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In the last decade orthorhombic hafnia and zirconia films have attracted tremendous attention arising
from the discovery of ferroelectricity at the nanoscale. However, an initial wake-up pre-cycling is usu-
ally needed to achieve a ferroelectric behaviour in these films. Recently, different strategies, such as mi-
crostructure tailoring, defect, bulk and interface engineering, doping, NH; plasma treatment and epitaxial
growth, have been employed to obtain wake-up free orthorhombic ferroelectric hafnia and zirconia films.
In this work we review recent developments in obtaining polar hafnia and zirconia-based thin films with-
out the need of any wake-up cycling. In particular, we discuss the rhombohedral phase of hafnia/ zirconia,
which under a constrained environment exhibits wake-up-free ferroelectric behaviour. This phase could
have a strong impact on the current investigations of ferroelectric binary oxide materials and pave the
way toward exploiting ferroelectric behaviour for next-generation memory and logic gate applications.
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Owing to the unexpected discovery, in 2011, of ferroelectricity
at the nano-scale in Si-HfO, [1] there has been tremendous in-
terest in understanding the origin of this ferroelectricity. Several
dopants other than Si were studied to induce ferroelectricity in
HfO,, e.g. Al, [2] Gd, [3] Sr, [4] Y, [5] La, [6]. Perhaps of most in-
terest is (HfxZr;.x)O, with x ranging from O up to 1 [7-9]. From
hereon, for (HfxZr;,)O, with x = 0.5, we term the composition
HZO. Of course, at x = 1, we have pure ZrO,, and in fact ferroelec-
tricity has been found in pure films of ZrO, also [10-12] In doped
HfO, a large remnant polarization (P;) of 50-60 pC/cm? [13,14] can
be achieved which is around the same level as in classic perovskite
ferroeelctrics [13,14].

Fig. 1 shows the crystal structures usually observed in HfO,
films. [13] We note that a rhombohedral polar structure (R3m) in
HfO, has, so far, only been demonstrated theoretically. The particu-
lar phase of HfO, which is achieved in films depends upon various
factors such as doping, surface energy and stress [14]. The ferro-
electric behaviour of these materials is unusual because the sta-
ble crystallographic phase in the HfO, and ZrO, systems at room
temperature and ambient pressure is a non-polar monoclinic phase
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(m-phase) (space group number 14, P2;/c) [15]. The emergence
of ferroelectricity in HfO, has been associated with the formation
of an orthorhombic phase (o-phase) with a non-centrosymmetric
space group Pca2q, induced in a constrained environment [15,16].
Dopant concentration, strain, electrode materials and the upper
capping layer are all reported to influence the polymorphism in
doped HfO, films. Although the rhombohedral phase has not been
observed in pure HfO, films, it has been observed in HZO films
with a Pr of 34 uC/cm?. The existence of this phase will be the sub-
ject of discussion later. It is noteworthy, also, that a metastable an-
tiferroelectric phase in bulk and thin films with a tetragonal struc-
ture is also known to exist, as evidenced in Fig. 1 [17].

Recently, H. J. Lee et al. theoretically explained that the po-
larization is present in two-dimensional (2D) sliced regions sep-
arated by non-polar spacers. Hence, the ferroelectricity is as-
sociated with flat polar phonon bands that allow for homoge-
neous switching of electric dipoles [18]. In this way, dipolar or-
der can occur without the need for co-operative 3D behaviour, al-
lowing miniaturization and multivalued non-volatile storage [19].
In fact, the minimum thickness for ferroelectricity to occur is
~1 nm, making hafnia and zirconia-based systems highly promis-
ing for extremely down-scaled ferroelectric based devices [20,21].
We note that ferroelectricity at this low thickness level is ex-
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Fig. 1. Crystal structures observed in common HfO, films. The rhombohedral polar structure has only been theoretically demonstrated for HfO, and experimentally demon-
strated for HZO. Reprinted (adapted) from Ref. [13] with permission from John Wiley & Sons, Inc., 2021.

tremely challenging in conventional perovskite-based ferroelectric
films.

The interest in ferroelectric hafnia and zirconia-based thin films
stems also from their compatibility with complementary metal ox-
ide semiconductor (CMOS) technology, since low processing tem-
perature, which is required for Si processing (~400 °C), has been
demonstrated [22,23]. Moreover, they have shown to be promis-
ing candidates for non-volatile random access memories, tunnel
junctions and field effect transistors, and energy storage capacitors
[24-27]. On the other hand, an initial wake-up pre-cycling is usu-
ally required to induce a ferroelectric behaviour in thin films of the
standard orthorhombic phase of HZO [28], which is technologically
problematic.

