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Abstract: The finding of the robust ferroelectricity in HfO,-based thin films is fantastic from the view point of both the funda-
mentals and the applications. In this review article, the current research status of the future prospects for the ferroelectric HfO,-
based thin films and devices are presented from fundamentals to applications. The related issues are discussed, which include:
1) The ferroelectric characteristics observed in HfO,-based films and devices associated with the factors of dopant, strain, inter-
face, thickness, defect, fabrication condition, and more; 2) physical understanding on the observed ferroelectric behaviors by
the density functional theory (DFT)-based theory calculations; 3) the characterizations of microscopic and macroscopic fea-
tures by transmission electron microscopes-based and electrical properties-based techniques; 4) modeling and simulations, 5)
the performance optimizations, and 6) the applications of some ferroelectric-based devices such as ferroelectric random ac-
cess memory, ferroelectric-based field effect transistors, and the ferroelectric tunnel junction for the novel information pro-
cessing systems.
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1. Introduction

As the new ferroelectrics, hafnium oxides have attracted
extensive research interests from the fundamental theories to
the practical applications, due to their unexpected but ro-
bust ferroelectricity that persists even in thin films scaled
down to 1 nmU'=3l, The ferroelectrics are a class of materials
that have two macroscopic spontaneous polarization states,
which can be reversed by the applied external electric field E
greater than the critical electric field E.. In general, the spon-
taneous polarization states of the ferroelectrics are thermody-
namically stable, but a critical temperature T usually exists,
above which the ferroelectric turns into a paraelectric. The
two critical parameters E. and T, referred to as the coercive
field and phase transition temperature respectively, are both
fundamental characteristic parameters for a ferroelectric. The
ferroelectricity was first discovered in the Rochelle salt in
1921, Since then, the ferroelectric properties were also ob-
served in various other material systems including KH,PO,
and alkali halide crystal families, ABOs-type perovskite oxides
like BaTiO3, doped AIN like AIScN, and fluorite-type hafnia ox-
ides like Si-doped HfO,, which have been nicely reviewed in
Refs. [3, 5, 6]. Accompanying the discoveries of new ferroelec-
tric materials is the boom of the ferroelectric research, ran-
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ging from the theoretical studies—the physical origins of the
ferroelectricity, the correlated physical effects and models, cal-
culation methods—to the applications of materials and
devices, such as memories, sensors, actuators, energy har-
vesters, and neuromorphic computing cells'-35-39, Based on
the different physical origins of the ferroelectricity, these vari-
ous ferroelectrics have been classified into two broad types:
displacive and order-disorder types 7-121, For the displacive
ferroelectrics like ABOs-type perovskite BaTiOs, their ferroelec-
tricity results from the lattice phase transition—the crystal
structure changes from the non-polar structure to the polar
structure—associated with the condensation of a soft mode,
whereas for the order-disorder type ferroelectrics like KH,PO,
(KDP) family”! or dipole glasses!, the ferroelectricity results
from the ordering phase transition of the permanent electric
dipoles (induced by the cation ions or the vacancy-defects)
from the disorder states at paraelectric phases to the ordered
states at ferroelectric phases. The phase transition from the
paraelectric to the ferroelectric usually involves the local distor-
tions of the high-symmetry structures. In the displacive cases,
the size of the local distortions is dependent on temperature
across the transition but it does not change with temperat-
ure in the order-disorder cases. For both types of phase trans-
itions, the different microscopic physical mechanisms would
result in the different macroscopic physical effects on vari-
ous physical fields such as temperature, stress, electric ones
and more. It should be noted that the phase types of the ferro-
electrics are not only associated with the crystal structure but
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also with the microstructures of the materials'® 1", For in-
stance, the behaviors associated with the order-disorder type
ferroelectrics were also observed in the typical displacive
type ferroelectric materials like perovskite-type PbTiO5!1%,
Over more than 100 years, great advances have been
achieved in the fields of ferroelectric studies and there are
two key milestones, both of which are associated with the dis-
coveries of the new class of ferroelectric materials. The first
one was the discovery of perovskite ferroelectric oxides like Ba-
TiO; which triggered the wide research interests both in the
material and device communities. Since then, the perovskite
ferroelectric oxides have been in the spotlight for more than
six decades until 2011. During that period, the fundamental
theories regarding displacive and order-disorder types ferro-
electrics/anti-ferroelectrics have been well established’-12,
Meanwhile, the technology innovations and applications of fer-
roelectric materials and devices for the information storage,
sensors, actuators, energy storage, and more were proposed.
For details, readers are referred to Refs. [3, 5, 6, 13, 39]. The
second milestone is the finding of the robust ferroelectricity
in the HfO,-based materials with fluorite crystal structure,
which was first reported in Si-doped thin films in 201101, The
implication of such a finding is profound, for both fundament-
als and applications. For fundamental research, the ferroelectri-
city in fluorite HfO, materials was beyond the traditional the-
ory predictions[*. Moreover, the robust ferroelectric character-
istics demonstrated in the HfO,-based thin films could be main-
tained even when scaled down to less 3 nm or after more
than 10'2 switching cycles2 40. 411, Meanwhile, HfO, materials
are fully compatible with CMOS technologies and have been
applied in the mass production of the advanced CMOS techno-
logy nodes as high-k gate dielectrics. These fantastic character-
istics of the HfO,-based ferroelectrics—robust ferroelectricity
and CMOS compatibility—are exciting for the future high dens-
ity integrated applications. Currently the ferroelectricity and
the applications of ferroelectric HfO,-based oxides have be-
come one of the most active research topics both in condensa-
tion state physics and microelectronics areas. The studies
have covered many aspects from the fundamentals to applica-
tions, such as: 1) the process-related ferroelectric behaviors in-
cluding the impacts of the dopant, strain, interface, thickness,
defects, fabrication condition, and more; 2) mechanisms and
theories to explain the ferroelectric behaviors; 3) the character-
izations of microscopic and macroscopic features; 4) model-
ing and simulation, and optimization of the ferroelectric
devices; and 5) the system applications. Among all, it is a par-
ticularly crucial issue to clarify the physical origins of the ro-
bust ferroelectricity in HfO,-based oxides!®. The ferroelectri-
city of the HfO,-based ferroelectrics was generally attributed
to the formation of polar orthorhombic phases!'¥. However,
various theoretical calculations have shown that the polar or-
thorhombic phase (O-FE) was a metastable phase for HfO,-
based materialsl'4-17], which was not expected to produce
the robust ferroelectricity in the HfO,-based thin films fabric-
ated under the typical deposition conditions. Therefore, ef-
forts were made to explore the key factors to stabilize the
metastable O-FE such as doping, strain, interface, growth pro-
cess of the thin films, and more. However, the theories on sta-
bilizing O-FE phases are quite complicated and limited to
some special cases; the conclusions sometimes are confusing

and even contradictory. Such a situation implies that we may
need to explore the new physical mechanisms beyond the O-
FE model to understand the origin of the robust ferroelectri-
city in HfO,-based ferroelectric thin films and devices. Re-
cently, we have performed DFT calculations on the monoclin-
ic-like HfO, films with oxygen vacancy defects (Vo). The calcula-
tions indicated that oxygen vacancy defects could induce loc-
al electric dipoles in the monoclinic-like HfO, films which resul-
ted in the ferroelectricity when aligned in order. Such a mono-
clinic-like polar phase was also predicted in the oxygen va-
cancy ordered HfO,_s structurel'”), Based on the new physic-
al mechanism of the ordered Vy-induced ferroelectricity, vari-
ous ferroelectric/anti-ferroelectric characteristics observed in
the HfO,-based ferroelectric thin films and devices such as cyc-
ling behaviors could be well explained3¢l. Meanwhile, many ex-
perimental results showed the ferroelectric characteristics of
HfO,-based thin films were strongly correlated with the exist-
ence of Vg, which also lends support to the theory of Vy-order-
ing induced ferroelectricity.

In this article, we will review the current research status
of HfO,-based ferroelectric/anti-ferroelectric thin films from
the fundamental physical mechanisms to the future system-
level applications. Section | is the introduction. In Section I,
we will outline the observed ferroelectric behaviors in the
hafnium oxide-based materials and devices. The physical mech-
anisms and DFT calculations are discussed in Section lll. Sec-
tion IV is about the characterizations of the microscopic and
macroscopic ferroelectric properties. The modeling/simula-
tion and optimization issues of FE-based devices will be ad-
dressed in Section V and VI respectively. The system applica-
tions are presented in Section VII. The final section is the sum-
mary and future prospects on the fundamental research and
technical applications.

2. Ferroelectric behaviors of HfO,-based films

The ferroelectric behaviors of HfO,-based films and
devices are affected by many process-related factors. There-
fore, it is essential to figure out the impact of different pro-
cess conditions and the correlations between the processes
to fabricate target HfO, systems. In this section, process-re-
lated factors including doping, annealing, electrode capping,
film thickness and defects (especially oxygen vacancies) will
be discussed separately.

2.1. Doping effect

Ferroelectricity of HfO, thin films was first reported in Si-
doped HfO, system by Boscke et al. in 20110, The SiO, is con-
sidered to enhance crystallization and induce the formation
of the tetragonal phase (t-phase)®Z, which leads to the non-
centrosymmetric orthorhombic phase (o-phase) after anneal-
ing with capping'. In addition to Si:HfO,13-46], HfO, films
doped Wlth Zr[Z, 20, 40, 47, 48]’ A|[21, 44, 49], La[50—57]’ Y[58—61]’ and
GdI'& 621 ysing prevalent atomic layer deposition (ALD) were
fabricated, all of which showed the robust ferroelectricity or
anti-ferroelectricity. Less commonly, ferroelectric HfO, were
prepared using other deposition methods such as sputtering,
chemical solution deposition (CSD) and pulsed laser depos-
ition (PLD). In those cases, dopants such as alkaline-earth
metals (Mg, Ca, Ba)63: 64, Fel65], NI66l were used. Depending
on the dopant species, HfO, films showed entirely different
doping windows to achieve ferroelectricity, while some of
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Table 1. Ferroelectric HfO, with different fabrication conditions.

Thickness Deposition Thermal P E(+/-

Stack (TE/FE/BE) Dop.% (nm) tec'f\nology process (/.rlC/cmZ) (!\C/fV;c:n) Ref.
TiN/Si:HfO,/TiN 3.8 mol% 8.5 ALD 1000°C/20s >10 1 [1]
TiN/Si:HfO,/TiN 3.8 mol% 10 ALD 650 °C/N, 15 1 [43]
TiN/Si:HfO,/TiN 2.7 cat% 10 TALD 650°C/20s 18.8 ~1 [44]
TiN/Si:HfO,/TiN 1 mol% 10 ALD NLA 100 pulses/ 19(2P) 15 [45]

0.4 J/cm?
TiN/Zr:HfO,/TiN 50 at% 7.5/9.5 ALD 450°C 16 1 [47]
TiN/Zr:HfO,/TiN 50 at% 9 ALD 500 °C 17 [20]
TiN/ZrHfO,/SiO/n*Si 50 at% 25 ALD 400 °C 35 0.8V [40]
TiN/Zr:HfO,/TiN 50 at% 5/7/10/20  ALD 400 °C/60 s/N, 11.9/40.5/ 1 48]

50.9/32.1 (2P)

TiN/AI:HfO,/TiN 4.8 mol% 16 ALD 1000 °C/20 s/N, 5 1 [21]
TiN/AIHfO,/TiN 2.2 cat% 10 TALD 650°C/20s 16.5 ~1 [44]
TiN/La:HfO,/TiN 2.1 at% 10 PEALD 650°C/20s 34 (2P) 1.3/-1.1 [50]
TiN/La:HfO,/TiN 1 mol% 10 PAALD 400-500 °C ~20(2P) ~14 [51]
TiN/La:HfO,/TiN 10 cat% 14 ALD 800°C/20s 27.7 1.2 [53]
TiN/La:HfO,/TiN 6.0 cat% 10 TALD 650°C/20s 23.6 ~1 [44]
TiN/La:HfO,/TiN 5.5 cat% 10 ALD 650°C/20 s/N, 23 ~1.2 [54]
Pt/La:HfO,/LSMO 2 at% 6.9 PLD T,=700°C ~30 ~3.5 [56]
Pt/La:HfO,/LSMO 5at% 8.5 PLD T, =800 °C ~20 3 [57]
TiN/Y:HfO,/TiN 5.2 mol% 10 TALD 650°C/20 s/N, 24 1.2 [58]
TiN/Y:HfO,/TiN 09-19mol% 12 Co-sputtering 1000 °C/1 s/N, 12.5 1 [59]
Pt/ Y:HfO,/Pt 5.2 mol% 35 CcSD 700 °C/5 min/0O, >13 2 [60]
Au/Y:HfO,/n*Ge 10 at% 26 Co-sputtering 600 °C/30 s/N, 10 2/-1 [61]
TiN/Gd:HfO,/TiN 2 mol% 10 ALD 1000 °C/1's 12 1.75 [62]
TaN/Gd:HfO,/TiN 3.4 cat% 10 TALD 650 °C/20 s/N, 30 ~2 [18]
TiN/Ca:HfO,/p*Si 4.8 mol% 35 CsD 700 °C/30 s/N, 10.5 2 [63]
Pt/Ba:HfO,/Pt 7.5 mol% 42 CsD 800 °C/90 s 12 1.5 [64]

Ar:0,=1:1
Pt/Fe:HfO,/ITO 6 at% 20 lon beam 900 °C/10 min/N, 8.8 ~2 [65]

sputtering

TiN/N:HfO,/p*Ge 0.51% 28 RF sputtering 600 °C 10 2 [66]
TiN/HfO,/TiN - 20 RF sputtering 500 °C/30 s/N, ~2.5 2 [67]
TiN/HfO,/TiN - 136 CsD 700 °C/60 s/O, 22.56 - [68]
Pt/Zr:HfO,/TiN 50 at% 10 ALD 500 °C/30 s/N, 25(2P) ~1.5 [79]
Pt/TiN/Zr:HfO,/TiN 50 at% 10 ALD 600 °C/30s/ 34.1 (2P) ~1.5 [79]

forming gas
TaN/Si:HfO,/TiN 1.2 mol% 10 PEALD 800 °C/20 s/N, 10 1.4 [90]
W/Zr:HfO,/TiN 50 at% 10 ALD 500 °C/30 s/N, 38.7 (2P) 1.18/-0.82 [29]
Au/Zr:HfO,/TiN 50 at% 10 ALD 500 °C/30 s/N, 22.8(2P) 1.36/-0.64 [29]
W/AL:HfO,/IL/p*Si 1.03 wt% 15 ALD 650 °C/30 s/N, 23 (2P) - [92]
Pd/Ti/Al:HfO,/p*Si Hf:Al cycle 20 ALD 900-950 °C/ 20 ~3 [93]

ratio=23:1 1-2s/N,

Ir/Si:HfO,/SiO,/p*Si 5.65 mol% 10 ALD 1000 °C/1 s/N, 22 - [94]
Pt/TiN/Zr:HfO,/Ir 50 at% 12.2 ALD 500 °C/30 s/N, >32(2P,) 1 [95]
Ni/Zr:HfO,/Ru/Si 50 at% 25 ALD 550 °C/30s/N, 6 24 [96]

the undoped HfO, samples were found to be surprisingly ferro-
electric as welll¢7. 681, Fabrication parameters of some of those
samples are summarized in Table 1.

On the other hand, instead of inducing ferroelectricity,
dopants may incline to stabilize t/c-phase by size modula-
tion and oxygen vacancy (V) formation®® 701, For dopants
radii smaller than Hf, such as Si and Al, the t-phase is more
likely to form with higher doping concentration which leads
to stable anti-ferroelectric-like pinched hysteresis. For larger
dopants the transition to c-phase is preferred(23],

Among numerous dopants, Zr is the most widely-used
dopant for ferroelectric HfO, because of its structural similar-
ity to Hf and thus solid solution can be formed with a wide
range of Hf : Zr atom ratios”"l. As shown in Fig. 1, with increas-

ing Zr concentration HfZr,_ O, system showed higher rem-
nant polarization (P) which peaks at Hf : Zr atom ratio
around 1 : 1. Beyond that, the anti-ferroelectricity sets in
Ref. [20]. Typical 10 nm Hfy5Zry 50, (HZO) thin films whose P,
are larger than 20 uC/cm? can be easily fabricated by ALD,
with its coercive field (E) around 1 MV/cm. In recent years ex-
tremely scaled Zr:HfO, film down to 1 nm has already been fab-
ricated by ALD™, Another advantage of Zr doping is that relat-
ively low annealing temperature around 400-600 °C is re-
quired to induce ferroelectricity, compared with other com-
mon dopants such as Si (650-1000 °C), La (650-800 °C) and
Al (650-800 °C)72], which is favorable for BEOL integration.
Lanthanide elements are also considered to be strong can-
didates for ferroelectric HfO, doping. Since a relatively high an-
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Fig. 1. (Color online) Ferroelectric behaviors of HfO, systems with different dopants. (a) P-E and C-E loop of Zr:HfO, with increasing concentra-
tion. P, is enhanced until the atom ratio of Hf : Zr reaches 1 : 1. For higher doping concentration antiferroelectricity emerges. (b) Polarization and

coercive field for La:HfO, with increasing La doping. A larger doping window of 12 mol% is observed for La compared to Si, Al and Gd. (a) is reprin-
ted with permission from Ref. [20], copyright 2012 American Chemical Society. (b) is reprinted with permission from Ref. [53], copyright 2018

American Chemical Society.

nealing temperature for ferroelectric La:HfO, is required, La
has been adopted to increase the crystallization temperature
of HfO, in high-k metal gate technology!’3.. Theoretically, La
is expected to show outstanding ferroelectric performance
due to its large ionic radii and low electronegativity favoring
polarPca2, space groupl®* 69, Experimentally, the reported
2P, reached 55 uC/cm? after 800 °C annealing!®3l. Moreover,
La tends to show a wider doping window (12 at%) than oth-
er dopants except Zr!53.64 and smaller leakage current4l,

Except for Zr and La, common elements in the semicon-
ductor industry including Si and Al are the very first dopa-
nts that have been studied. With limited concentration win-
dow the doped HfO, systems still show stable P, larger than
10 puC/cm?. Due to the mature fabrication technology, vari-
ous devices have been proposed by these common
dopantsl’5-771, For other dopants with larger radii such as Y,
Gd and Sr, larger polarization windows (P, > 20 uC/cm?) are
available by ALD, which is beneficial for memory applications.

