance of HZO thin films for various Zr/(Hf
+ Zr) ratios. The largest 2P, of 40 pC/cm? could be observed for
the 0.5 Zr/(Hf+ Zr) ratio, but this composition showed the
smallest number of switching cycles to a hard breakdown.
The effect of the doping concentration on the breakdown of
the HfO, film has not yet been clearly elucidated to date. In
many previous studies, however, it was reported that the
HfO, thin film with a higher doping concentration, resulting
in dielectric or antiferroelectric properties, could endure longer
than the film with a composition that renders the largest
p, [72:82:83]

Based on the observation that the endurance of antiferro-
electric films is superior to the endurance of ferroelectrics,
Pesic et al. suggested a clever method of utilizing antiferroelec-
tric films for nonvolatile memory applications.!®"" Generally,
antiferroelectrics cannot be utilized for nonvolatile memory
applications because its P, is zero when no field is applied,

255 (rremmrerrre e P
nm
20} g
3MV/ecm
15} 1
o~ -
£ 10[ Alng, - ]
[&) p
"O: 51———————”:::=:l:¥.:§. J
z o o
;g -5 !_—‘———-—._.ll.—.-. 8
ﬁ _
= -10F .
o HE _m-400°C |
o ~8-500°C
201 —A-600°C ]
B e
10° 10* 10° 10° 10° 10"
(b) Cycles

Figure 9. (a) Changes in 2P, (left axis) and endurance (right axis) with a varying Zr/(Hf + Zr) ratio of(Hf,Zr)0, thin films. (b) Endurance test results for
10-nm-thick Hfg5Zro.50» films annealed at 400-600 °C. Figure 9(b) was adapted from Ref. 87 with permission (John Wiley and Sons, 2014).
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but shifting the P-E curve of antiferroelectric materials by
intentionally inducing a high internal electric field will enable
nonvolatile memory storage. The internal bias field can be gen-
erated either by using asymmetric electrodes or by adding addi-
tional fixed charges in the dielectric layer stack through the
combination of different dielectrics.''°?! With this method, anti-
ferroelectric ZrO, could have a reasonable P, value even at zero
electric field.'**! Although its P, value is smaller than that of
the ferroelectric HfysZrysO, film, the E. value, which is
another critical factor for endurance, can be significantly low-
ered as well.['%%

Based on the preceding observations, it can be stated that
decreasing the oxygen vacancy concentration may be another
pathway for improving the endurance, which can deter the gen-
eration of permanent conducting paths between the top and bot-
tom electrodes. Decreasing the annealing temperature is a
potential way to achieve this goal, which can be understood
from the observation that a higher annealing temperature
resulted in a lower number of switching cycles to break
down.B1=8487] Eigure 9(b) shows the endurance test results of
Hfyy 571y 50O, thin films annealed at 400-600 °C for 30 s in an
N, atmosphere.®”) Although the P, decreased at the lower
annealing temperature, the 400 °C-annealed sample lasted the
longest among the three samples.

Fabricating ferroelectric-HfO,-based films with the pre-
ferred orientation or with a high ferroelectric phase fraction
should also be beneficial for endurance improvement. The
polar axis of the ferroelectric o-phase is the c-axis. Thus, an
uncompensated polarization charge at the grain boundaries
between two different orientations can induce the accumulation
of trapped charges or charged defects such as oxygen vacan-
cies. Moreover, a highly oriented film is expected to have a nar-
rower distribution of £, values, which can decrease the electric
field required for a saturated P-E curve. This can also be applied
to the phase boundary between the ferroelectric and non-
ferroelectric phases. The existence of phase and domain bound-
aries in nanoscale grains in ALD-grown doped HfO, thin films
was confirmed by Grimley et al. based on the STEM results
they had obtained.!”>'%%!