The wake-up effect is a process of opening the intially pinched
hysteresis with a low P, and this P; is gradually increased up to
saturation during cycling. This is problematic for integrating these
materials into reliable memory technologies, which require stable
polarization hysteresis cycles [29]. Fig. 2 shows the evolution of
the polarization hysteresis loops for a TiN/Si:HfO,/TiN structure.
It is possible to observe that in the pristine state, the hysteresis
loop is characterized by a clear constriction and polarity asymme-
try of the coercive voltage. Under continuous cycling, P tends to
increase until its reaches the saturation, which occurs after 10* cy-
cles, where also the positive and negative coercive voltage become
identical [30].

In addition, in orthorhombic HZO films the switching voltages
are high. However, in more recent studies of orthorhombic HZO,
wake-up free films have been demonstrated [31-41]. Furthermore,
rhombohedral films have also shown to be wake-up free [42-48].
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Fig. 2. Evolution of polarization-voltage (P-V) hysteresis for the TiN/Si:HfO,/TiN
structure with increasing number of bipolar pulse voltage cycling. The voltage am-
plitude and frequency of the cycling pulses were 2.5 V and 0.1 kHz, respectively.
Reprinted from Ref. [30] with the permission of AIP Publishing, 2013.

giving promise for future applications. Table 1 summarizes the fer-
roelectric properties of wake-up free HZO and ZrO, films.
Recently, ]. Cao et al. and L. Fina et al. revisited the recent devel-
opments on epitaxial growth of (HfxZr;_4)O, thin films [13,49]. The
effect of processing parameters such as temperature and oxygen
pressure on the phase stability and interface matching, as well as
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Table 1.
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Ferroelectric properties of exemplar wake-up free hafnia and zirconia-based thin films. P; = spontaneous polarization; P, = remnant polarization energy

storage density; E. = coercive field.

Device Film thickness(nm)  Ps (uC/cm2?) P, (uC/cm?)  E. (MV/cm)  Retention (cycles)  Endurance (years) Ref. n°
Orthorhombic thin films

TiN/Hfo 5Zro 50, /TiN 12.3 >21 >21 ~1.5 5 x 10° - [28]
W/Hf 521950, /W 10 ~30 ~22 1.0 - - [31]
W/Hfy 521950, /W 10 32 32 ~2.0 10* - [32]
TiN/La-doped HfO,-Zr0,/TiN 10 ~25 14 ~0.8 10" - [33]
TiN/Hfo 5Zro 50, /TiN 12 ~12 11 ~1.9 10° - [34]
Pt/Hfy5Zro50,/LSMO 9 >35 20 3.0 108 10 [35]
Pt/Hfy 5Zro50,/LSMO 4.6 ~55 13.5 ~3.0 10" 10 [38]
Rhombohedral thin films

LSMO/Hfy 5Zrg 50, /LSMO 5 ~34 34 ~5.0 10° - [42]
Au/ZrO, [Nb:STO ~20.5 10.8 ~1.5 106 - [47]
Pt/ZrO, /LSMO 14 ~20 ~20 ~2.5 - - [48]

the thickness dependence of the ferroelectric properties were re-
viewed. However, to date less attention has been paid to the wake-
up effect and underlying factors which enable wake-up free films
to be achieved.

This review discusses recent developments for wake-up free fer-
roelectric hafnia and zirconia-based thin films. It proposes new di-
rections for achieving wake-up free thin films without the pres-
ence of secondary phases which are often present and it presents
an analysis and understanding of the formation and wake-up free
nature of the rhombohedral phase in hafnia and zirconia-based
thin films. Finally, it proposes a path towards achieving a CMOS
compatible technology.

1. Ferroelectric orthorhombic hafnia and zirconia-based thin
films

The need for a wake-up effect is a current disadvantage for
standard orthorhombic hafnia and zirconia-based thin films. Dif-
ferent strategies are being investigated to reduce or eliminate the
need of a wake-up cycling to achieve ferroelectric cycling. Up to
now, researchers have been focusing on microstructure tailoring,
defect, bulk and interface engineering, doping, NH3 plasma treat-
ment and epitaxial growth.

1.1. Influence of the capacitor structures on the microcrystalline
structure of the films

J. Bouaziz et al. discovered that a microcrystalline effect can
cause a significant reduction of the wake-up effect in HZO films
[31]. In this work, non-mesa (NM) and full-mesa (M) structures
were grown, as shown in Fig. 3(a) and (b), respectively. In the mesa
structure (b), the M pillars are built with TiN fully covering the
HZO layer, whereas the in the NM structure, the TiN only partially
covers the HZO layer. Hence, different stress states are induced be-
tween a) and b) which leads to two different microcrystalline pat-
terns.