In summary, HfO, ferroelectricity is sensitive to doping
concentration and dopant species. It should be noted that vari-
ous other deposition conditions (temperature, oxygen source
etc.) may also affect the performance of HfO,[72 78],

2.2, Annealing and electrode capping

Annealing temperature, pressure and atmosphere have a
great impact on the formations of the crystal phase and micro-
structures like defects. Meanwhile, electrode capping also
plays an important role in HfO, ferroelectricity. The anneal-
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ing and electrode capping effects on the ferroelectric behavi-
ors have been investigated by using both post-metallization
annealing (PMA) and post-deposition annealing (PDA) pro-
cesses, where PDA refers to the annealing prior to the depos-
ition of metal electrodes.

Several studies have investigated the formation of ferro-
electric phase in HfO, systems during the annealing, or some-
times referred to as rapid thermal process (RTP)[49.79-82] At am-
bient temperature and pressure, non-centrosymmetric m-
phase dominates in bulk HfO,. During annealing, t-phase or
c-phase crystallites are formed at a higher temperature and
then a transition to metastable orthorhombic phase takes
place during the cooling process*dl. It has been calculated
that the free energy barrier for the transition from t-phase to
o-phase is much lower than that of transition to m-phase3l,

In most cases, the annealing temperature lies in
400-1000 °C with N, atmosphere. Annealing under higher tem-
perature may weaken the HfO, ferroelectricity, which is sum-
marized by Park et al. as the final stage in the RTP process*9.
Therefore, RTP temperature should be deliberated both to en-
hance the ferroelectricity and to avoid larger leakage current
and lower breakdown voltageB37: 89, the latter of which may
be attributed to the generation of defects such as oxygen va-
cancies.

As mentioned above, dependent on the dopant species,
different annealing temperature was adopted to stabilize the
ferroelectric structures and to enhance the device reliability.
For HZO systems, optimal annealing temperature lies in
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Fig. 2. (Color online) 2P, and o/t/m-phase fraction of (a) 5.5, (b) 10, (c) 17, (d) 25 nm HZO films annealing with different temperature. P, is en-
hanced in the 400-600 °C section and the ratio of m-phase significantly increases with higher annealing temperature. Reprinted with permis-

sion from Ref. [37], copyright 2013 AIP Publishing LLC.

400-600 °C, as shown in Table 1. Fig. 2 demonstrates that the
fraction of m-phase increases with higher annealing temperat-
ureB7, In addition, the quenching rate during the sub-
sequent cooling process also has an impact on the ferroelectri-
cityf84],

The deposition conditions and the annealing conditions
are not independent. Low ALD temperature is needed for
amorphous deposition to enhance the control over phase
transition(®5 861 as the suppression of the grain growth is re-
quired during the thermal process to stabilize the polar
phasel37: 39,851 A higher annealing temperature is required for
sputtered HfO, film than ALD to trigger phase transition to
the o-phasel®’l. For PLD, the phase transition to o-phase oc-
curs during the deposition process at high temperature and re-
quires no follow-up annealingt2.,

Nitrogen atmosphere is commonly used in ferroelectric
HfO, annealing process, as shown in Table 1. In addition to ni-
trogen, annealing in oxygen or forming gas atmosphere has
been investigated as welll60 79, 88, 891 Since oxygen vacancies
are considered beneficial for FE-phase stabilization, O, gas
modifies the concentrations and distributions of oxygen
vacancies and thus diminishes the ferroelectricity on the oth-
er hand8, Forming gas annealing is thought to contribute
to the generation of oxygen vacancies due to oxygen scaven-
ging by hydrogenl6% 791, However, hydrogen might be incor-
porated into HfO, films and cause degradation to ferroelectri-
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city”9, which requires further study on the impact of H-impur-
ity.

Electrode capping and the strain from the electrode were
considered to be beneficial for the ferroelectricity of HfO,
thin film. Hence, PMA is generally adopted to guarantee ferro-
electricity in HfO, layers. Various electrode materials were
used to investigate the impacts on the ferroelectricity of HfO,
devices including TiN, Pt, TaN, W, Ti, Ir, Ni, and heavily-doped
semiconductorsl!8: 29, 40, 66, 79, 90-96]  some of which are listed
in Table 1. It should be noted that, besides the ferroelectri-
city per se, relevant aspects such as the tunneling electro-
resistance (TER) and the imprint effects have to be taken into
account when choosing the electrodes for memory devi-
cesl®1. 971, especially FTJs.

However, some PDA results showed that capping seems
to not be necessary for HfO, ferroelectricity. The ferroelectric
behaviors were reported in the annealing Y-doped HfO, films
without capping® but the larger P, was achieved in the
capped counterpart, as shown in Fig. 3. A similar phenomen-
on was demonstrated in Al-doped HfO, films as well(3% 91, |n
most cases, capped HfO, layers possess better ferroelectricity
than those without capping.

2.3. Thickness

Unlike conventional perovskite ferroelectric materials
whose scalability are limited to ~100 nm, ferroelectric HfO,
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thin films can be fabricated below 10 nm with mature CMOS
technology. Although the ferroelectric o-phase was theoretic-
ally predicted to be metastable in the HfO, system, its stabil-
ity in thin films can be explained by the grain size effect,
strain effect and even contribution from defects!1> 27. 37. 48, 991,
Detailed theoretical studies are reviewed in Section 3.
Cheema et al. have experimentally demonstrated that ferro-
electricity could be stably maintained in sub-2 nm HZO
filmst?, even though the ferroelectricity was rather difficult to
confirm due to a large leakage current that masked the ferro-
electric switching current and the large depolarization field
that suppressed the polarizationi8l, Exploring the ultimate
thickness of the ferroelectric HfO, film is still ongoing. One mo-
tivation behind that is that a thinner layer with robust ferro-
electricity is required for on/off current probing in ferroelec-
tric tunnel junctions(40,

Among various deposition methods, ALD is a preferred
choice for ferroelectric HfO, films due to its excellent conform-
ity and control over layer thickness. Plenty of experiments
have demonstrated that ~10 nm is the optimal thickness for
ALD-prepared ferroelectric HfO, films, where the grain size
was closely related to the deposition cycles and thickness.
Park et al. examined the variations of the grain size and the
remnant polarization with the HZO films thickness of 10, 17
and 25 nm and they found that the remnant polarization
gradually degraded with the thicknesses, as shown in Fig. 2371,
However, for ferroelectric HfO, films fabricated with other de-
position methods, this might not be the case. The ferroelectri-
city with P, > 20 uC/cm? was observed in a rather thick 136 nm

undoped HfO, layer fabricated by CSDI¢8],

2.4. Defects and oxygen vacancies

The oxygen vacancies and interstitials are considered as
the most common defects in HfO, systems(86: 1001 and the con-
centration of oxygen vacancies in HfO, films is highly depend-
ent on deposition conditions. It was reported that an excess-
ive increase of ozone dose time in the ALD process leads to a
shrinking remnant polarization in ferroelectric HfQ,['01-103],
which was attributed to the compensation of oxygen vacan-
cies during the subsequent deposition and annealing pro-
cess. Meanwhile, in the case of lacking ozone dosage, a signific-
ant leakage current was observed, indicating a higher defect
concentration!'®, However, it was also reported that both
over-exposure and under-exposure to oxidation atmosphere
will introduce defects!'93l. Theoretically, non-polar m-phase
will dominate with excessively rich oxygen vacancies!'04-106],
Therefore, the appropriate dose time of oxygen is required
for HfO, films to achieve both stable ferroelectricity and good
reliability.

Besides deposition and annealing atmosphere, oxygen va-
cancies can be modulated by capping and thus enhance ferro-
electricity. For instance, Gd:HfO, film capped by TaN elec-
trodes shows higher remnant polarization than TiN, which
was attributed to a larger amount of oxygen vacancy originat-
ing from the formation of the oxidation layer between dielec-
tric and electrodes!'8l, Similar phenomena were observed in
samples with Ir/IrO, electrodes!®: %51, Doping may also have
an impact on the generation of oxygen vacancies by lower-
ing their formation energy®8 and further discussion can be
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found in Section 3.

Cycling behaviors, especially wake-up and fatigue, which
are important aspects of device reliability, are closely related
to oxygen vacancies. A more obvious wake-up effect is ob-
served in HfO, films deposited by insufficient oxygen dosage,
where abundant oxygen vacancies are induced!'93. 1071 Never-
theless, the role of oxygen vacancies in the wake-up process
remains controversial. Potential mechanisms behind the
wake-up effect includes modifications to local electric field,
field-induced ferroelectric phase transition and domain pin-
ningl72 86,104,105,108,109] and all of these mechanisms are associ-
ated with the generation and redistribution of oxygen vacan-
cies. For the sake of device reliability, sufficient compensa-
tion of oxygen vacancies and the inhibition of defects is
more favorable to suppress the wake-up and fatigue. Oxy-
gen vacancies and trapping defects are also considered as
contributing factors of the imprint in HfO, films, which leads
to the shift of P-E hysteresis and further retention concern in
memories. The interfacial defects near the electrode induced
by the internal bias is a possible cause of this detrimental ef-
fectl105,110,111],

In summary, due to its significant impacts on the HfO, fer-
roelectricity and cycling behaviors, careful considerations
should be given to relevant fabrication processes in order to
obtain reasonable oxygen vacancy concentration. As a side
note, during the whole fabrication process other impurities
also influence the quality of HfO, film such as carbon in-
duced by the precursor of ALDI86 112],

3. Physical mechanisms and DFT calculations

The origin of ferroelectricity in hafnia oxides needs to be
understood, for the guideline of ferroelectric device design
and optimization. To this aim, the first-principles calculations
based on density functional theory (DFT), have been widely
used for the theory investigations, due to the ability to accur-

ately model phase stability and establish the phase diagram
of hafnia. Meanwhile, the capability of independent manipula-
tion of potential factors is advantageous to figure out the cru-
cial factors in the emergence of ferroelectricity. In this sec-
tion, we will review the progress of DFT based first-principles
calculations on the ferroelectric properties of hafnia oxides.

3.1. First-principles calculations

First-principles calculations, or ab initio calculations, start
directly at the level of established laws of physics without
any empirical model or parameters, which is widely used in
computational materials science. First-principles calculations
are based on the laws of quantum mechanics and the interac-
tion between atomic nuclei and electrons, using only the fun-
damental constants of physics, structure (space group), and
composition of materials as the input, to solve Schrodinger
equations, obtain the electronic structures, and then predict
the mechanical, electronic, optical, magnetic and thermal prop-
erties. Nowadays, first-principles computations play an increas-
ingly important role in materials science, including research
on metals, oxides, 2D materials, and other complex materials.
Most of first-principles calculations are based on density func-
tional theory (DFT), in which Born-Oppenheimer approxima-
tion and Hohenberg-Kohn theorems('3! are applied to re-
duce computational complexity while archiving accuracy ad-
equate for most applications. DFT calculations are often car-
ried out within the Kohn-Sham (KS) schemel'14., All the terms
in KS equation can be evaluated exactly through a self-consist-
ent procedure, except the exchange-correlation energy (E,c)
which must be approximated. In practice the approximation
for E,. determines the quality of KS DFT calculations, so look-
ing for accurate and generally applicable E,. is a key issue in
KS DFT. The most widely used and less time-consuming E,.
functional are the local density approximation (LDA)['14-117]
and generalized gradient approximation (GGA)['18-120], Both
these two E,. functionals could describe as the most proper-
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ties of the HfO, well, including the forming energy, lattice
structure and bond geometry, but fail in predictions of the
band gap, due to the underestimation of the exchange interac-
tion in E,. functional. To solve this problem, hybrid function-
als are good choices!'"9 121-123] which incorporate a portion
of exact exchange from Hartree-Fock theory with the rest of
the exchange-correlation energy from other approximations,
like LDA and GGA. In conclusion, although the first-principles
calculations based on DFT are independent of empirical para-
meters, the proper choice of the exchange-correlation en-
ergy functional is crucial for the accuracy of results.

3.2. Pressure-temperature phase diagram of HfO,

The pressure-temperature phase diagram of the bulk
HfO, has been investigated experimentally by Ohtaka et al. in
20010241, as shown in Fig. 4(a). Under typical ambient condi-
tions, the bulk HfO, crystallizes in the monoclinic phase (m
phase, space group: P2,/c). With increasing temperature at at-
mospheric pressure, the m phase transforms to a tetragonal
phase (t phase, space group: P4,/nmc) around 1973 K, and
then, above 2773 K, to a cubic phase (c phase, space group:
Fm3 m). Meanwhile, at room temperature, with increasing pres-
sure, the stable phase of bulk HfO, transforms to the anti-
polar orthorhombic phase (ol phase, space group: Pbca)
around 4 GPa, and then to another orthorhombic phase (oll
phase, space group: Pnma) above 14.5 GPa. However, all the
crystal phases are centrosymmetric, which means all of them
lack a polar axis and cannot exhibit ferroelectricity. This is
one of the reasons why finding ferroelectricity in HfO,-based
thin films was so astonishing.

Among the theoretical works['# 125-127] describing the ex-
istence of possible polar phases of HfO,, Huan et al. systematic-
ally searched for potential low-energy ferroelectric phases
and investigated their stabilities in the pressure-temperature
phase diagramU4l, First, they used a first-principles-based struc-
ture search algorithm to identify eleven low-energy phases in-
cluding six nonpolar and five polar phases. All the five previ-
ously mentioned nonpolar phases observed in bulk HfO,
were included. Based on the phonon band structures, free en-
ergies of dynamically stable structures among the eleven
phases were computed within the harmonic approximation
and a pressure-temperature phase diagram was established,
shown in Fig. 4(b)['4. These results are consistent with the ex-
perimental data with a scaling factor, validating the effective-
ness of this method. Then, using group theoretical symmetry
reduction principles established by Shuvalov('28], two polar or-
thorhombic phases (olll phase, space group: Pca2; olV
phases, space group: Pmn2) were singled out that are ex-
tremely close in free energy (< kgT/5 where kg is the
Boltzmann constant) to the equilibrium nonpolar phases of
hafnia over a wide temperature and pressure range, illus-
trated in Fig. 4(c). Besides, two polar rhombohedral phases (rl
phase, space group: R3m; rll phase, space group: R3) were pro-
posed by Wei et al. based on their experiments and DFT calcu-
lations['291, Of course, neither of them is the stable phase in
the pressure-temperature phase diagram, while they are poten-
tial ferroelectric phases with relatively low free energy. This rll
phase was predicted to be the metastable polar phase of
HfO, by Barabash et al. in 20171271, They computed the dielec-
tric constant but did not evaluate the actual polarization of it.

From all the results above, it suggested that ferroelectric

HfO, could not be obtained by merely varying pressure and
temperature, and other factors prevailing in HfO, thin films
should play vital roles in the emergence of ferroelectricity,
such as the size and surface effects (due to a shorter length
in a dimension and the presence of electrodes), the anisotrop-
ic mechanical strains that associated with electrodes/sub-
strates and the external electric field. The point defects includ-
ing dopants and vacancies are also expected to be crucial for
the ferroelectricity in HfO, thin films. Recently the intrinsic
flat phonon bands of HfO,, inducing the unique scale-free fer-
roelectricity, have been reported!?. This theoretical research
demonstrated the importance of symmetry-distortion mode
analysis. To investigate the above-mentioned effects, a compre-
hensive thermodynamic model of HfO, thin films must in-
clude all these energy contributions. The Gibbs free energy of
this model can be defined as:

G¢ = U¢ + Uo’¢ + PV¢ - T5¢ + Y¢A - V¢D -E- V¢ Z uij,¢0ij,¢7 (1)
ij

where footnote ¢ denotes the type of phase, U the bulk en-
ergy including the effects of doping, vacancies, and phonon
bands, U, the zero-point energy from vibrational modes, p
the hydrostatic pressure, v the volume, T the temperature, S,
the entropy including vibrational and configurational en-
tropy contribution (electronic entropy is neglected generally
at room temperature because common phases of HfO, are
electrical insulators with wide band gaps, around 6 eV), y the
surface energy, A the associated surface or interface area, D
the electric displacement field, E the electric field, u the strain
tensor, o the stress tensor.

To investigate some specific factors, the unrelated en-
ergy contributions could be ignored, such as those energy
models in worksl'5 99 130-1321 The thermodynamic equilibri-
um phase was determined by minimizing the Gibbs energy
with respect to the type of phase. These factors are dis-
cussed in the following parts.

3.3. Size and surface effects on phase stability

It is known that surface and interface energy effects play
an essential part in size-driven phase transformations in vari-
ous nanomaterials. An example is an early research on the oc-
currence of the metastable tetragonal ZrO, by preparing act-
ive powders with large surface areas!'33], The surface energy
of t phase ZrQO, is smaller than that of the m phase, so with in-
creasing surface areas, the t phase would become more
stable than the m phase.

The emergence of the polar olll phase HfO, was be-
lieved to be the structural origin of ferroelectric HfO, thin
films, and was extensively used to interpret the observed beha-
viors in many experimental worksl'- 1622391 Materlik et al. para-
meterized a model by interpolating between existing data
and found that the olll phase grains were thermodynamic-
ally stable over a range of sizes('5], This result came from the in-
termediate surface energy of the olll phase, between that of
the t and m phases. However, Batra et al. made a theoretical
comparison of the surface energies of the major crystallograph-
ic plane of the m, t, olll, and olV phases showing that the sur-
face energy is higher for all the polar phases than the m
phases, except for the (001) plane®. Meanwhile, the (001) sur-
face energy of the olll phase is higher than the olV phase, so
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Fig. 5. (Color online) Thin film energies, computed via the energy mod-
el considering the interfacial energies and bulk energies, as a func-
tion of film thickness for Ir/HfO,/Ir stacks. The bulk energy of m phase
is set as the zero point of bulk energies. Reprinted with permission
from Ref. [131], copyright 2019 Royal Society of Chemistry.

only the polar olV phase, instead of the polar olll phase,
could be stabilized under this mechanism in (001)-oriented
thin films where the size effects dominate over the bulk ener-
gies. It should also be noted that in Batra’s energy model the
surface energy is counted as free surface energy, which
means the energy comes from a surface in contact with the va-
cuum®, This free surface energy model could not describe
the HfO, thin films well, because the real surfaces exiting in
these films are interfaces in contact with electrodes, complex
grain boundaries inside the films, and interphase boundaries
instead of free surfaces.