Figure 10 summarizes the P, and endurance of
ferroelectric-HfO,-based films from the existing literature. In
general, the number of endurable cycles decreases with increas-
ing 2P, value. Therefore, this phenomenon can be called
“P~endurance dilemma”. The largest endurance value to date
of 4.0x10'° was reported for La:Hf 5Zry 50, (La:HZO) thin
films with a maximum P, value of 15 pC/cm?.* Figure 10
(b) shows the endurance test result for the La:HZO thin
film.!*®! La doping in the HZO film decreased the leakage cur-
rent, which contributed to the enhanced endurance. The data
points in Fig. 10(a), however, are quite scattered, suggesting
that further research is necessary to achieve a more thorough
understanding of this matter.

Finally, it is important to note that almost all the studies
described in the literature were performed using large-scale
test capacitors with high capacitance. Moreover, the endurance
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Figure 10. (a) P,-endurance plot from the existing literature. The data were
taken from the literature [undoped: 96,105; Si: 6,106—108; Al: 37; Si and Al:
107; Zr: 73,86,108; Gd: 84; La:HZ0: 86]. (b) The best endurance result from
the La:Hfq 5Zr 50, thin films with three different fatigue pulse height values.
Figure 10(b) was adapted from Ref. 86 with permission (ACS Publications,
2018).

test is normally performed using the standard needles, which
need to come in contact with the device. As a result, the elec-
trical stress on the device is significantly higher than the elec-
trical stress an integrated capacitor or FEFET structure would
experience in a memory array. Therefore, the absolute number
of endurable field cycles, in particular, will increase in a realis-
tic 1T-1C memory cell. To obtain a better impression of the
achievable endurance specification, measurement data from
integrated 1T-1C arrays will be highly desirable, but these are
not yet available in the literature. For FeFET, in contrast, the
memory window is much more limited by charge trapping
and decreases significantly to below the cycle number, leading
to fatigue or breakdown.[''!)

Conclusion

In this perspective paper, fluorite-structure ferroelectrics were
reviewed for memory applications. Compared with the conven-
tional perovskite-structure ferroelectrics, fluorite-structure
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ferroelectrics have numerous advantages. They are Si- and
CMOS-compatible and can have strong ferroelectricity for a
sub-10 nm film thickness. As a result, films can be scaled
down for simple integration in the FeFET or FeERAM capacitor
applications to the technology nodes in the 20 nm range. For a
1T-1C FeRAM application, fluorite-structure ferroelectrics
enable 3D capacitors with P, values sufficient for reliable oper-
ation with a state-of-the-art sense amplifier. The sub-10 nm
thickness is another significant merit of the 3D capacitor struc-
ture. For FeFET application, fluorite-structure ferroelectrics can
have sufficient retention for nonvolatile memory application
(10 years) due to their lower depolarization field attributed to
their low &, of ~30-35, lower than the &, of perovskite-structure
ferroelectrics.

There are remaining issues, however, regarding fluorite-
structure ferroelectrics. The first issue is the wake-up effect,
which is believed to result from the non-uniform high oxygen
vacancy concentration near the interface adjacent to the elec-
trodes and/or from the phase transition during electric field
cycling. Based on the experimental observations in previous
studies, the wake-up effect has been attributed to the diffusion
and redistribution of the oxygen vacancies or charges in thin
films. The temperature and the time-dependent charging of
these films can cause imprint effects. The other critical issue
regarding fluorite-structure ferroelectrics is their insufficient
endurance, which is attributed to a relatively high E -to-break-
down field strength ratio. The general failure mechanism is a
hard breakdown after a significant leakage current increase,
which is known to result from the formation of a permanent
conducting path possibly due to the accumulation of oxygen
vacancies at the grain boundaries. Finally, imprint, another crit-
ical issue in ferroelectric memory devices, is by far less inten-
sively studied in fluorite-structure ferroelectrics than in the
conventional ferroelectrics. In perovskite-structure ferroelec-
trics, however, the imprint improvement is based on measures
similar to those for endurance improvement because both are
caused by the oxygen-vacancy-related defects, which are also
critical for the wake-up effect and endurance of fluorite-
structure ferroelectrics. To overcome the aforementioned
issues, various methodologies were suggested in this study
based on the reported experimental observations.
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