Figs. 3(c) and (d) show the P-E curves for both samples ob-
tained by the positive-up, negative-down (PUND) ferroelectric
measurement methods and by the calculation method for PUND
measurement (PN) that use the current response to pulse positive,
P, and negative, N. It is possible to observe that the P-E curves ob-
tained by the PUND method show very pinched loops for both M
and NM structures with similar loops, indicative that the samples
are well-saturated. In the case of the M structure, grazing inci-
dence X-ray diffraction (GIXRD) shows no monoclinic peaks, while
in the NM structure the GIXRD pattern shows many monoclinic
orientations. This led to a drastic decrease in the wake-up effect, as
shown in Fig. 3(e). For a number of cycles below 103, the M struc-

ture shows a much higher 2P; value, which can be assigned to the
absence of the monoclinic phase. However, breakdown occurs after
5 x 10° cycles for the M structure, while the NM structure breaks
down only after 1 x 107 cycles. This was attributed to the fact that
M structure has a higher P, under low-stress conditions, whereas
the NM structure exhibited maximum P, under high-stress condi-
tions. Thus, the maximum P, seems to be more dependant on the
stress conditions than on the structure configuration (M or NM).

1.2. Defects and interfacial engineering as a pathway for reducing
oxygen defects in the films

A new concept to achieve wake-up free HZO films in a
W/[HZO/W capacitor structure was studied through defect engi-
neering. A. Kashir et al. investigated the effect of defects, con-
trolled by ozone dosage during the growth, on the field cycling be-
haviour of atomic layer deposited HZO films [32]. In this work, it is
suggested that carbon contaminants and oxygen vacancies cause a
large wake-up effect in the samples grown in insufficient ozone
environments (exposure time below 5 s). The major reason for
wake-up effect was ascribed to a structural change during electric
field cycling (through either oxygen redistribution or direct electric
field-driven structural transformation). By tuning the oxygen pulse
length in the ALD growth during the deposition of HZO it was pos-
sible to achieve almost wake-up free ferroelectric thin films. The
HZO film that was grown at 30 s ozone pulse duration shows about
98% of the woken-up P; is in the pristine state. This behaviour was
attributed to a decrease in oxygen vacancies and carbon concentra-
tion in the films. Usually, the presence of oxygen vacancies causes
inhomogeneous internal fields and this inhibits the domain switch-
ing. This leads to a pinched hysteresis in the pristine material. Dur-
ing the electric field cycling process, the oxygen vacancies will re-
distribute and thus this reduces the internal field in the film. This
leads to depinning of domains and contributes to the polarization
[32]. Usually DC wake-up under normal temperatures is considered
as a partial wake-up process and there can be further wake up
with AC pulses. During the DC pulses, the oxygen ions accumulate
at one electrode, which will induce the screening field and limit
the generation of further oxygen vacancies. In the case of an AC
wake-up, dead layers are formed beside both electrodes and the
two induced screening fields will compensate [50].

In a following study, A. Kashir et al. reported on wake-up free
orthorhombic HZO thin films with the highest P, value (~ 32
1Clcm?) to date, which was achieved through tuning of the ozone
pulse duration and the annealing temperature/time during a rapid
thermal annealing (RTA) process. The significant suppression of the
monoclinic and tetragonal phases in the HZO thin film after the
RTA process is related to the carbon removal from the as-deposited
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Fig. 3. Scheme of (a) non-mesa (NM) and (b) mesa (M) structures. P-E loops for (c) the NM structure at 105 cycles and (d) M structure at 2 x 103 cycles. 2P; value as a
function of number of cycles for non-mesa (NM) and mesa (M) structures of HZO. Reprinted (adapted) from Ref. [31] with permission from American Chemical Society, 2019.

film by increasing the ozone dosage and the in-plane tensile strain
applied to the film by the tungsten (W) bottom and capping elec-
trode [33]. In this new bulk and interface engineering approach,
the authors controlled the carbon contaminants and oxygen va-
cancies in the films through ozone dosage and used a W capping
electrode with a relatively low thermal expansion coefficient (TEC).
The selection of a relatively low TEC of the capping electrode com-
pared to the film induces an in-plane tensile strain on the film dur-
ing the cooling step of thermal annealing, which appears to facil-
itate the formation of the orthorhombic phase by the suppression
of the twinning mechanism, which is responsible for the mono-
clinic phase formation. It was found that by optimizing the tem-
perature and time in a rapid thermal annealing (RTA) process, a
remarkable increase in the pristine 2P, value up to ~64 uC/cm?
was achieved which compares to values of <60 pC/cm? for typical

HZO films [51]. This is demonstrated in Fig. 4. Here, a W/HZO/W
capacitor was fabricated under 15 s ozone dosage followed by RTA
performed at 700 °C for 5 s. Moreover, the endurance tests re-
vealed an almost wake-up free device until its breakdown at 104
cycles.