Considering the effects of interfaces with electrodes,
Dogan et al. established Ir/HfO,/Ir stacks to compute the ener-
gies of the interfaces between relevant phases of HfO, and typ-
ical electrode [r, and further built an energy model for vari-
able-thickness films based on the interfacial energies and
bulk energies!'3", The results, as depicted in Fig. 5, show that
the (001)-oriented m phase grains are the lowest energy con-
figuration for all thicknesses, while the (001)-oriented olll
phase, (100)-oriented olll phase, and (100)-oriented t phase
grains are also competitive for the ultrathin films. The energy
of the (100)-oriented t phase film crosses the energy of the
(001)-oriented olll phase film at a thickness of 2 unit cells
(around Tnm). It means the olll phase and m phase are domin-
ant in thicker (above 2 unit cells) films. Chen et al. developed
a multi-phase coexistence phase-field model focusing on
these two phases!'34, The effects of grain boundaries were
taken into account by a scale factor t that can change the pro-
portion of surface energy to the total energy of thin films. An
increasing T means a higher proportion of surface energy, cor-
responding to smaller size grains in the HfO, thin films. Due
to the lower surface energy of olll phase, compared with the
m phase, the proportion of olll phase grain increases with in-
creasing t as well as increasingly significant surface effects.
This result confirms that the surface energies of grain boundar-
ies may promote the emergence of the new polar phase in
HfO,-based thin films.

Compared with averaging the effects of grain boundar-
ies by a scale factor 1, Kiinneth et al. developed an energy
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model including the internal interface energy between the t
phase and other phases and taking an experimental grain radi-
us distribution into account('3%, They found that because the
t/m phase boundary interface energy is generally higher than
the t/olll phase boundary energy, the t phase and olll phase
grain have similar energies in a wider range of grain radii,
and the phase transition via kinetic means from t phase to
olll phase is more favorable than from t phase to m phase.
Wu et al. found a similar result from the investigation into fer-
roelectric phase formation of Si-doped HfO, through nucle-
ation['33], Through DFT calculations, they found the t phase is
the thermodynamic stable phase with the effect of dopants
and surface energy at high temperatures. Meanwhile, they
found the kinetic activation barrier of the phase transition
from the t phase to the m phase is higher than the phase trans-
ition to the olll phase, so when the temperature decreased
the t phase grains become metastable and undergo phase
transitions to the olll phase grains. The t to olll phase trans-
ition was directly confirmed by ab initio molecular dynamics
simulation (AIMD).

Apart from the aforementioned surface effects, Lee et al.
proved that the hydroxyl adsorption during the deposition pro-
cess can significantly reduce the surface energy of the (112)-
oriented olll phase, leading to its emergence in ultrathin
films(136],

3.4. Strain and electric field effects on phase stability

The phase stability of HfO,-based thin films is also af-
fected by strain, which comes from the lattice constants and
thermal expansion coefficient mismatch between the film
and the substrate, and also from the mechanical boundaries
provided by the capping electrode during the thermal anneal-
ing. Another extrinsic field, the external electric field also
plays an important role in the ferroelectric HfO,-based thin
films.

Considering the strain effect, we could infer that compress-
ive strain should lower the energy difference between the po-
lar phases (olll, olV, and rl phases) and the equilibrium m
phase, and favor the ferroelectricity from the inverse correla-
tion between the energies and the volumes of the various
phases of HfO,'. This conjecture was confirmed by many
first-principles calculational studies!> 131,132,137,138],

In the work of Materlik et al, they found that isotropic
compressive pressure could induce the phase transition from
the m phase to the antipolar ol phase, consistent with the res-
ult of Huan et all'¥, and the surface effects could lower the
phase transformation pressurel's], For the anisotropic strain im-
posed by the substrates (which is mimiced by the constraint
of a fixed surface area and zero stress in the normal direction
of the film), considering that the phase transition can only hap-
pen in spatial orientations of grains with a rough match of lat-
tice constants, they found that the (001)-oriented olll phase
with a measurable polarization in the normal direction can-
not be stabilized with compressive film stress alone. Nonethe-
less, under the combined effects of compressive stress and
electric field, the polar olll phase could be stabilized as the
equilibrium phase. Batra et al. did a similar study on the com-
bined effects and came up with consistent results, illustrated
in the computed phase diagram of HfO,under the influence
of the electric field and in-plane stress (Fig. 6)['32],

Dogan et al. also investigated the trend of the energy
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Fig. 6. (Color online) The computed phase diagram of HfO, under the in-
fluence of electric field and in-plane stress. The red, yellow, and green
colors respectively mark the regions where the m, the ol, and the olll
phase are the equilibrium state. Reprinted with permission from
Ref. [132], copyright 2017 American Chemical Society.

changing of different phases with the constrained in-plane
areas of grains, but instead of searching for the factors which
favor the olll phase becoming the equilibrium state, they fo-
cused on the kinetic stabilization of the polar olll phase dur-
ing thermal annealing!'3", They didn't introduce the effect of
the electric field, while they investigated the combined ef-
fects of in-plane stress, doping, and out-of-plane confine-
ment provided by the top electrode. They found that out-of-
plane confinement could suppress the t phase to m phase
transformation, which is consistent with the capping effect ob-
served in experiments!’ 20821 and doping with proper dens-
ity (such as ~4% for Si and Al, and ~50% for Zzr) could favor
the t phase to olll phase transformation.

Apart from the in-plane strain of (100), (010), and (001) ori-
entation grains studied in the aforementioned research, the
(111) in-plane strain is also important and were extensively in-
vestigated because the (111)-oriented grains widely existed
in epitaxial HfO, thin filmsB4 1291, Qi et al. found that with an
in-plane shear strain, the polar olV phase could be kinetically
stabilized in (111)-oriented epitaxial films via a transition
from the t phasel'39), Furthermore, the simulated x-ray diffrac-
tion (XRD) and selected area electron diffraction (SAED) of
this olV phase are consistent with the results of the experi-
mental workl'?], Liu and Hanrahan studied the in-plane
strain effects of different crystal orientations and found that
both the antipolar ol phase and polar olll phase have lower en-
ergy than the M phase with proper (111) in-plane strain and
the olll phase would become the thermodynamic stable
phase with the electric field!'37]. However, Zhang et al. presen-
ted that the m phase remains the most stable phase with
(111) in-plane strain considering the difference in the in-
plane areas of the m phase with different <111> orientations
(such as (111) and (11 1)), while Liu and Hanrahan did not and
got the opposite result'38, They focused on the rl phase
rather than the olll phase and found that (111) in-plane com-
pressive stress could not stabilize the rl phase but can in-
crease the spontaneous polarization while the rl phase could
become the most stable phase under extreme film thick-
nesses.

To explore the physical origin of the strain effect, De-
lodovici et al. studied the strain dependence of the sym-
metry-allowed distortions during the phase transition from
the t phase to the olll phasel'49., First, they made a symmetry-
distortion mode analysis and revealed five patterns connect-
ing the t phase and the olll phase. Based on the Landau the-

ory, they established the free-energy landscape described by
three critical modes. Then, they analyzed the strain effect on
the stability of symmetry-allowed distortion and different
terms of the free-energy landscape. Finally, they found that
the strong trilinear coupling among the three modes plays a
vital role in stabilizing the polar olll phase independently of
the specific strain effect, while proper strain could soften the
Y,. mode (i.e., the Y,, mode could become unstable with a
tensile strain applied along the [100] direction).

Besides taking the energy contribution of the electric
field into account, considering the forces on the ions derived
from the applied electric field is also an effective method of de-
scribing the effect of the electric field and can depict the pro-
cesses of structural change during phase transition. Qi et al.
made phase structure optimizations with added electric field
forces based on DFT calculations under finite electric
fieldsl'], They found that, in combination with doping ef-
fects, the t phase could transform to the polar olll or olV
phase under an electric field and exhibit electrical hysteresis
loops. Fan et al. observed similar electric-field-induced nonpo-
lar-to-polar phase transitions and hysteresis loops in AIMD sim-
ulations!'#2l, They found that in-plane strain could affect the
hysteresis behavior. Under the compressive in-plane strain con-
dition, HfO, exhibits antiferroelectric behavior driven by the
out-of-plane electric field, while the ferroelectric hysteresis
loop emerges with tensile in-plane strain.

3.5. Point defect effects on ferroelectricity

Point defects including dopants and oxygen vacancies
have been experimentally found to affect ferroelectricity in
HfO,["! thin films dramatically. The first reported ferroelectric
HfO, thin film is doped with Si and the oxygen pressure condi-
tion during the fabrication of HfO, capacitor influences the fer-
roelectricity significantly’®!l, Dopants in HfO, tend to form
either substitutional or interstitial defects depending on
atom species. First principle calculations of formation energy
help to determine the dominant type of dopant defects. Oxy-
gen vacancies are widespread in HfO, and believed to en-
hance ferroelectricity, and their dynamical behavior under elec-
tric field and their role as an electron trap are related to
wake-up, split/merge and fatigue phenomenal3', 107, 143-145],
Many new mechanisms were introduced, and most of them
emphasized the role of oxygen vacancies.

3.5.1. Doping effects

Dopants in HfO, tend to form either substitutional or inter-
stitial defects depending on atom species. To determine the
defect types of dopants, the relative formation energy, the dif-
ferences of formation energy between substitutional and
interstitial defects are calculated by first principle calcula-
tions. The relative formation energy was formulated by
Duncan et all'#0l, They calculated the relative formation en-
ergy of dopants in an m phase HfO, supercell. Dopants were
grouped into three groups: cation dopants, anion dopants
and amphoteric dopants. Cation substitutional dopants tend
to replace the Hf atom while anion dopants tend to replace
the O atom. The relative formation energy strongly depends
on the valence of dopants. For cation dopants, the more isova-
lent an ion is with the species it is replacing, the more stable
it was to be substitutional; the more heterovalent it is, the
more stable it is to be interstitial. The Eqm (Dy;) of cation
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an Chemical Society.

Table 2. Impact of substitutional dopant on the phase stability of HfO,. “S” stands for “stabilization”, “D” stands for “destabilization”, and “-"
means no data available. “Stabilization” means the relative energy between target phase and m phase lowers when dopant concentration in-

creases. The dopant concentration falls in the range of 0%-6.25%.

Phase
Valence Dopant
ol olll t c
5 p _ _ gl148] DI148]
Si 5[147, 149, 154]/D[135] 5[135, 147,149, 154] 5[135, 147,149, 154] D[148]
Ge D[149] D[149] 5[148, 149] D[148]
Sn D[149] 5[149] 5[148, 149] D[148]
4 Ti D149] D491 Sl148,149] D148l
C §l149] DI149] DI149] _
Zr §l149] §l149] 51491 _
Ce §l149] §l149] 51491 _
La 5[147, 150, 154] 5[147, 150, 154] 5[147, 150, 154] S[150]
Y S[150] S[150] 5[148, 150] S[148, 150]
3 Al Sl150] Sl150] §[148,150] D148, 1501
Sc _ _ D148l 48]
Gd - _ 48] 48]
Sr Slis1] Sl151,155] Sl151,155] pUi51]
Ba Shs51] Sh151] [DIEL D511
2 Ca Shs51] Sh151] Sh51] D511
Mg Shs51] Sh151] [DIEL D511
Be NZE] §l43] NZE] D431

dopants showed strong periodicity. For anion dopants, substi-
tutional dopants are always stable. In amphoteric dopants,
Ho, Co, and Siy; are the most favored. The type of dopant de-
fects is caused by the combined effects of various factors in-
cluding valency and atomic radius. Falkowski et al. calcu-
lated the relative formation energy of various dopants using
the same method as Ref. [146], and their results are shown in
Fig. 70147,

The impacts of dopants on phase stability in doped HfO,
were widely reported. Lee et al. studied doping effects on the
stability of t and ¢ phasel'#8l. 10 dopants including Si, Ti, Zr,
Y, and Al were considered. Kiinneth et al. studied four-valent
dopants: Si, Ge, Sn, Tj, C, Zr, and Cel'#], Trivalent dopants in-
cluding La, Y, and Al were studied by Materlik et all'50,
Divalent dopants were reported by Materlik et al. in another re-
port!'>1. Other reports focused on several specific dopants. A
summary of the above reports is shown in Table 2. The
strength of doping effect depends on dopant species. Batra
et al. investigated 40 dopants and found that Ca, Sr, Ba, La,
Y, and Gd significantly lower the energy of the olll phase relat-

ive to m phasel®l. Other reports found that doping effects
are strong in La, Y, Al, Sr'3Y, and Sil'47. 1521 | g, v, Al, and Si
are the most frequently studied dopants. The doping effects
of La, Y, Al are enhanced when oxygen vacancy formsl'51],
The t phase becomes more stable than olll phase when oxy-
gen vacancy forms in La-doped and Y-doped HfO,!'>, Ferro-
electric olll phase becomes more stable than nonpolar ol
phase when doping concentration was large in La-doped
HfO,['591, The energy decrease of t phase is large for Al-doped
HfO, and small for La- and Y-doped HfO,, which may ex-
plain the antiferroelectric behavior in Al-doped HfO,['50, Sj
dopants can stabilize both olll and t phasel'49!, When the con-
centration is large, the t phase is more stable than olll
phasel'#9, In the doping concentration window of 0-6.25%,
the m and ol phase are more stable than ferroelectric olll
phasel'#7. 149 in Si-doped HfO,. Yang et al. studied the effect
of dopant ionic radius on phase stability, and found the en-
ergy of olll and t phase relative to m phase is negatively correl-
ated to the difference of ionic radius between dopant spe-
cies and Hf['53l They further analyzed the phonon displace-
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Table 3. Selected formation energy of charged oxygen vacancies in
m phase HfO, and ZrO, when Fermi level is at VBM. “M"” stands for met-
al species (Hf or Zr). The system is under extreme reducing condition
when uy = H(n)/v and is under extreme oxidation conditions when
Ho = uoo. There are two types of oxygen vacancies in m phase HfO,:
threefold-coordinated vacancy and fourfold-coordinated vacancy.
The lowest vacancy energy is listed. Data comes from Ref. [158].

Er in HfO, (eV) Er in ZrO, (eV)

Defect  Charge

0 0 0 0
Hm = M Ho = Ho Hm = Hm Ho = Ho
0 0.98 6.63 0.82 6.15
Vo +1 -1.66 3.98 -1.79 3.54
+2 -4.83 0.81 -4.79 0.54
0 17.01 5.73 16.44 5.78
-1 16.97 5.69 16.38 5.72
Vm -2 16.99 5.71 16.37 5.71
-3 17.07 5.79 16.42 5.76
-4 17.26 5.98 16.53 5.87
0 7.22 1.58 6.64 1.31
O; -1 9.04 3.40 8.52 3.19
-2 9.52 3.88 8.90 3.57

ment of olll and t phase in Si- and La-doped HfO,. The
dopant impacts phonon-mode displacement, which may be
the cause of the enhancement of stability in theSi-doped t
phase. Doping may also decrease switching barrier which
leads to the lowering of the coercive field. Yang et al. calcu-
lated the switching path of Si- and La-doped olll phase
HfO,['531, Si-doping reduces switching barrier significantly,
therefore decreases the coercive field. However, the switch-
ing barrier of La-doped HfO, remains high.

3.5.2. Oxygen vacancy effects

Similar to the dopants, there are also several types of oxy-
gen defect, such as oxygen vacancy, oxygen interstitial, and
oxygen Frenkel pair. Defect formation energy has a strong im-
pact on defect species and concentrations. To investigate the
formation energy of various native defects in HfO,, first-prin-
ciples calculations were carried out.

Foster et al. reported the defect formation energy of m
phase HfO, and ZrO,['56: 1571 They found the negative-U behavi-
or of oxygen vacancy, that two singly charged oxygen vacan-
cies (V) will decay into Vg and Vg. The interstitial oxygen
atom is more favorable than interstitial oxygen molecule in
HfO,. Interstitial oxygen species and oxygen vacancies have
large electron affinities, which indicates that they may serve
as electron traps. These charged defects may create internal
electric field, and may affect device reliability. Their study of
defects in zirconia led to similar conclusions!('56], due to the
similar chemical properties of Hf and Zr caused by lanthan-
ide contraction. Zheng et al. systematically studied the nat-
ive defects in hafnia and zirconia under possible range of
chemical potentials and Fermi levels!'>8], The selected defect
formation energy is listed in Table 3. The defect formation de-
pended on the chemical potential and Fermi level. Under low
oxygen partial pressure (reduction limit), oxygen vacancy is
the most stable defect in hafnia for a wide range of Fermi
levels. Under high oxygen pressure, VLf is stable over a wide
range of Fermi levels and O; is stable at low Fermi level. The
formation energy of vacancy in ZrO, is similar to that of HfO,.
They also found the negative-U behavior of oxygen intersti-

tial and vacancy in HfO, and ZrO,. In most reports, fabricated
HfO, thin films are non-stoichiometric and oxygen
deficient(31.104], therefore, oxygen vacancy is the dominant de-
fect in HfO, thin films. The charge state of vacancy depends
on the Fermi level. To maintain charge neutrality in the bulk,
Fermi level changes, which causes neutral oxygen vacancies
to dominate. At interface or in thin films, charge neutrality
may be violated locally!8el,

The formation energy of oxygen vacancy can also be im-
pacted by dopants. Zhang et all'*% calculated the effects of
metallic ion (Al, Ti, and La) doping on the behavior of oxy-
gen vacancy in m phase HfO, and ZrO,. Trivalent ions (La
and Al) significantly reduce the vacancy formation energy
and vacancy migration barrier. Dopant concentration also has
an impact on the formation of V. Zhou et al. found that Vg
was more easily to form when dopant concentration is
around 3.13% in Ti-doped HfO,['60, Therefore, proper dopant
concentration is helpful for V5 generation.

Zhou et al. systematically investigated the effects of oxy-
gen vacancies and dopants on the phase stability of HfO,[105],
As shown in Fig. 8, with the increase of vacancy concentra-
tion, the total energies of t, olll (marked as f in Fig. 8), and ol
(marked as o in Fig. 8) phase decreases, though the energies
of the t, olll and ol phase are still higher than the m phase at
fixed vacancy concentration. Oxygen vacancies with La
dopants reduce the energy of olll phase further, compared
with oxygen vacancies in undoped HfO,. Oxygen vacancies
cause interface effects, and stabilize different phases under dif-
ferent concentrations at the HfO,/TiN interface. With no va-
cancy formed, the olll phase is the most stable phase, but as
the concentration of vacancies increased, m phase becomes
the most stable phase, which may be relevant to the wake-
up effect and fatigue effect.

He et al. studied the effect of charged vacancies on
phase stability'6'l. They calculated the energy difference of
the olll phase and m phase with different vacancy charge
states at different vacancy concentrations. First-principle res-
ults showed that Vg cannot stabilize the olliphase, but V, sta-
bilized olll phase when vacancy concentration is high. The en-
ergy of antipolar ol phase is lower than the olll phase in stoi-
chiometric HfO,. The V stabilizes both phases over the m
phase. Their energy difference becomes small when V{ con-
centration increases. Vg slightly increases polarization of
them and olll phases. Vj increases polarization of them
phase but decreases polarization of the olll phase.

Another oxygen vacancy effect on ferroelectricity is the
lowering of polarization reversal barrier. Neutral oxygen va-
cancy lowers the switching barrier of the olll phase and +2
charged vacancy significantly lowers the switching
barrier'62, Lee et al. also found that the lowering of switch-
ing barrier in oxygen deficient olll phasel'63], The oxygen defi-
cient olll phase has smaller lattice constants and larger rem-
nant polarization compared with the perfect olll phase. Zhou
et al. found that spontaneous polarization of the olll phase in-
creases with the increase of vacancy concentration, and
the switching barrier of the olll phase first decreases and
then increases with the increase of vacancy concentration, as
shown in Fig. 8(d)["05],

As mentioned above, the olll phase is widely accepted as
the source of spontaneous polarization in HfO,. However, the-
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Fig. 8. (Color online) (a, b) Oxygen-deficient polar orthorhombic phase with different polarization orientation. (c) Total energy of the o (ol), f (olll)

and t phase relative to the m phase at different vacancy concentrations. (d) Polarization and switching barrier of the f (olll) phase at different va-
cancy concentrations. Reprinted with permission from Ref. [105], copyright 2019 Elsevier B.V.
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Fig. 9. (Color online) Oxygen vacancy induced polarization and the ferroelectric switching process. Reprinted with permission from Ref. [36], copy-

right 2018 IEEE.

oretical calculations showed that oxygen vacancies could in-
duce localized dipoles. Liu et al. introduced a new mechan-
ism of ferroelectricity in HfO, based on the spontaneous polar-
ization of the m phase HfO, with oxygen vacancies!3¢l. First-
principle calculations showed that oxygen vacancies can in-
duce polarization in the m phase and their migration leads to
ferroelectric switching, as shown in Fig. 9. Spontaneous polariz-
ation depends on the location of vacancy and varies from
5.623 to 29.237 uC/cm’. Various experimental phenomena
were explained by the dynamical behavior of vacancies un-
der the electrical field. Rushchanskii et al. searched possible
phases of oxygen deficient HfO, using the density functional
theory combined with an evolutionary algorithmU'7). A fixed
composition corresponding to HfO,,; was calculated. The
total energy versus volume diagram is depicted in Fig. 10.
Phase M1 and M2 is two monoclinic phases with different oxy-
gen vacancy ordering, in which M1 was the most stable
phase. The perfect m phase is a centrosymmetric phase with
no polarization, but the monoclinic oxygen deficient phase
M1 has spontaneous polarization of 12 uC/cm’, and the polariz-
ation can be switched with an energy barrier of 210 meV/Hf.

M1-O phase transition has a low switching barrier, which
leads to the theoretical high mobility of M-O phase bound-
ary in oxygen-deficient samples. The switching path of
the M1 and O phases and the transition path between the M1
and O phases is depicted in Fig. 11.

Recent experiment carried out by Nukala et al. showed
that oxygen vacancies in ferroelectric layer and electrodes
are highly mobile under electric field, and ferroelectricity in
HfO, thin films is intertwined with oxygen vacancy®4. There-
fore, theoretical study of the dynamic behavior of vacancies un-
der the electric field can help to solve the puzzle of unexpec-
ted ferroelectricity in HfO,. Capron et al. studied the migra-
tion of oxygen vacancies in monoclinic HfO,['%4, Energy barri-
ers of hopping between nearest-neighbor (NN) sites range
between 1.84 and 3.22 eV for neutral vacancy, and signific-
antly reduce to 0.05-1.99 eV for +2 charged vacancy, there-
fore charged vacancies are more mobile. The same trend was
observed in the olll phase HfO,!'¢1, Zhang et al. calculated
the migration barrier of vacancy in m phase ZrO, with vari-
ous dopants. Al-, Ti- and La-doped and undoped ZrO, were cal-
culated, and they found that migration barrier is decreased
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Fig. 10. (Color online) Phase diagram of HfO, 75. Reprinted with permis-
sion from Ref. [17], copyright 2021 American Physical Society.

by Al and La dopant('%9. Zhou et al. studied the impact of va-
cancy concentration on the migration barrier, and found that
migration barrier decreases with the increase of vacancy con-
centration(160),

4. Characterizations

In order to understand the ferroelectric characteristics, vari-
ous experimental methods have been used to investigate the
microscopic features and macroscopic behaviors of HfO,-
based thin films. In this section, we will review the advances
of the related characterization techniques, including the trans-
mission electron microscope (TEM)-based techniques for the
microscopic features, electrical characterization techniques
for the macroscopic properties and reliability test, and the
piezoresponse force microscopy for the microscopic ferroelec-
tric domain structures.

4.1. Characterizations of nano-structural properties

With strong demands for nanotechnology innovation
over the past few decades, much attention has been given to
the development of the characterization methods for chemic-
al and structural properties of nanomaterials (NMs). Among
these methods, the transmission electron microscopes (TEMs)
are considered the most popular technique to characterize
NMs in electron microscopy. The chemical information and im-
ages of NMs at a spatial resolution of atomic dimension are
provided using TEMs. In general, there are two different
modes in TEMs: a fixed-beam mode (conventional TEM,
CTEM) and a rastered-beam mode (STEM)!'65], Modern TEMs
equipped with scanning coils are capable of both modes of op-
eration. Both CTEM and STEM will be discussed in detail in
the following section, especially focusing on their abilities to
perform phase identification, crystal structure determination,
as well as compositional analyses of HfO,-based ferroelectric
thin films.

4.1.1. Conventional TEM techniques

The conventional TEM (CTEM) mainly refers to the basic
TEM techniques i.e., electron diffraction (ED), compositional
analyses and imaging techniques such as bright-field (BF),
dark-field (DF) and high-resolution TEM (HRTEM)U'66], In the
CTEM, the condenser lenses of the microscope are adjusted

0.2

0.15

0.1

Energy (eV/f.u.)
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Fig. 11. (Color online) Transition barrier of M-0 transition (black curve,
corresponds to NEB image 10-20), M1 phase switching (black curve,
corresponds to NEB image 0-10) and O phase switching (red curve).
Blue curve is the M -0 transition in stoichiometric HfO,. Reprinted
with permission from Ref. [17], copyright 2021 American Physical Soci-
ety.

to illuminate the sample with a parallel coherent beam of elec-
trons, usually several um across. A thin sample, typically less
than 200 nm, is bombarded by a highly focused beam of
single-energy electrons. The beam has enough energy for the
electrons to be transmitted through the sample, and the trans-
mitted or scattered electron signal is greatly magnified by a
series of electromagnetic lenses!'65 1661, The basic functions of
CTEM are summarized in Table 4.

On the theoretic aspect of HRTEM imaging, based on the
weak phase object approximation and an assumption of optim-
al focus setting, the image intensity can be directly related to
the projected potential of atom columns in the crystalline spe-
cimens along the viewing direction. This provides a simple
method for extracting crystal structures from HRTEM images.
Nevertheless, as stressed in Table 4, it should be careful with
HRTEM image interpretation. In other words, due to the
strong scattering effect of matters to electrons, the weak
phase object approximations only apply to very thin speci-
mens (i.e. less than a couple of nanometers) made of light ele-
ments. Furthermore, a slight change of objective lens focus
can change the feature of HRTEM images!'¢l, Therefore, a dir-
ect interpretation of HRTEM images as the projections of crys-
tal structures is rarely applicable and image simulation is usu-
ally necessary to resolve atomic structures of materials from
HRTEM images. In this context, there is a growing tendency
to characterize the nanomaterials through the spherical aberra-
tion (C,)-corrected STEM in recent years.

4.1.2. STEM techniques

STEM combines the principles of CTEM and scanning elec-
tron microscopy (SEM) and can be performed on either type
of instrument. In the STEM, a tiny convergent electron beam
is scanned over a defined area of the lamella. At each spot,
the generated signal is simultaneously recorded by selected
detectors, thus constructing an image. The resolution of the
STEM is almost determined by the incident probe diameter
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Table 4. The basic functions of CTEM[167. 168],

Phase-Contrast
Imaging

O Bright-field mode

O Dark-field mode

O Moiré patterns

O Fresnel contrast at
defects

O High-resolution TEM
(HRTEM)

O Selected area electron
diffraction patterns
(SAED)

O Convergent beam
electron diffraction
patterns (CBED)

O Energy-dispersive X-
ray spectroscopy (EDS)

O Electron Energy Loss
Spectroscopy (EELS)

Applications:
detection of crystalline
areas, defects and
grain boundaries,
phase analysis,
particle size, mass-
thickness, etc.

Applications:

direct visualisation of
atomic positions (and
elemental distribution)
of the crystals and
defects, etc.

« SAED are used to:
determine crystallinity;
identify phases, the
crystallographic structure,
symmetry, and orientation
of specimens; measure

the lattice parameters, etc.

.

CBED are used to:
measure specimen
thickness and lattice
parameters; determine
point group and space
group information, etc.

- EDS are used to:
qualitative and
quantitative compositional
analyses, elemental
mapping, and electronic
property analysis for a
wide range of elements.

.

EELS are used to:
characterize the different
types of atoms in the
sample and provide
information on chemical
bonding and atomic
configurations.

Be careful with HRTEM image interpretation:
these methods necessitate image simulations for
correct image interpretation because the intensity of
the atomic column largely depends on the defocus
amount and specimen thickness.

Tips: the fast Fourier
transform (FFT) pattern is
sometimes a
complementary method for
SAED and CBED.

Tips: EELS provides
improved signal to noise,
spatial resolution (down to 1
nm), energy resolution (<1
eV) and sensitivity to the

lower atomic number
elements.

Table 5. Comparison of HAADF- and ABF-STEM techniques!'67-169],

Collecting high-angle electrons
and almost only incoherent
Rutherford scattering contributes
to the image

Serial / 5-20 s (more problems with
sample stability and drift)

Receives only the ring-shaped
circumference of the direct
(transmitted)-beam

Serial / 5-20 s (more problems with
sample stability and drift)

<05A <05A

Atomic positions and elemental
distribution

Atomic positions and elemental
distribution

Direct: atomic columns always
bright; intensity ~72

Direct: atomic columns of relatively
heavy elements (transition metals,
etc.) and light elements (O, Li, etc.)
with the same contrast

on the specimen. Nowadays, a C,-corrected STEM instrument
can provide a resolution better than 0.05 nm. Furthermore, a
combined use with EDS or EELS, which uses electrons transmit-
ted through the center hole of the annular dark-field (ADF) de-
tector, enables element analysis column by column(65,166],

In the STEM, the high angle annular dark-field (HAADF)-
STEM, which selectively detects high-angle scattered elec-
trons by annular-shaped detectors, has been actively used.
The contrast of HAADF-STEM is not sensitive to small
changes of defocus values and specimen thickness, thus its ro-
bust imaging characteristics allow easier interpretation of the
image contrast than HRTEM methodsl!'67. 191 However,
HAADEF-STEM is not capable of visualizing light element atom-
ic columns because of its strong atomic number-dependent
contrast (Z contrast). To complement HAADF-STEM, the annu-
lar bright-field (ABF)-STEM has also been developed to visual-
ize light elements such as oxygen atomic columns inside FE-
HfO, thin films. In the ABF-STEM, electrons transmitted
through specimens at each raster are detected by an annular
detector inside the bright-field disk region, and thereby, light
and heavy element atomic columns can be visualized as a neg-
ative image contrast irrespective of the variation of speci-
men thickness and defocus values!'®®. The comparison of

these two imaging modes of STEM is shown in Table 5.

It is worth noting that the integrated differential phase
contrast STEM (iDPC-STEM), a new image formation method,
can be also used to visualize the oxygen atomic columns. In
comparison with ABF-STEM, the iDPC-STEM not only places
considerably less dependence on defocus and/or thickness,
but also has a higher signal-to-noise ratiol'7%,

4.1.3. Application of TEMs in characterization for

ferroelectric HfO, thin films

Though HfO,-based ferroelectric (FE-HfO,) thin films have
been extensively studied for more than a decade, the root
cause of its ferroelectricity is still a matter of debate. Perplexit-
ies and confusions arise primarily from the polymorphic
nature of hafnia and also from to the challenges associated
with the characterization of the mixed/complex phases in ul-
trathin films at small length scalesi?2l. In addition to some ba-
sic characterization methods such as grazing-incidence X-ray
diffraction (GI-XRD) and piezoresponse force microscopy
(PEM), it was increasingly obvious that the atomic resolution
TEMs are becoming one of the central tools for the complete
characterization of nanoscale FE-HfO, thin films with ul-
trahigh spatial resolution nowadays.

The CTEM was often used to determine the cross-section-
al morphology!'7. 1721 of FE-HfO, thin films. For instance, the
layer thickness and polycrystalline nature of TiN electrodes
and Hfy5Zry 50, layer in Connor et al. was clearly visualized by
CTEM images!'7'1. Similarly, Yadav et al. employed CTEM to veri-
fy the presence of the interfacial layer in their FE-HfO,
samples and found that the device W/Hf,5Zr,50,/IrO, with
strong ferroelectricity contains a thinner interfacial layer than
the device with W bottom electrodel'72.

In fact, what makes CTEM even more powerful is its capab-
ilities of phase identification and chemical composition analys-
is for polymorphic FE-HfO, thin films[©8 173-176] For example,
Bouaziz et al. carried out detailed structural characterizations
on the Si/TiN/(Hf,Zr)O,/TiN/Pt structures through HRTEM com-
bined with selected area electron diffraction (SAED) and
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SIM-Pbcm

Fig. 12. (Color online) (a) HAADF-STEM of a pristine Gd:HfO, grain with O and M regions separated by boundaries indicated by white arrows. (c)
Magnified view of the 01/02 boundary from (a), with (d). (b, ) Magnified regions from (a) where planes are indicated with lines and the polar dir-

ection by arrows. (f) Experiment and simulated PACBED patterns corresponding to O1 and O2 regions. Reprinted with permission from Ref. [26],

copyright 2018 John Wiley & Sons, Inc.

filtered Fourier transformation (FFT) patterns('73], Another ex-
ample is the study by Li et al. on Si-doped HfO,/NSTO stacks,
in which cross section HRTEM images and the corresponding
FFT pattern revealed that the as-grown Si-doped HfO, films
have strained fluorite structures!'74],

Over the past few years, the Cs-corrected STEM methods
have become a cornerstone of FE-HfO, thin films and devices
characterization owing to its ability to offer direct pictures of
the samples, which could provide valuable information for op-
timizing the growth process to achieve targeted
properties!165 1661 Grimley et al. systematically studied in-
terphase boundaries and single phase domains in Gd:HfO, fer-
roelectric capacitors through C.-corrected STEMR2¢, which
were crucial to identify the ferroelectric material’s mechanic-
al and electrical responses. As shown by HAADF-STEM im-
ages in Fig. 12, a sharp 01/02 boundary and an inter-phase
02/M1 boundary are clearly revealed. Furthermore, due to
the lack of a mirror plane across the dashed axis bisecting
the pattern, the position-averaged convergent beam elec-
tron diffraction (PACBED) patterns help confirm the exist-
ence of Pca2; polar phase in O1 and O2 regions. Given that
HAADF-STEM images cannot directly reveal the oxygen sub-lat-
tices, Grimley et al. also pointed out that the schematics of

the observed boundaries are approximate and represent one
of several possible configurations.

Actually, oxygen atoms and oxygen deficiencies criti-
cally affect the ferroelectric functionality of FE-HfO, thin
films!34. 163, 1771 Therefore, the ABF-STEM techniques, which
are capable of direct visualization of oxygen atomic columns,
have become essential to the study of FE-HfO, thin films.
Cheng et al. examined the crystal structures of pristine,
woken-up, fatigued, and rejuvenated grains in atomic layer-
deposited ferroelectric Hf 5Zr, 50, thin film using the Cs-correc-
ted ABF-STEM and HAADF-STEM techniques, as shown in
Fig. 13. A reversible transition between the polar Pbc2; (Og)
and antipolar Pbca phases (Opre), where the crystal struc-
tures of the 180° domain wall of the Pbc2; phase and the
unit cell structure of the Pbca phase were identical, was in-
duced by cyclingl'771,

Besides the imaging, another important application of
STEM is analysis on the micro-area of FE-HfO, thin films in com-
bination with other analytical signals such as SAED, EELS and
EDS, etc. For example, in a study of bulk single-crystalline
Y:HfO, deposited via a state-of-the-art laser-diode-heated
floating zone technique, cell-doubling superlattice peaks in
SAED patterns were observed with the existences of anti-ferro-
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Fig. 13. (Color online) The direct observation of oxygen atoms of single orthorhombic (O-) phase grain in TiN/Hfy5Zrq 50, (HZO, 15 nm)/TiN
device. HAADF- and ABF-STEM images of single O-phase grain (a, b) in pristine, (d, e) after wake-up process, and (f-h) after fatigue process.
(c) The atomic models of the Pbc2, and Pbca phases along [010] direction. Reprinted with permission from REF. [177], copyright 2022 Springer

Nature Limited.

electric polar phase (O-AP) and ferroelectric polar phase (O-
FE) in the Y:HfO, bulk single crystal samples22.,

In another work, Lee et al. investigated the effects of oxy-
gen deficiency on the ferroelectric properties of Si:HfO, thin
films. Peak intensities in the valence EELS (VEELS) spectra and
O K edge spectra consistently suggested that high-temperat-
ure annealing (HTA) films contain higher oxygen deficiency
concentration than low-temperature annealing (LTA)
films['63l, Furthermore, Nukala et al. employed EDS mapping
and EDS integrated spectra to reveal an accumulated effect
of oxygen voltammetry in tunnel junction Co/Hfy5Zrq50,(2
nm)/LSMO//STO devicesB4.

The development of Cs-corrected microscopy and high-res-
olution spectroscopy is stepping into a golden age, it may
provide a powerful platform for complete characterization of
nanoscale HfO,-based thin films and devices. Except for these
static structural studies, the atomic-scale visualization of struc-
tural evolution of FE-HfO, thin films through in situ TEMs has

been one of the interesting research fields nowadays.

Meanwhile, in situ TEMs are also used to observe/monit-
or/record the dynamic responses and micro-structural evolu-
tion of specimen under external stimuli including heating, elec-
tricity, mechanical property, etc. To apply these external stim-
uli, different types of TEM holders capable of straining, lasing,
heating/cooling, electricfying are available commercially or
are fabricated in the laboratory!'6¢l, The typical example regard-
ing the study of FE-HfO, thin films was recently set by Zheng
et al. who successfully recorded the whole dynamic atomic
scale structural evolution from centrosymmetric tetragonal
(T-) phase to FE O-phase under electric field through HRTEM
images'’?. In addition, Nukala et al investigated a
Lag 675r033MNn05/Hf 5Zry 50, capacitor interfaced with various
top electrodes while performing in situ electrical bias using
atomic-resolution STEM with direct oxygen imaging34.,

For in situ experiments, the time resolution is very import-
ant to obtain experimental details. Nowadays, experiments
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Fig. 14. (Color online) (a) Sawyer-Tower circuit. (b) A circuit for transient /-Vmeasurement. (c) A typical P-VlIoop of ferroelectric capacitor. (d) A typ-

ical transient response of ferroelectric capacitor under triangle wave.

on picosecond, or even femtosecond time scales, have been
carried out by applying pulsed-electron packets, or electron
pulses. Thus, it is exciting to expect more and more future
studies to utilize a combination of in situ TEMs experiments
and relevant theories to further unveil the mystery of fluorite-
structured ferroelectrics.

4.2, Electrical characterization

Generally, the electrical characterization is to obtain the
device response to the applied voltage. This subsection
presents an overview of various electrical characterizations of
ferroelectric properties—both ata macroscopic and microscop-
ic level—and of device reliability.

4.2.1. Macroscopic property characterization

In this sub subsection, the electrical characterizations of
ferroelectric properties at a macroscopic level are briefly re-
viewed, including dynamic hysteresis measurement, DC /-V
measurement, C-V measurement, first-order reversal curves
(FORC) and harmonic analysis.

(1) Dynamic hysteresis measurement

Dynamic hysteresis measurement is a fundamental charac-
terization method to confirm the existence of ferroelectricity
and to extract ferroelectric properties including remnant polar-
ization P, spontaneous polarization P;, coercive field/voltage
E/V,.

The simplest setup for hysteresis loop measurement is
the Sawyer-Tower circuit('’8], as shown in Fig. 14, where the
device under test (DUT) is connected to a reference capacit-
or Crer. Only the voltage over the reference capacitor Vger is
monitored and the polarization charge P can be easily calcu-
lated according to the equation Prg = CrerVrer/Aput, Where
Aput denotes the area of the DUT. This is a charge-based meth-
od, and theoretically, arbitrary voltage waveform can be
used. For more accurate P-V loop measurement, a bridge cir-
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cuit with compensation for leakage current and background
paraelectric current was proposed in Ref. [179] and a virtual
sample grounding method was introduced in Ref. [180].

Transient /-Vis another popular method for P-V measure-
ment. Since it directly monitors both the V-t and /-t of the fer-
roelectric device, this method provides more details on the
FE switching dynamics['8'l, The occurrence of FE switching is
clearly indicated by its current peaks3% 182 and the correspond-
ing voltage is the coercive voltage, which is more precise
than that extracted from the P-Vloop (i.e. the horizontal inter-
cept).

A triangular wave is applied on DUT and the current re-
sponse is recorded, which has three components: leakage cur-
rent, ferroelectric switching current and the background dielec-
tric capacitance current. The leakage current is a DC compon-
ent and the other two are AC components related to the
voltage slope dV/dt. As the polarization charges are integ-
rated from the FE switching current only, the non-FE compon-
ents need to be removed from the measured current. Note
that to remove the non-ferroelectric AC component, the
dV/dt of the triangular waveform should be fixed, to ensure
that the dielectric capacitance current is a constant
throughout the measurement; to eliminate the effect of non-
ferroelectric DC component (i.e. leakage current), larger dV/dt
is usually adopted to raise the proportion of FE switching cur-
rent in the measured current.

A modified method from transient /-V test called PUND
(positive switching, up non-switching, negative switching,
down non-switching) can also separate the non-ferroelectric
components and ferroelectric switching current during the
measurement('83], The waveform of PUND is shown in Fig. 15.
The non-ferroelectric component— leakage current and dielec-
tric capacitance current—is removed by subtracting the non-
switching up/down part from the switching positive/negat-
ive current respectively.

......
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Fig. 15. (Color online) (a) Typical /-V-t graph of PUND test: the applied voltage waveform (black line) and the corresponding transient current re-
sponse (red line). (b) The P-Vloop of a HZO ferroelectric capacitor obtained from PUND measurement.
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Fig. 16. P-E and C-E curves of (a, b) ferroelectrics and (c, d) anti-ferro-
electrics

(2) DC/-Vmeasurement

For FRAM and FeFET, the leakage current is unwanted
and should be optimized, whereas in the ferroelectric tunnel-
ing junction (FTJ) and anti-ferroelectric tunneling junction (AF-
TJ), the conductance is a major property, as a large conduct-
ance difference between two polarized states (i.e. large TER)
means large MW. Particularly, for multi-level FTJs!'84 1851 and
AFTJs[186 1871 memory, multiple well-separated conductance
states are desired.

The conductance of the ferroelectric device is measured
by DC /-V test, where the staircase or pulse sweep could be
used. Note that at each voltage step, the delay time before
measurement should be long enough (i.e., longer than the po-
larization switching time) to ensure a stable polarization state
and to exclude the FE- switching AC component from the
measured DC current.

(3) C-Vmeasurement

The polymorphism of HfO, has long been a subject of in-
tense research interestl'8 20,82, 188] The permittivity of differ-
ent phases varies greatly, ranging from ~20 to ~700'8], There-
fore, different combinations of these crystalline phases will res-
ult in different dielectric permittivity and capacitance. In turn,
the phase proportions in the sample could be inferred from
the measured capacitance. Therefore, the evolution of permit-
tivity during cycling is usually interpreted as the evidence of
phase transition!189: 1901,

In C-=V measurements, a small-amplitude AC signal is su-
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perimposed on a staircase DC voltagel37. 191-1931, A typical but-
terfly-shaped C-V curve is characteristic of the ferroelectric,
whereas the C-V curve of the anti-ferroelectric is double-but-
terfly as shown in Fig. 16. The peaks of the C-V curves are
due to the contributions of domain walls during polarization
switching. The permittivity is extracted using the minimum ca-
pacitance at large bias where the effect of FE switching is ex-
cluded.

(4) First order reversal curve (FORC)

The first-order reversal curve (FORC), proposed in
2002[194, is used to determine the switching density, or so-call-
ed experimental Preisach density of the ferroelectricl’9% 193]
films as well as the anti-ferroelectricl196: 1971 films.

Fig. 17 shows the waveform of FORC measurement. The
DUT is first biased at positive saturation voltage V¢,. Then the
applied voltage sweeps back and forth between fixed V¢,
and the reversal voltage V, (i.e. the maximum negative
voltage of each cycle, and the corresponding electric field is
E;). The amplitude of V, gradually increases until it reaches
the negative saturation voltage V.. With this, multiple FORC
curves are acquired jrorc(Er, E) as the function of both the
sweeping electric field E and the reversal electric field E, as
shown in Fig. 17(b) and the corresponding polarization loops
Prorc(Er, E) as shown in Fig. 17(c) can be obtained by time in-
tegration. The switching density distribution p(E;, E) is calcu-
lated as the mixed second derivative of Prorc(E:, E) with re-
spect to E, and g. Coordinate transformation can be per-
formed by setting E. = (E—E,)/2, Epias = (E+ E;)/2, in which E;
is the coercive field and E,;, is the internal bias field. The fi-
nal result p(E;, Epias) is shown in Fig. 17(d).

In addition to extracting statistical distribution of coer-
cive field E; and internal bias field E,, FORC can also be
used to distinguish between reversible and irreversible polariz-
ation contributions. Recently it has also been used to investig-
ate the cycling behavior('99 of ferroelectric devices by monitor-
ing the evolution of E; and Ey;,s, Which has been attributed to
oxygen vacancy migration and subsequently resulted in do-
main wall pinning/de-pinning('93l,

(5) Harmonic analysis
In harmonic analysis, the polarization response to an ex-
ternal applied sinusoidal field is compared to the Fourier ex-
pansion of the Preisach model, both amplitudes and phases.
Morozov and Damjanovic were the first to perform this
on PZT using a lock-in amplifier and up to the ninth harmon-

......
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Fig. 17. (a) First order reversal curve (FORC) test waveform, (b) FORC /-V plot, (c) FORC P-Vloop, and (d) the extracted Preisach density. Reprin-
ted with permission from Ref. [198], copyright 2015 American Chemical Society.

ic were analyzed(200], They found a phase jump in the third har-
monic during the transition from a constricted to an open hys-
teresis. A similar test on Sr:HfO, was reported in 2014201,
Phase jumps of high order harmonics were found to indicate
the redistribution of defects during wake-up or fatiguel202],

4.2.2. Reliability test

Due to their difference in device structure and hence dif-
ference in degradation mechanisms, a reliability test for the
MFM capacitor and FeFET structure is discussed separately.
For MFM, there are two kinds of reliability test: a retention
and cycling test; for FeFET, the emphasis is placed on the inter-
facial layer.

(1) Reliability test for MFM structure

The polarization state of ferroelectric films can be altered
over time, which is referred to as the retention characteristic.
Modified from 130 nm CMOS FeRAM reliability test203], a stand-
ard four-capacitor retention test was performed on Si-doped
HfO, capacitors, which consists of same-state (SS), new-same-
state (NSS) and opposite-state (OS) retention tests204], The ap-
plied voltage pulse sequences are illustrated in Fig. 18.

Cycling behaviors of hafnium-based ferroelectric capacit-
ors include wake-up, fatigue and split-upl'77: 182, 201, 204 For
the cycling test, a fixed pulse train sequence called “measure-
cycling-measure” is widely adopted207],

The cycling electrical test alone is not enough to dia-
gnose the root cause of the cycling behaviors. Rather, compre-
hensive characterizations are needed. For example, Kim et al.
examined the HZO film by P-V, C-V and pulse-switch test,
and ascribed the cycling behavior to the formation and remov-
al of anti-parallel domains as well as phase transition[90,
Based on the observations through STEM and FORC, Pesi¢
et al. suggested that both oxygen vacancy induced domain
pinning and phase transition are the underlying mechanisms
for these cycling behaviors!04,

(2) Reliability test for FeFET

Compared with FeRAM, FeFET has poorer endurance
and retention and the SiO, interfacial layer (IL) is widely be-
lieved to be the main culprit205-208], Yurchuk et al. investig-
ated the role of charge trapping in reliability degradation of

Si-doped HfO, FeFET using a single-pulse charge-trapping
methodology!295:206] which monitors the threshold voltage pri-
or and after a single pulse. They found that MW closure dur-
ing cycling was predominantly determined by the LVT (low
threshold voltage) shift, suggesting that the generation of
fixed charges or accumulation of electrons stuck on the deep
traps could be the origin of endurance degradation(29%); as for
retention problem, they found that trapped charges within
the ferroelectric layer compensated the polarization and re-
duced the memory window!2%6],

To investigate the relationship between interface charge
trapping and FE switching in FeFET, novel measurement
schemes have been proposed209-2141, A double-sweep transi-
ent Ip—V; test was presented in Ref. [209], where the competi-
tion between charge trapping and polarization switching was
observed in the reverse trace of the transient Ip—V; sweep.
However, one could only tell which dominates—charge detrap-
ping or depolarization—by the trend of transient ID. There-
fore, to unravel their coupling, it is critical to quantitatively sep-
arate the charge trapping and FE switching. To this aim, a
quasi-static split C-V was modified from conventional split
C-V for FET2'9 in which the gate and drain current are both
recorded during the ID-VG sweep. Similarly, simultaneous
P-V and I-V were proposed to separate charge-trapping and
depolarization during retention2'', Researchers from Kioxia
also developed a fast charge centroid analysis schemel2'4],
With this scheme, they were able to extract the time evolu-
tion of both polarization charges and trapped charges, based
on which, they have proposed new mechanism for cycling de-
gradation—cycling induced e-trapping at the FE-IL interface in-
duces additional hole trapping during erasurel2'4,

Regarding the characterization of trap dynamics in Fe-
FET, Tasneem et al. estimated the time constants as ~us from
the split PUND results and suggested that the traps are ener-
getically close to the Si band edges and spatially located at
the SiO,/HZO interface.

4.2.3. Piezoresponse force microscopy

Although the above-mentioned macroscopic electrical

characterizations provide us with abundant information, obser-
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Fig. 18. (Color online) 4-cap retention test. Reprinted with permission from Ref. [204], copyright 2013 |EEE.

vations of the domain structure and domain behaviors at nano-
scale can reveal more about the polarization switching mech-
anism. The piezoresponse force microscopy (PFM) is a power-
ful tool to do this.

PFM is based on the inverse piezoelectric effect of the fer-
roelectric. When an AC voltage is applied on sample through
the tip, the deformation of ferroelectric material causes the vi-
bration of the cantilever, which is detected by the standard
lock-in amplifier as in the traditional scanning probe micro-
scopy (SPM). PFM can detect in-plane and out-of-plane polariz-
ation by measuring the cantilever deflection and torsion,
which are called vertical PFM (VPFM) and lateral PFM (LPFM).
Local strength of the effective piezoelectric coefficient is
called PFM amplitude, while the phase shift between
the sample and the tip is called the PFM phase. Adding DC bi-
as meanwhile allows PFM imaging and switching local ferro-
electric domains. Martin et al. examined the local ferroelec-
tric properties of Si-doped HfO, by single-frequency (SF) and
band excitation (BE) PFM[215],

Moreover, despite of its poor time resolution, PFM can
be used to observe domain dynamic behavior, such as wake-
up and fatiguel®'- 216], imprint!'% and domain wall velocity for
switch dynamics(217],

5. Modeling/Simulation

In this section, we will address the related modeling/simu-
lation issues to ferroelectric devices (FE-based devices), which
are only limited to ferroelectric random-access memory
(FeRAM), ferroelectric-based field effect transistors (FeFETs),
and the ferroelectric tunnel junctions (FTJs).

5.1. Polarization switching

The switching kinetics of ferroelectrics is both time- and
electric field-dependent, leading to the so-called time-
voltage trade-off. Therefore, the accurate polarization switch-
ing model is fundamental to the M&S of FE-based devices.

5.1.1. Preisach

The Preisach model, originated from ferromagnetics(2'8],
was one of the most commonly used mathematical models

to describe the P-E loops. The ferroelectric material was
treated as a collection of parallelly-connected hysterons, each
with ideally square-like hysteresis and with individual switch-
ing thresholds. The PE loop is therefore the superimposed re-
sponses of these hysterons. The distribution of the switching
thresholds is defined by the Preisach function, which can be
obtained experimentally or approximated with analytic func-
tions for mathematical convenience. If the hyperbolic distribu-
tion was assumed, one can arrive at the tanh-like closed-form
expression(219],

The above-mentioned classical Preisach model, though
very straight-forward, is inconvenient to use. Jiang et al. pro-
posed an alternative method[220], which was computation-effi-
cient and thus widely used221-223], |t started with the follow-
ing tanh-like expression, which provided a good fit for satur-
ated polarization loop (or major loop).

P(E) = Py -tanh(a(E+ Ec)), (2)
1 Ps + P,
G=EO PS—P,—’ (3)

where Pg and P, are the spontaneous polarization and reman-
ent polarization respectively, and E¢ is the coercive field. As
shown in Fig. 19, the unsaturated loops (or the minor loops)
were obtained by linearly scaling the saturation loop accord-
ingly(220. 2211, Moreover, the history dependence of the FE hys-
teresis could be captured as done in Ref. [220].

To cover the dynamics of polarization switching, the Pre-
isach model is patched up with RC delay, whose time con-
stant 1 follows the empirical Merz law!221.224] j e, the exponen-
tial field dependence of the switching timel225226],

dveff (t) _ Vin B Veff
Al )

T= rmexp(v‘z) , (5)

where V;, is the input voltage and V is the effective voltage
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Fig. 19. (Color online) Minor loops are simulated by a linear scaling from the saturated polarization-voltage hysteresis loop. 1/| indicates for-
ward/reverse branch respectively. The switching dynamics are captured using a RC delay. Reprinted with permission from Ref. [221], copyright

2018 |EEE.

that feeds into the Preisach equation. 1, is the time constant
at infinite applied field. V, and m are both fitting parameters.
The AFE Preisach model has a similar recipe except that the
major loop was constructed from two tanh functions[227, 2281,

5.1.2. KAI/NLS

Another widely used approach to model the ferroelec-
tric switching was based on the Kolomogorov-Avrami growth
kinetics2'®, including the Kolomogorov-Avrami-Ishibashi
(KAIl) and nucleation-limited switching (NLS) model. The polar-
ization reversal was divided into two stages: (1) nucleation of
reversed domain; (2) forward and lateral domain growth by do-
main wall motion. Generally, for bulk ferroelectrics where do-
main growth dominated, the KAl model worked out well;
whereas, for poly-crystalline thin films where the nucleation
process dominated, the NLS model should be adopted in-
stead, as it was experimentally validated with FE-HfO, thin
film[216,229-233], Their mathematical expressions are

KAl :AP(t)=1—exp[—(§)n], (6)

NLS : AP(t) =/: {1 - exp [—(%)HH - F(1)dr, (7)

where n is the effective dimension, Fis the distribution func-
tion for 7, and 71 is the electric field-dependent switching time
expressed as:

T(E) = roexp(E—;)a, (8)

where E, is the activation field, 1, is the time constant at infin-
ite applied field and a is a fitting parameter.

The major difference between the KAl and NLS model is
the switching time distribution. The former used constant t
(delta distribution), which was related to the macroscopic DW
motion that averages system fluctuations; whereas the latter
was controlled by an exponentially broad distribution of T,
which was related to the microscopic nucleation and thus sens-
itive to the local environment234, With the KAl model, the
change in the applied voltage resulted in only shifted charac-
teristic curves along the time-axis; while with NLS model, the
slopes the characteristic curves varied with the voltage amp-
litude, yielding a fan-like family of curves(234],

The original NLS model is limited to polarization reversal
(i.e, switching from one fully polarized state to another) un-
der constant bias. To extend it to general polarization switch-
ing (starting from any intermediate polarization state) under

arbitrary input voltage, the NLS-based Monte Carlo simula-
tions(233, 2351 were proposed. The FE thin film was represen-
ted by multiple independent grains (or domains), of which
each was either polarized up or down, and their activation
fields were sampled from the fitting distribution. For each
time interval, the switching probability of the grains was gov-
erned by the Weibull process, where a history parameter was
introduced, which accounted for the FE accumulation prop-
erty. The overall polarization was the ensemble average of
these grains. In sum, the NLS-based MC was able to describe
various FE behaviors, including the accumulation, stochasti-
city and variation[236],

However, the validity of the NLS model is challenged at
high voltage and low temperaturel237l. Wei et al. observed a
transition from NLS to KAl model when then temperature
was below 161 K or when the electrode size was approach-
ing grain size238l, Therefore, caution was suggested when deal-
ing with these critical conditions.

On another note, the FE Monte-Carlo model can be read-
ily modified to model AFE by considering back-switching
field Epg239),

T = 10exp[(Ea/ |Ere — Easl)]. 9)

Assuming that the retention loss was simply depolariza-
tion field-induced switching, the NLS model could be used to
predict the retention of FE capacitors by iteratively update
the remanent polarization and the depolarization field240,
The model was confirmed to agree well with experiments at
both room temperature and elevated temperaturef229],

5.1.3. TDLG

The well-known Landau formalism is a phenomenologic-
al model based solely on symmetry breaking. According to
the Landau theory, the free energy of ferroelectric can be ex-
panded as polynomials of the spontaneous polarization,

U=aP +BP" +yP° —EP, (10)

where a, B, and y are the Landau coefficients. The negative
coefficient a leads to the double-well energy landscape and
gives the minimums values at P = +P; when external filed bi-
as Eis zero. Since polarization switching was usually inhomo-
geneous in multi-domain (MD) ferroelectrics, Gaussian distribu-
tions of the coefficients were assumed to account for the in-
homogeneity of polycrystalline thin film, similar to that of
the NLS model(241.242],

If the domain wall energy is taken into account, the total
energy of the system is written as follows,

W W Yang et al.: Ferroelectricity of hafnium oxide-based materials: Current statuses and ......
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Fig. 20. (Color online) (a) P-E characteristics in the FE-HfO,-based MFIM structure with ferroelectric thickness of 30 nm and dielectric thickness of
5 nm. (b) Voltages, (c) electric fields, and (d) polarization charges as a function of time operated by triangular voltage waveform at frequency of
1 MHz. (e) Polarization domain patterns during the polarization switching corresponding to the stages label in (d). Reprinted with permission

from Ref. [247], copyright 2021 Science China Press.

U=aP2+,BP4+yP6+%g(V-P)Z—EP, (11)
where g is the domain wall coupling constant, and £ is the
electric field. With this total energy, the spatial and temporal
evolution of the polarization can be described by the time-de-
pendent Landau-Ginzburg (TDLG) equation,

6U

6P

oP
P (12)
where p is the viscosity coefficient.

The 2D/3D phase field simulations (PFS) are achieved by
solving the TDLG equation and Poisson equation in a self-con-
sistent way243-246] which could provide many intriguing phys-
ical insights into FE switching2#7], shown as Fig. 20. Saha et al.
made a detailed investigation into the accumulative polariza-
tion switching under sequential sub-E; pulses, in which they
found that the DW can potentially undergo spontaneous mo-
tion in the absence of external electric field, and that the result-
ing spontaneous P-Excitation/relaxation were the key mechan-
isms behind accumulative switching!243l, For another, instead
of making presumptions about the domain number and
sizes[235], the MD pattern in MFIM simulated by the PFS[244
was the result of balance between the competing energies:
the depolarization energy and the DW energy. Thus, the do-
main number and sizes were dependent on the FE thickness
and DE thickness. Likewise, the switching mode in MFIM,
whether it was via nucleation-and-growth or via DW motion,
was also thickness-dependent. Furthermore, the PFS could cap-
ture the stochasticity (cycle-to-cycle variation) due to differ-
ent MD pattern generated in each cycle, which solely arose
from the electrostatic and elastic interactions rather than
thermal fluctuations[24>.,

5.1.4. SPICE simulation

All three types of polarization switching models, in their re-
latively simple 1D form, could be coupled to MOSFET SPICE
models and thereby used in circuit level simulations. Among all,
the Preisach model was the most commonly used(?221, 248-251]
due to its computation efficiency. The LK-based SPICE model
proposed by Aziz et al., used circuit-wise representation as a
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non-linear capacitor in series with a resistor(252 253,

5.2. FRAM cycling

Various experimental characterizations indicated that Vg
generation/re-distribution(3!- 1041 and phase transition!104 189
were involved with FE cycling. It was suggested that the
field-driven Vg generation/distribution and the subsequent
charge trapping/de-trapping would influence the ferroelec-
tric response via the modification of local electric field or do-
main pinning/de-pinning as well as phase transition, which in
turn changed the electric field. Pesi¢ et all'94 made the first at-
tempt to qualitatively verify these complex ferroelectric and
dielectric interactions in FE capacitors. They developed a frame-
work that combined commercial TCAD and a package that
model Vg creation and diffusion, which could simulate the
I-V and P-V characteristics of the woken-up and fatigued
devices, as shown in Fig. 21. However, the quantitative descrip-
tion of the cycling process was not available, because do-
main de-/pinning models and models that rigorously de-
scribed the Vg concentration-dependent phase transition
were still lacking.

Liu et all3% proposed an alternative wake-up mechanism
for FE-HfO,, in which the Vg generated during cycling could
possibly endow the paraelectric m-phase HfO, with ferroelec-
tricity. However, such acquired ferroelectricity would be lost
if even number of Vg take up centrosymmetric sites in the
HfO, cell, which partly explains the fatigue. Based on this
mechanism, they developed a kinetic Monte Carlo (KMC) simu-
lator which can quantitatively describe the P, evoltion by track-
ing the Vg behaviors, as shown in Fig. 22.

In addition, Chen et al. developed a phase-field polariza-
tion switching model based on the 2-D time-dependent Gin-
zburg-Landau (TDGL) equation coupling with Poisson’s equa-
tion that tried to explain possible mechanisms of wake-up
and fatigue characteristics in the ferroelectric HfO,-based thin
filmsi2>4, In the model, the demonstrated wake-up and fa-
tigue behaviors are related to the redistribution of nonuni-
form Vg and its generation within the ferroelectric thin film
during the cycling processes.

......
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5.3. M&S of FeFET

The governing equations for FeFETs are the voltage bal-
ance and charge balance equations as follows(232 255],

Ve = Vre + Vwos,

(13)

(14)

Qchannel = Pre + €reEre + Qr,

where Vg is the gate voltage and Vgg, Viyos are the voltage
drop over the FE layer and the underlying FET respectively.
Qchannel 1S the sheet carrier concentration in the MOS channel;
Pee is the polarization charge and Qy is the trapped charges.
Erg is the electric field within the FE layer and &g is the permit-
tivity of the ferroelectric.

The extra factors that came into play, specifically the
trapped charges and the carriers in semiconductor, both with
highly non-linear spatial, temporal and voltage dependence,
making the FeFET system much more complicated than the
MFM capacitor. In this section, we will cover some of the key
topics in the modeling and simulation of FeFETs.

5.3.1. Mismatch between large P, and small channel

Qchannel
The inevitable depolarization field was both a bliss and a

curse to FeFET. On one hand, the MW essentially came from
the electric field effect induced by the uncompensated FE
charges. On the other hand, it was the root cause of many
reliability issues. In addition to the interfacial layer, the semi-
conductor layer also contributed greatly to the depolariza-
tion field, due to the big mismatch between typical pola-
rization charge Pgg ~10 uC/cm?2 and the carrier density Qghannel
~2 uC/cm?2. The resulting large depolarization field leaded to
unexplainable large MW as well as destructive read and even
write failure in the simulations(25¢l. There were two ways to re-
solve this problem. One was to force the FE to work on the
minor-loop[2%8: 2441, The other was to take the trapped charges
into accounts, such as reducing the polarization charges to
~10% of the P[259], This was justified by the experimentally
measured high interface trap density ~10'* cm-21219), which
compensated about 90% of the polarization charges?57., In
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either way, the effective polarization charges were essen-
tially reduced to 1/10 of the spontaneous polarization.

5.3.2. Interplay between polarization switching and

charge trapping

The role of charge trapping is critical to FeFET perform-
ances. In this section, we focus on the dynamics in basic
read/write operation. The impact of charge trapping on the Fe-
FET reliability including retention and endurance is dis-
cussed in Section 6.2.

On one hand, the polarization charges induced larger elec-
tric field over interface layer compared to non-FE counter-
parts[206. 2581 enhancing charge injections and subsequent
charge trapping. Moreover, the slow de-trapping (0.1-1 s) pro-
hibited immediate read-after-write and hence limit high-fre-
quency operation[208, 223,257, 259-261] Qn the other hand, the in-
terface tapped charges caused higher electric field over the
FE layer, which enhanced polarization switching(232 262],

In spite of a few attempts with SPICE or TCAD[223. 232, 255,
262, 2631 more modeling and simulation efforts are needed to
validate the mechanisms suggested by experiments210. 213,
214,223, 257, 259, 2641 and to deeper the understandings of the in-
terplay between polarization switching and charge trapping.
5.3.3. P - 6thE relation: linear or non-linear?

The polarization charges Pz were generally treated as
sheet charges in compact models[232 2631 jyst like the inter-
face trapped charges and thus FE-induced V;, shift Vi is lin-
ear dependent on Pg. However, Xiang et al.’s work[2>5! called
into question the legitimacy of simple treatment.

Based on their simulations on the 2D resistor network,
they suggested that 6VF was a non-linear thresholded func-
tion of P instead. Positive overall Pz would not lead to the
negative 8Vi-, unless percolation path (i.e. scattered low-con-
ductance channel regions under the positively-switched FE
domains that connect source and drain) was formed (see
Figs. 23(a) and 23(b)). This work raised attention to the im-
pacts of the spatial non-uniformity of the Pz (especially
along the transverse direction). With the percolation-aware
model, their simulation reproduced the AVyy, turnaround ob-
served in the extended measure-stress-measure (eMSM) meas-
urement. The percolation path theory was also invoked to ex-
plain the larger average memory windows of the gate-length
scaled devices?22 and the unchanged V4, despited polariza-
tion loss223,

Nonetheless, Xiang’s model neglects the carrier diffusion
in semiconductors, as the 2D resistor network implicitly as-

sumes no interactions between neighboring elements. Relat-
ively high electron density is not confined only to the projec-
ted area of positively switched domain but expands a little
bit outward(265], Ni et all265] re-examined the percolation-
based model and concluded that channel percolation only
happened when the FE domain size was larger than the carri-
er diffusion length.

5.3.4. Variation

Device-to-device variation is one of the key challenges
for FeFET scaling as the increased variation degrades the MW
of scaled devices. There were mainly three kinds of variation
sources in FeFET[266l; 1) intrinsic FE variation due to reduced
number of domains and FE switching stochasticity; 2) extrins-
ic FE variation arising from the distributions of FE parameters,
namely, P; and E. as well as FE/DE composition; 3) underly-
ing transistor variation including random dopant fluctuation
(RDF), line-edge roughness (LER), metal work function variati-
on (WFV), interface trap (IFT) and so on. The impacts of these
variation sources were evaluated with TCAD tools[222 266-268],
It was found that the variation contribution from extrinsic FE
variation is much more significant than that from the underly-
ing FET and therefore improving the uniformity of FE layer
should be the primary target of variation optimization!26],
The impact of FE/DE random phase distributions on 3D
NANDI269T and AND2701 FeFET architecture, and further their im-
pacts on the in-memory computing performance was investig-
ated by Choe et al.

5.3.5. Retention

Modeling and simulation of carrier transport in ferroelec-
tric tunnel junction could be achieved via the following meth-
ods: (1) The Non-equilibrium Green Function (NEGF) method
is a general method for modeling non-equilibrium quantum
transport289, Mo et al. studied the HfO, MFIS-FTJ utilizing
NEGF with self-consistent potentiall28'. (2) WKB approxima-
tion has been widely used to investigate the tunneling trans-
mission across the dielectric stack, and then the Tsu-Esaki mod-
el can be used to calculat the tunneling current. Based on these
approaches, electrical properties of ferroelectric HfO, based
FTJ were theoretically studied282 2831 (3) Tunneling current
across the ferroelectric tunnel barriers could be calculated
based on the analytical model, which was derived from the
WKB approximation(284, Different analytical formulas were
used to describe the direct tunneling, Fowler-Nordheim (FN)
tunneling and thermionic injection respectively. Kobayashi
et al. calibrated the experimental current of ferroelectric
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HfO,-based MFM- and MFIS-FTJ considering the direct tunnel-
ing(28s1,

It was well established that the two major causes of Fe-
FET retention loss are: 1) the depolarization field, which is re-
sponsible for the fast decay; 2) charge trapping within the
gate dielectric,c which dominates the long-term retention
loss2711. Due to smaller Eqep/E. ratio and smaller interface trap
density, the HfO,-based FeFET outperform the perovskite coun-
terparts272l and extrapolated 10-year data storage was repor-
ted in many cases[208 258 273-276] However, in the highly
scaled devices, the V4, became much more sensitive to the do-
main backswitching as there remains only a few domains.
Things were even worse for multi-level memory as the interme-
diate state might collapse into another2’7], The NLS model,
as previously shown to be able to predict the retention of FE
capacitors, is a useful tool to investigate the retention perform-
ance of FeFETs, once coupled with the FET compact model.
Wang et al. found that low temperature helped in prevent-
ing domain backswitching as it required longer nucleation
time delay!?’7]. In simulations that included charge trapping,
faster LVT depolarization was attributed to electron de-trap-
ping!263. 2781 Another issue during retention is imprint yet the
mechanisms behind it is still under research279.,

6. Optimization of FE-based devices

In the section, we will discuss the optimization issues of
the HfO,-based ferroelectric devices including ferroelectric
random-access memory (FeRAM), ferroelectric-based field ef-
fect transistor (FeFET), and the ferroelectric tunnel junction
(FTJ).

6.1. Optimization of FeCap and FeRAM

FeRAM possesses a similar 1T1C structure to DRAM with
a ferroelectric capacitor (FeCap) connected to the drain of
the transistor, which substitutes the linear capacitor storing
the state “0” or “1”. Therefore, the parameters of the core Fe-
Cap are crucial for optimizing the performance of FeRAM, in-
cluding remnant polarization (P,) and coercive field (E). Since
the two opposite states are distinguished by the polarization
reversal current, charge related P, determines the memory win-

dow or sense margin of FeRAM, which is given by:
AV =2P [(Cg + Cre), (15)

where Cg refers to the bit-line parasitic capacitance and Cge

is the linear capacitance of FeCap!28¢l, Although high P, has
been achieved in metal-ferroelectric-metal (MFM) structure
grown with large pad, HfO, FeCap with stable P, has to be fab-
ricated in the scaled integrated circuit. Meanwhile, external
electric field larger than E_ is necessary for the domain re-
versal, which indicates a destructive readout of FERAM. There-
fore, E. is closely related to FERAM reliability including reten-
tion and endurancel286-288],

Enhanced P, guarantees the memory window and scalabil-
ity of HfO,-based FERAM. Most works focus on the middle of
line (MOL) or back end of line (BEOL) integration of FeRAM,
which adopts the mature stack structure HfO, FeCap and has
reached 130 nm nodel#6. 289-2921 Various fabrication process
may lead to different P, in doped-HfO, systems, which has
been discussed in the previous section. Therefore, depos-
ition and annealing conditions should be carefully designed
to achieve higher P, in HfO, FeCap. On the other hand, 3D in-
tegration provides another solution to improve P, with a
small device footprint. Polakowski et al. has demonstrated a
3D Al:HfO, FeCap with 12 nm-thick ferroelectric layer and equi-
valent P, of 150 uC/cm?2 (2931, shown as Fig. 24(a). Recently an
8Gb-FeRAM array using 1X nm node DRAM technology has
been fabricated by Hynix[294], with the trench capacitor insulat-
or material replaced by HZO, shown as Fig. 24(b).

Endurance of HfO,-based FeRAM can reach 10M
cycles(289-2911 which is much lower than that of DRAM (>10'>
cycles) and perovskite FeRAM (>10'7 cycles)7!: 2951 Usually
the E. of HfO, is around 1 MV/cm, 10 times that of traditional
perovskite materials, which is very close to its breakdown
voltage (4-5 MV/cm) and thus limits the endurance of HfO,-
based FeCap. Besides, high E. indicates a lower switching
speed under the same bit-line writing voltage. Therefore, low
E. is preferred to prolong the FeRAM endurance and to en-
able high-speed operation. Yoo et al. attempted to control
the grain size of Si:HfO, and lower E_ by different doping(2°6,
However, there’s a trade-off between endurance and date re-
tention. High E. is benefit for data retention, which is anoth-
er important aspect of FeRAM reliability. Meanwhile, Peng
et al. demonstrated that the improved endurance perform-
ance and higher fatigue recovery capability compared to the
HfZrOx (HZO) device by using HfO,-ZrO, superlattice ferroelec-
tric structure, where the endurance of more than 5 x 1012
cycles was achieved297],

As mentioned in the previous section, oxygen vacancy
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and other defects may have a significant impact on the
device reliability issues. As fatigue and breakdown process
are caused by defects generation in HfO, thin films[104 1051
compensation of those defects, especially oxygen vacancies
is the central target of the selected fabrication technology,
which is also benefit for wake-up free FeCaps!'%7l. Oxygen va-
cancies may also induce imprint of HfO,-based FeCap, which
leads to the loss of retention because of the drift of E.. Pro-
cess optimization including sufficient oxygen dose, lowering
annealing temperature, etc. has been adopted to weaken the
effect of oxygen vacancy!53.103],

6.2. Optimization of FeFET

6.2.1. Memory window

Large MW is desirable to achieve a sufficiently large
Ion/loss ratio and to mitigate the influence of variability. In partic-
ular, large MW allows for more intermediate states for multi-
bit storage. Theoretically, the MW was given by the follow-
ing equation(298],

26
MW = 24 tee (1 - ;F£°), (16)
S
P\

T+ =
where § = EIn Ps . However, the actual MWs are usu-

r

"k

ally smaller than predicted? due to non-deal factors such
as charge trapping, etcf219,

Nonetheless, increasing the ferroelectric thickness tre
were confirmed to increase the MWI261 partly due to larger
fraction of voltage drop over the FE layer. Meanwhile, in-
creased etching difficulty as well as increased monoclinic
phases came with increased tzg137- 390 which countered the
practical effect. Inserting an insulator in midst of thick FE lay-
er could be a remedy to suppress monoclinic phases3% and
it also benefited from a larger E307],

According to the equation, higher P, can also help to in-
crease MW. Besides, Ichihara et al. suggested that most of the
P, were screened by the high density interface trapped
charges, leaving only a small fraction of P, contributing to
MWI2571 They hence argued that P; increase was still effect-
ive to improve MW. For example, HZO grown on ZrO, seed lay-
er was improved crystalline quality and higher P,12071 and was
proved to enhance FeFET MWI302],

Apart from the FE layer, optimizing the voltage drop
between FE layer and the underlying FET was an alternative
path and is detailed in Section 6.4. In addition, some MW op-
timization methods are specific to p-FeFETs and SOI-based Fe-
FETs, which are less-studied and different from bulk n-FeFETs.

The MW of p-FeFETs and n-FeFETs was found to be asym-
metric and is attributed to asymmetric charge trapping behavi-
ors and the consequent different voltage drop over ILBO3I,
Based on these insights, Peng et al. proposed Si-based Fe-
FETs with thin FE and AION IL, which by suppressing CT in n-
FeFETs and increasing IL voltage drop in p-FeFET, realized al-
most symmetric MW in Si-based p- and n-FeFETsB304],

SOl-based FeFET suffered reduced MW at high speed be-
cause the slow carrier generation could not supply substan-
tial minority carriers for FE switching(264 2781, |n SOl-based Fe-
FETs with gate-drain overlaps, the GIDL current was utilized
to realize efficient erase operations and such effect was en-
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hanced with larger drain biasi278l,

6.2.2. Reliability

We will first briefly touch on the retention improvement
and variation control. Then, we will focus on how to improve
the endurance which is the most critical reliability issue for Fe-
FET.

Minimizing the depolarization field within FE layer is
critical to improving the retention of FeFETs. According to
Ref. [272], this can be achieved by decreasing the capacit-
ance of FE layer or increasing the series capacitance of the IL
and Si substrate.

Complete FE switching with sufficiently large/long write
pulsef233] was the most brutally simple solution to the vari-
ation problem. Other approaches as suggested by simula-
tions called for process innovations: 1) eliminating the non-FE
HfO, grains(268); 2) reducing the domain size (equivalently to in-
crease the domain number)233: 236; 3) reducing the interface
trap density[222; 4) narrowing the P,/E_ distribution!266,

The limited endurance (typically around 10°) was mainly
attributed to the trap generation and subsequent charge trap-
ping in the interfacial layer (IL)205 207. 208] Dye to the large k
value difference between SiO, (~4) and HfO, (~30), the elec-
tric field in the IL £ is much higher than that in FE. Com-
pared with MOSFETs, the polarization charges further in-
crease this disproportion, enhancing charge injection and ac-
celerating IL degradation in FeFETs[222],

Optimizing operation protocol. A workaround method
was to operate in sub-loops[3%%] but at the cost of hazardous re-
tention and variability. Another one exploited local heating,
generated by forward current through the source/drain p-n
junctions, to heal the damage at the SiON interface3%], Period-
ic self-heating pulses (e.g. every 10% bipolar pulses) was
shown to extend the FeFET endurance by ~1 ordert307],

Tailoring the capacitive divider within the gate stack. Tail-
oring the capacitive divider within gate stack was another ap-
proach to reducing voltage stress on the IL, which equival-
ently increased MW and the larger MW was more resistant to
endurance degradation. The key was to maximize the dielec-
tric constant ratio g, /ere or the area ratio A, /Ar=3%L Repla-
cing the low-k SiO, with high-k IL, such as SiON and SiN,,
with a permittivity ~6 and ~8 respectively, could effectively
lower the E[264 2751, FeFET with SiN, with endurance exceed-
ing 1070 were successfully demonstrated(264l. Area ratio tun-
ing is feasible in metal-ferroelectric-metal-insulator-semicon-
ductor (MFMIS) structure. Yoon et al371 and Ali et al.3%! fabric-
ated MFMIS-FETs with various A,_/Are which demonstrated lar-
ger MW with increased A /Arg, yet the device endurance was
still limited. Ni et al. reported a variant MFMIS-FETs where the
MFM was integrated as BEOL module. The area ratio optimiza-
tion allowed the use of thick gate oxide, with low operation
voltage ~1.8 V, which prevented charge trapping, thereby
achieving >10'° endurancel?59],

Suppress charge trapping. High pressure annealing (HPA)
was reported to significantly reduce the interfacial and oxide
trap density. Together with polarization enhancement and
wake-up elimination, the HPA-treated FeFET also achieved en-
durance exceeding 100309, |n sub-5nm HfO, FeFETs, hot elec-
trons-induced hole damage close to the channel/IL was identi-
fied as the main culprit for endurance degradation264., In
light of this, large work function gate metal was suggested as
a viable option to reduce gate-side electron injection[264,
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Reducing polarization charges. Although reducing effect-
ive polarization charges by controlling polarization axis align-
mentB3%5] was also a possible way to lower £, there’s no experi-
mental demonstration on FeFET for now.

6.3. Optimization of ferroelectric tunnel junction

As a two-terminal resistive memory device, ferroelectric
tunnel junction (FTJ) consisted of a nanometer-thick ferroelec-
tric layer sandwiched between top and bottom electrodes, al-
lowing quantum tunneling through it3'%, The tunneling trans-
mission could be effectively modulated by polarization re-
versal of ferroelectric leading to the ON or OFF states respect-
ively, which could be read non-destructively.

6.3.1. Performance improvement

The tunnel electroresistance (TER) effect defined as the
ON/OFF resistance ratio is an important metric for the FTJ. A
larger TER ratio provides lower power consumption, better tol-
erance of reading errors, and even multilevel cell
operationB, For memory sensing, the FTJ design got a
enough large ON state current for faster read speed while ob-
taining a sufficiently large TER ratio. Several approaches were
utilized to boost the ON current and TER ratio, whereas many
tradeoffs needed to be managed.

Reducing the ferroelectric thickness was very effective to
increase the ON current and thus reduced the operation
voltage, however this approach also decreased the TER ratio.
The most straightforward approach to simultaneously im-
proved ON current and TER ratio was to increase the rem-
nant polarization (P,). Although the FTJs based on ultrathin per-
ovskite ferroelectrics were achieved an excellent TER ratio
due to their high P, they suffered from the poor CMOS com-
patibility312, The HfO, ferroelectrics are provided with good
CMOS compatibility, but HfO,-based FTJs had relatively poor
TER ratio, which mainly originated from the rather small P,
in reduced HfO, film thicknessi3'3l. To be specific, the experi-

mentally measured P, in 5-nm-thick HfO, FE was about
4-17.5 uC/cm2314, while in the equal-thickness perovskites it
could reach up to 31.5 uC/cm?2B15], To address the poor TER ra-
tio, the asymmetric barrier potential profiles between the top
and bottom electrodes were introduced through inserting an
additional insulator and/or replacing one metal electrode
with a semiconductor electrode. By doing so, FTJ device struc-
ture evolved from metal-ferroelectric-metal (MFM) into met-
al-ferroelectric-insulator-metal (MFIM)i316] and formed met-
al-ferroelectric-semiconductor (MFS)3'71 into metal-ferroelec-
tric-insulator-semiconductor (MFIS)285], which made the
design space for FTJ much larger.

Note that the depolarization field (Eyep) is significantly en-
hanced in highly asymmetric FTJs, which should be as small
as possible and does not exceed coercive field (E,) for better re-
tention characteristics. In Ref. [318], a comprehensive model-
ing framework for MFIM FTJs was presented based on the Pre-
isach model and WKB tunneling model. The tradeoff between
ON current and TER ratio was revealed as a function of metal
work function, band offset and permittivity of ferroelectric
and insulator, and particularly a thin insulator with a high
permittivity was preferable due to the mitigated Egep. In
Ref. [281], the comparison of the MFIM and MFIS FTJs was re-
vealed based on the NEGF method, and design space of ferro-
electric and insulator thickness in MFIS FTJ was provided in
terms of the read current, TER ratio and Egep- In the MFIS FTJ,
as semiconductor surface worked under accumulation or de-
pletion with reversed polarization, not only the height but
also the width of the barrier could be electrically modulated,
leading to a greatly enhanced TER ratio. Consequently, the
MFIS stack was proven to be the most potential structure for
ultrathin HfO,-based FTJ.

So far, HfO,-based MFIS FTJs on n- and p-type semicon-
ductor have been fabricated. Under similar HfO, FE thickness
(<5 nm), TER ratio in p-type device (<10) was much smaller
than the n-type counterpart (<100), and the measured ON-
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(Jon) and OFF-current (Jogr) in both n- and p-type device gener-
ally shared the same polarization polarityl2 281, 319, 320],
However, these behaviors could not be explained just by the
depletion/accumulation for majority carriers in semiconduct-
or electrode. To reveal their underlying conduction mechan-
isms, seen in Fig. 25, Chang et al'282] proposed a newly multi-
band tunneling model for MFIS-FTJ, accounting for electron
tunneling from both the conduction band (CBE) and valence
band (VBE), and hole tunneling from the valence band (VBH),
which successfully explained the abovementioned issues. Par-
ticularly, VBE played an important role in determining the
total current in both n- and p-type devices. It was indicated
that the relative contributions of CBE, VBE and VBH strongly
depend on the band diagrams which could be modulated by
device structure and material property, seen in Fig. 26. It was
suggested that, the optimal TER for n-type device is ob-
tained when the semiconductor surface is under depletion (ac-
cumulation) in the OFF (ON) state, whereas for p-type counter-
part it was under accumulation (strong inversion) in the OFF
(ON) state respectively. Based on this model, guidelines for
MFIS FTJ optimization by band structure engineering is
provided, and co-design of the metal and semiconductor elec-
trodes, including the metal work function, doping type and
concentration was achieved(?83l,

6.3.2. Reliability improvement

For the HfO, based FTJ, reliability issues including reten-
tion and endurance properties are important metrics for non-
volatile memory applications. It was known that reliability de-

W W Yang et al.: Ferroelectricity of hafnium oxide-based materials: Current statuses and

gradations suffered from the depolarization field and charge
trapping effect. As abovementioned, depolarization field was
intentionally introduced to enhance TER ratio, whereas it
could lead to a loss of remnant polarization and thus limit re-
tention and endurance of these devices.

For the retention characteristics, Max et al32'! measured
the Hfy5Zry50,/Al,05-based bilayer MFIM-FTJ, which showed
a strong retention loss over time, and an extrapolation to 10
years at room temperature further showed a closure between
the ON and OFF state current. To avert this retention loss,
they proposed to induce a built-in bias field to counteract
the depolarization field, which could be achieved by apply-
ing a constant external voltage, or using different work func-
tions of the metal electrodes, or control fixed charges at the in-
terface. On the other hand, Ali et al!3221 measured the
Hfy5Zrq50, based MFIS-FTJ using either SiO, or Al,O5 interlay-
er, where the extrapolation to 10 years based on a 5 h reten-
tion time indicated a stable retention. Moreover, Kuo et al.[323]
reported that, despite of initial retention loss due to Egyep,
both MFIM- and MFIS-FTJ with 10 nm-thick HfysZry 50,
showed a significant residual TER ratio when extrapolated to
10 years. Based on these results, optimized HfO, based FTJs
have great potential to satisfy the retention requirement for
low-power and high-density storage applications.

For the endurance characteristics, a stable endurance of
104-10° cycles was reported in HfysZry, 50, based MFIM- and
MFIS-FTJ. Yamaguchi et alB324 measured the cycling endur-
ance of MFIM-FTJ using 4 nm thick Si-doped HfO, and 1.2 nm

......
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thick SiO, interlayer, showing a potential to achieve 10°
cycles. It was suggested that an increase of stress induced leak-
age current (SILC) was the major failure mechanism, which
could be suppressed via optimizing the measurement se-
quence. However, Ali et al322) measured the MFIS FTJ with
HZO thinner than 10 nm fabricated on Si substrate, showing
a significant degradation of TER ratio after 10* cycles, which
was attributed to interface trap generation. In contrast, both
MFIM- and MFIS-FTJs with thicker 10 nm Hfy5Zr;50, exhib-
ited an improvement of endurance characteristics up to 10°
cycles?42l. Chen et all325] recently reported that the MFIS-FTJ
using TiAl/HZO(6 nm)/AION/Si showed robust endurance up
to 100. Based on these results, endurance characteristics of
HZO based FTJ was strongly dependent on the depolariza-
tion field, which was modulated by the device stack, ferroelec-
tric thickness, dielectric thickness and permittivity.

Besides the retention and endurance characteristics,
Yamaguchi et alB2¢! clarified breakdown mechanisms of
HfO,-based MFIM FTJ by systematic time-dependent dielec-
tric breakdown (TDDB) measurement, suggesting that the de-
fect generation in the interlayer SiO, determined the break-
down, which occurred earlier than HfO, breakdown due to
lower permittivity and hence larger electric field applied to
the SiO,. They also proposed that high quality interlayer SiO,
with fewer defects, optimization of operation voltage and
pulse, and adjusting the Zr concentration were helpful to im-
prove the reliability.

Another thing to note is the device-to-device variability
with the scaling of device dimensions induced by partial polar-
ization switching. It mainly originated from the reduced num-
ber of domains, coupled with domain inhomogeneity (e.g. £,
distribution) and stochasticity of domain switching!2#2, These
variations got worse for multi-level operation implemented
through partial polarization, leading to more serious over-
laps of programmed states. Particularly, FTJ variability was
worse for reduced ferroelectric thickness(234, Ni et al.[32”] pro-
posed a novel ferroelectric superlattice based on
the HfO,/ZrO, stack to achieve multi-level cell memory
through controlling the layer-by-layer polarization switching,
which suppressed the variation induced by partial polariza-
tion switching. Xu et alB328 proposed and experimentally
demonstrated a ferroelectric modulated anti-ferroelectric
memory based on the ZrO,/HZO/ZrO, stack, obtaining a
stable 2-bit state, and the improved variation benefitted from
independently step-by-step switching.

7. System applications

In this section, we will discuss the related issues of ferro-
electric-based devices for the system applications including
the traditional memory and other novel areas such as deep
learning accelerators, neuromorphic computing, logic in-
memory, content addressable memory.

7.1. Memory

To catch up with the speed of the CMOS-based logic cir-
cuits, the memory technology is evolved into the “memory pyr-
amid hierarchy”B29, As shown in Fig. 27, the higher level has
faster speed, and the lower level has less cost per bit. The hier-
archy helps the huge amount of data flow from the off-chip
tape or HDD to the on-chip cache smoothly to support the
task in CPU. However, there is still an obvious gap between tra-

1T1C FeRAM

Memory type (M-SCM) 1T FeFET %, o
o] o
] o
Storage type (S-SCM) 3D FeFET o 4
FLASH
HDD

Tape Storage

Fig. 27. (Color online) The storage class memory among the memory
pyramid hierarchy. 1T1C FeRAM, 1T FeFET and 3D FeFET are located
at M-SCM and S-SCM separately.

ditional memory and storage, which restricts the current com-
puting system. To bridge the gap, the concept of storage
class memory (SCM) with appropriate access speed and stor-
age capacity is proposed which could be further divided into
memory type (M-SCM) and storage type (S-SCM).

Ferroelectric-based devices are promising candidates for
both types. In the common view, the FeERAM memory with
the 1T-1C structure is suitable for the M-SCM owing to its
CMOS process compatibility, multi-states, and 3D integration
capability. Thanks to the discovery of the ferroelectric proper-
ties among HfO, films, the down-scaling limitation of FeRAM
is removed, and the 10 nm Si:HfO, ferroelectric capacitors is
fabricated™3l. Compared with DRAM, the 1T-1C FeRAM has a
smaller capacitor which provides higher integration density.
Besides, following the pathway of DRAM scaling, the 3D
trench ferroelectric capacitor is developed. In the report(293],
the deep trench capacitors with the 13 : 1 aspect ratio is real-
ized in the AIHfO, thin films, which is deposited by CMOS-
compatible ALD technology.

FeFET is another ferroelectric based memory device. The
storage of FeFET relies on the change of threshold voltage by
reversing the polarization of the ferroelectric gate layer,
which is similar to the Flash memory. For access times, the
read/write time of FeFET is as short as 10 ns, which is 1000x
faster than Flash. In terms of scaling, the successful integra-
tion of the HfO, based FeFET with 28 and 22 nm high-k met-
al gate (HKMG) technology nodeB33% provides a novel eNVM
solution for low-cost and low-power loT application. As for en-
ergy consumption, FeFETadopts programmingvoltage4xlower
than Flash, compatible with on-chip power management.
Moreover, by combining a high-k interfacial layer with a thin
ferroelectric layer (~4.5 nm) on crystalline Si transistor, the en-
durance exceeding 109 is achieved!33Y, which exceed the per-
formance of typical NAND Flash. In the report332, the multi-
level storage was first demonstrated in Si doped HfO, based
FeFET, which have low cycle-to-cycle variation and 10 years re-
tention. Thus, in memory hierarchy, the planar 1T FeFET
shows greater competence to embedded Flash. And for the
other eNVM solutions, RRAM or MRAM, the 1T FeFET is more fa-
vorable which has lower power consumption and lower manu-
facturing complexity. However, the FeFET suffers from a
lower bit density compared to the Flash memory due to the
size-dependent switching and the lateral size scaling. The
shortcoming could be alleviated by the lower programming
voltages for FeFET, which have increased the array efficiency.
Therefore, the 3D FeFET with NAND structure may surpass
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the Flash, but is still facing the challenges of endurance and
disturb issues. The 3D FeFET can be a fit for the S-SCM.

7.2. Deep learning accelerator

The deep learning (DL) algorithm is the 3rd artificial intelli-
gence (Al) technology which has significant advantages in
the fields of pattern recognition, computer vision, natural lan-
guage processing, etc.333 334 However, owing to the limited
computing power of traditional von Neumann computing sys-
tem, DL can hardly be implemented in the loT edge with low
consumption and high integration. Therefore, a novel hard-
ware-based accelerator is necessary to speed up the DL al-
gorithm by implementing the calculation process with a specif-
ic circuit331 Ferroelectric devices as an outstanding NVM
could realize a novel deep learning accelerator with comput-
ing in-memory architecture, which is widely considered to
break the bottleneck of von Neumann architecture. In gener-
al, as reported in various works(260: 336, 3371 the ferroelectric
devices could represent the weight which similar to the oth-
er emerging NVMs, but also surfer from the limited weight pre-
cision, non-linearity and states retention issues. Specially, as
shown in Figs. 28(a) and 28(b), owing to the polarization re-
versal, FeFET has symmetric analog switching property which
enable more flexible weight updating schemel338 339, |n the
workB39, a FeFET device with 5-bit weight precision and sym-
metric characteristics is demonstrated, which reveals 103 to
106 acceleration over RRAM in online learning. To further in-
crease the weight precision, Sun reported a 2T-1FeFET based
hybrid precision cell for both training and inferencel249, The
least significant bits (LSBs) are represented by gate voltage of
FeFET, and the most significant bits (MSBs) are represented
by the polarization states of FeFET. With this cell (2-bit MSBs +
4-bit/5-bit LSBs), the DNN accuracy achieves ~97.3% on
MNIST dataset and ~87% on CIFAR-10 dataset, which ap-
proaches the software-based results. After that, as shown in
Figs. 28(c) and 28(d), the macro circuit at array level is pro-

posed as operation engine to accelerate vector matrix multi-
plication (VMM) calculation. Long proposed a FeFET based
VMM engine with dynamical bit-width and floating-point preci-
sion(337,340] which could increase computing efficiency of train-
ing and inference by 32x and 120x over GPU. In the work[279,
a 3D AND-type FeFET structure is introduced to increase the
weight cell density by leveraging a vertical string as one cell.
Ideally, the 3D FeFET structure with >64 layers could repres-
ent 6-bit weight precision as well as achieve ~90% on CIFAR-
10 dataset. For the FeRAM, Luo proposed a volatile/non-volat-
ile dual-mode on-chip buffer to replace the embedded
DRAMB4, The FeRAM-based buffer is designed to work in
volatile charge domain when frequent read/write access are re-
quired and in non-volatile polarization domain when access
is infrequent. Compared with the eDRAM and SRAM buffer,
the FeRAM-based buffer has shown 33.8% and 109% energy
efficiency improvement. The FE-based device not only could
work as memory but also as a peripheral circuit. In Ref. [342],
F. Chen proposed a 9-level ultra-low power FeFET-based ana-
log-to-digital converter (ADC). With 6-bit resolution and 20
MHz frequency, the total power of the FeFET-based ADC is only
1.6 W with 0.1 mm?2 area cost, which is superior to the CMOS-
based ADC with 32.3 W and 19.4 mmZ. It indicates that a holist-
ic FeFET-based DNN accelerator is feasible and has great poten-
tial.

7.3. Neuromorphic computing

Neuromorphic computing (NC) is widely considered as
the next-generation Al technology, which have excellent bio-
similar characteristics in computing parallelism, energy con-
sumption, system scale, etc. NCis a multi-disciplinary topic cov-
ering the biology, mathematics, and microelectronics. Owing
to their bio-similar device behaviors, the ferroelectric devices
are used as a basic element to imitate the key biological struc-
ture in NG, such as synapses, neurons, and other sub-struc-
tures.
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7.3.1. Synapse

The biological synapses (bio-synapses) are the connect-
ing structure between neurons. The connecting strength is
the so called “plasticity”, which is considered as the “know-
ledge” learned by biological neural network. FeFET could
work as synapse well. In Ref. [343], the HfO,-based FeFET
based artificial synapse is first to be fabricated and integ-
rated with 28 nm HKMG technology. The FeFET is exploited
to mimic the synaptic plasticity, including long-time potenti-
ation (LTP), long-time depression (LTD), and spike-timing de-
pendent plasticity (STDP). The STDP learning rules are illus-
trated in work343l, By controlling the polarization switching,
the FeFET shows analog behaviors under both polarities,
which is hardly realized in other emerging NVM devices.
However, as the FeFET scales down, the discrete number of fer-
roelectric domains among the ferroelectric layer cannot be ig-
nored, and the FeFET-based synaptic will exhibit multi-level
or even binary behaviors.

7.3.2. Neuron

Massive biological neurons (bio-neuron) constitute the
complex neural network. The bio-neuron consists of dendrite,
axon, cell body, etc. The bio-neurons have not been fully un-
derstood, yet the main working mechanisms are imitated by
artificial neuron and are summarized as mathematical mod-
els in brain-inspired studies. FeFET could work as the artifi-
cial neuron owing its accumulative switching characteristic,
which is similar to the integrate-and-fire behavior of bio-neur-
on. As reported in Ref. [344], the FeFET switched from
the OFF state to the ON state abruptly after receiving a num-
ber of identical pulses. The all-or-none behavior is obviously
different from other emerging NVM devices. In Ref. [345], the

HfO,-baseed FeFETs are used to mimic the integration of ac-
tion potentials and then firing according the all-or-nothing
law, which could obviously reduce the circuits complexity in
neuromorphic system. Later, a capacitor-less FeFET based neur-
on is proposed to realize the leaky-integrate-and-fire behavi-
or340l and a hybrid FeFET-CMOS neuron for the spike-fre-
quency adaption is demonstrated. Furthermore, a fully FeFET-
based Spiking Neural Network is developed®47}, and the learn-
ing and recognition capability is verified by the MNIST data-
set.

7.4. Logicin memory

Besides the potential application mentioned above,
HfO,-based ferroelectric devices are one the most promising
candidates for the logic in memory, which executes logic oper-
ation within memory devices. The concept of logic in
memory is firstly proposed in 1970348l Recently, various lo-
gic gates are built with emerged non-volatile memory
devices as a switching, including RRAM, PCRAM, MRAM and fer-
roelectric devicesB349-3531, The operation principle and circuit
diagram of those logic gates are much of a muchness. Here
we mainly introduce the logic gates that utilized the specific
characteristics of Ferroelectric devices.

In 2007, Horie reported a logic gate based a single ferro-
electric devicel3>4, which consisted of two ferroelectric layers
and three metal lines as shown in Fig. 29(a). The input is the
voltage applied on the two metal electrodes and the output
is the leakage charges on the common metal line. Before the
logic operation, the polarization in each layer is directed from
the middle electrode toward each input electrode. The polariz-
ation in each layer will be switched according to the input dur-
ing the logic operation so the leakage charge is different.

W W Yang et al.: Ferroelectricity of hafnium oxide-based materials: Current statuses and ......
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Based on the relation between the input voltage, output
charge, and the direction of polarization, various logic gates
can be built. For example, if +V,/-V; is applied to input 1 or in-
put 2, the output is +Q/0 because the polarization is/isn’t re-
versed. OR logic operation is executed if “1” is defined as +V,,
the logical “0” as —V;, and output is regard as “1” when leak-
age charge is =+Q. The logic function is reconfigurable by set-
ting different initial polarization direction. Beside the logic op-
eration based on the conditional switching, ferroelectric
devices can also serve as memory cell to store the input for lo-
gic operation as shown in Fig. 29(b)353, Two identical ferroelec-
tric capacitors are used to store the input Y. The Boolean func-
tion can be expressed as:

F(X, X0, V) = X0 - Xo + Xo - V4 X - V. (17)

According to this equation, different logic operations can be
performed as shown in Fig. 29(c) by selecting different input
X; and X,. However, the type of logic gates is limited and the
logic cascade is also a challenge.

Another typical ferroelectric device is FeFET, which integ-
rates the ferroelectric capacitor as the gate stack of the transist-
or. The threshold voltage can be tuned by varying the polariza-
tion, so the drain source current Id is different even under
the same gate voltage as shown in Fig. 30(a)i3>3 356], We can
build a single transistor OR gate based on this electrical char-
acteristic. If the polarization state of the FeFET is regarded as
input A, which is programmed in the first step of logic opera-
tion. The input B is the voltage applied on the gate in the
second step of logic operation. The output Id exhibits OR beha-
vior depending on the input A and B as shown in Fig. 30(a).
The logic gate can be reconfigured as AND logic operation
by shifting the /- curvel3%6 3571, The logic gate with voltage
output can be constructed by adding a pull-up sub-circuit in
series as shown in Fig. 30(b). V,,; shows NOR behavior depend-
ing on the inputs due to inverted output signal compared to
Id. More complex logic functions can be designed based on
the single FeFET logic gate as shown in Fig. 30(c)B3l. For ex-
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ample, two parallelly connected AND gates can constitute
XOR logic if INV A and INV B are the inputs of another AND lo-
gic gate. By utilizing the polarization as one input of logic oper-
ation, full adder can be constructed with 10 transistors (5 Fe-
FET plus 5 CMOS transistors) as shown in Fig. 30(d)2>. It is
found that less transistors are required for the FeFET logic
gates compared with CMOS based logic gate, which implies
smaller footprint. It must be noted that one input of such lo-
gic gate is the internal polarization of the FeFET devices,
which poses challenges to logic cascade and architecture
design. By introducing the hybrid effects of charge trapping
and polarization switching (PS) in a single FeFET, the logic
gate can be further simplified. 16 Boolean logic functions
with a single FeFET and four-transistor (4T) circuits for a full ad-
der and subtractor have been demonstrated(358l, In addition,
the reconfigurability of the FeFET based logic gates can be im-
proved by adopting double-gated FeFET359),

7.5. Content addressable memory

Another promising ferroelectric device application is the
content addressable memory (CAM), which works much
faster as a hardware search engine than software. According
the states per cell, CAM can be divided into binary CAM (0/1)
and ternary CAM (0/1/don’t care). The normal TCAM architec-
ture is shown in Fig. 31(a). Traditionally, CAM is implemented
on the SRAM which however, suffers from the scaling issue
and the data volatility. In 20171360, Yin presented an FeFET-
based TCAM which could offer better energy/area efficien-
cies than CMOS-, RRAM-based TCAMs!361. 3621, The cell is con-
sisted of 4 transistors and 2 FeFETs. Due to the three termin-
als structure, FeFET has less energy consumption compared
with other current-driven emerging NVMs, and has 42% less
area relative to SRAM-TCAM. After that, 2-FeFET based TCAM
is proposed in 201983631, The search energy-delay-product of
the 2-FeFET TCAM surpass the CMOS and RRAM by about
4.1x and 2.8x respectively. In 2020, Li exploited the multi-
level property of FeFET and proposed a high density multi-bit
ferroelectric CAM approachB%4, which could save 22.6x area
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per bit as well as reduce 29x energy delay product over
SRAM-TCAM (Fig. 31(b)). The advances of FeFET-based TCAM
enable the implementation of data-centric computing, includ-
ing the one/few-shot learning3%%, memory augmented neur-
al networks3%6], and various Al applications(367],

7.6. In-sensor computing

Inspired by the human vision system and computer vis-
ion algorithm, the conception of in-sensor computing (ISC) is
proposed in recent years for efficient imaging and video pro-
cessing3%8l, Through integrating sensing, computing and
even storage capabilities into sensor pixels or even photore-
ceptor devices, in-sensor computing system enable intelli-
gentinformation pre-processing in sensor, which could signific-
antly reduce redundant data and shorten data movement dis-
tance. Two main routes exist to achieve ISC. One is mimick-
ing the functions or rules of the biologic vision system!(369, es-
pecially the behaviors of basic elements, such as the retina,
rod and cone cell. Another route is implementing the image
or video processing algorithms into the sensor array379, such
as traditional edge extraction, noise reduction, and novel con-
volution operation, vector-matrix multiplication.

The photoreceptor is a unique element in the ISC system
which could be implemented by FE devices. It is worth em-
phasizing that the polarization switching in FE devices could in-
duce the sign reversal of photoresponse, which applies
to both positive and negative mathematical operation.
Moreover, the non-volatile property of FE device enables the
integration of sensor, computing and storage in device level,
which provides an ISC implementation method with reconfig-
urable capability and highly integration. In 200937, Choi re-
ported the switchable ferroelectric diode and photovoltaic ef-
fect in BiFeOs. In 20078372, Pintilie revealed the sign reversal
of photoresponse in epitaxial lead zirconate-titanate thin
films. In 20223731, Cui presented a ferroelectric photosensor
with tunable photoresponsivity by modulating the remanent
polarization of an epitaxial ferroelectric PZT layer. Meanwhile,
in-situ multiply-accumulate operation was demonstrated in
the photosensor based novel network.

8. Summary and prospects

In summary, robust ferroelectricity has been observed
and identified in the HfO,-based thin films that can be main-

tained even when scaled down to less 3 nm thickness2 39 or
after more than 10" switching cycles!*l. The finding of fluor-
ite-structured HfO,-based ferroelectrics, which are highly com-
patible with the existing CMOS processes, is astonishing and
exciting for the material and device research community
both from the fundamental and from the application point of
view. Numerous theoretical and experimental efforts have
been made to reveal the underlying physical mechanisms of
various ferroelectric behaviors, to develop the physics-based
models and simulation tools for the ferroelectric-based
devices, to optimize the ferroelectric materials and devices,
to explore beyond Moore devices and the applications for
next-generation electronic systems. Currently, the great re-
search advances have been achieved in the experimental-re-
lated scopes including the process-related ferroelectric charac-
teristics, the optimized performances and structures of ferro-
electric-based devices, the potential applications of ferroelec-
tric-based devices for the novel information processing sys-
tems such as neuromorphic computing, and so on. However,
the physical nature of ferroelectricity observed in various mor-
phological HfO,-based ferroelectrics are still puzzling. The un-
clear physical understanding on the robust ferroelectricity of
HfO,-based ferroelectrics blocks the further optimizations
and developments of HfO,-based ferroelectric devices and
their practical applications. Therefore, the critical issues and
challenges of the HfO,-based ferroelectrics including the ma-
terials, device structures, and the applications focus on the
identifications of the basic physical effects that dominate the
ferroelectricity of HfO,-based thin films. Even though the form-
ation of the polar orthorhombic phases has been widely used
to explain the origin of the ferroelectricity, various theoretic-
al calculations!'7: 19. 22, 34, 351 indicated that it is a challenging
task to clarify the nature of ferroelectricity in various morpholo-
gical HfO,-based ferroelectrics based on the orthorhombic
phase dominated mechanism. The unresolved origin of ferro-
electricity remains one of the major barriers to further and
deeper research in the field of HfO,-based ferroelectrics. There-
fore, it is crucial to identify the root physical mechanism that
dominates the ferroelectricity of various morphological HfO,-
based ferroelectrics. It is necessary to explore the new me-
chanisms beyond the orthorhombic phase dominated theory.
The recently proposed mechanism, in which the ferroelectri-
city resulted from the ordered oxygen vacancies('’: 361, may
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open a new pathway to revealing the underlying physics of
the ferroelectric behaviors observed in various morphologic-
al HfO,-based ferroelectrics, although much more work is re-
quired to validate the proposed mechanism, especially with dir-
ect observations and verifications from the microscopic charac-
terization techniques. In order to reach the goal, the com-
bined TEMs techniques including CTEMs and STEMs modes
are effective tools to identify the related microstructures and
features of the HfO,-based ferroelectrics with various morpho-
logies and defects. It should be noted that clarifying the ori-
gin of ferroelectricity of HfO,-based ferroelectrics is not only
beneficial for the design and optimization of the ferroelectric-
based devices but also inspire the innovations of the HfO,-
based beyond Moore devices with new physical effects and
structures. We expect that the deep investigations on the
HfO,-based ferroelectrics from fundamentals to applications
will further motivate the research interests on the new materi-
als and new physical effects and the applications for the next
generation of electronic devices and systems.
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