M. Yadav et al. reported on the effect of using different bot-
tom electrodes (BE), such as metal oxide electrode (IrOx), metal
electrodes (W, Pt) and metal nitride electrode (TiN) on the ferro-
electric performance of W/HZO/BE structures. W/HZO/IrOx devices
show the highest P, ~ 26.5 uC/cm?2, wake-up free endurance cy-
cling characteristics, and low leakage current with demonstration
of low annealing temperature requirement as low as 350 °C. The
highest value of P; is attributed to the strong tensile strain due to
the comparable thermal expansion coefficients of IrO, or IrOx with
W and the suppressed depolarization effect and interfacial layers
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Fig. 4. P-E loops for the W/Hfy5Zro50,/W structure showing high 2P, values after
a RTA at 700 °C for 5 s. Reprinted (adapted) from Ref. [33] with permission from
American Chemical Society, 2021.

that can lead to the introduction of a high number of oxygen va-
cancies in the device stack. Moreover, IrOx, which is a metal oxide
electrode, is believed to supply oxygen to the HZO layer [52].

1.3. Doping as a strategy for improving the crystalline quality of the
HZO films

Wake-up free ferroelectric orthorhombic hafnia and zirconia-
based thin films can also be obtained by careful doping. M. G.
Kozodaev et al. showed that La-doping can be very effective in
inhibiting the unwanted monoclinic phase formation and in de-
creasing the leakage current in HfO,-ZrO, films. [34] Moreover,
the high coercive field was decreased by ~35% at the optimum La-
concentration of 0.7 mol.% to an average value of ~0.7 MV/cm. As a
result, a highly promising field cycling endurance up to 10! cycles
could be secured while maintaining a high P, value (> 25 uC/cm?).

14. Plasma treatment to reduce oxygen defects in the films

K.-Y. Chen et al. demonstrated that in TiN/HZO/TiN capacitors,
NH; plasma treatment is a successful approach to significantly re-
duce the oxygen vacancies in HZO films. [35] At the top and bot-
tom interfaces in TiN/HZO/TiN are asymmetrical owing to the dif-
ferent processing steps which render the top of the HZO film more
oxygen deficient than the bottom. Overall, the NH3 plasma treat-
ment eliminates the wake-up effect by reducing oxygen vacancy
formation in HZO films with TiN electrodes. At first, TiN is reactive
to oxygen and forms TiOxNy at both TiN/HZO interfaces, causing
oxygen deficient HZO, but this is more pronounced at the bottom
interface because the bottom interface experiences both thermal
ALD and post-metallization annealing whereas the top interface
experiences only the post-metallization one. However, the interfa-
cial treatment of the bottom interface with NH3 plasma suppresses
the formation of TiOxNy at that interface, and this suppresses the
formation of oxygen deficient HZO. At the top interface, the HZO
partially reacts with TiN to form HfZrOxNy. This helps inhibit inter-
facial reaction of HZO with the top TiN, again the amount of oxy-
gen vacancies in the upper part of the HZO film. Overall, the more
oxygen stoichometric films are both wake-up and fatigue free. A
further effect of the NH3 plasma treatment is that it reduces the
fatigue effect because it suppresses the pinning of domain walls by
oxygen vacancies. Overall, a wake-up free 2P; of 20.2 uC/cm? was
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achieved by NH3 plasma treatment at both top and bottom inter-
faces, with no fatigue effect up to 108 cycles. This value is lower
than the 2P, values of ~64 puC/cm? discussed above, likely because
this process is insufficient to eliminate all the oxygen vacancies in
the films. In addition, in this work it was not clear if phases such
as the monoclinic phase are present which would significantly re-
duce the 2P; value.

1.5. Epitaxial growth as a route to achieve phase pure films

Recently, J. Lyu et al. investigated the ferroelectric properties of
orthorhombic epitaxial HZO films grown on Lag;7Srg3MnOs3/SrTiO3
(LSMO/STO) [36-38]. A maximum Pr of 20 uC/cm? was achieved
without the need of a wake-up process. The polarization window
(difference between positive and negative polarization) extrapo-
lated to 10 years was around 41% (2Pr> 15 uC/cm?2) of the initial
window, while after 108 cycles the polarization window decreased
up to 36% of the initial value due to ferroelectric fatigue [36].

The different behaviors between polycrystalline and epitaxial
films could be due to either the different microstructures (epitaxial
or polycrystalline films), or the different electrodes typically used
for these different film forms, or both these effects. LSMO or TiN
bottom electrodes are commonly used for epitaxial films or poly-
crystalline films, respectively. While, as discussed above, TiN elec-
trodes can induce the formation of oxygen vacancies in HZO in
proximity to it, LSMO is not expected to do so [39].

In another epitaxial film study, the growth window (deposi-
tion temperature and oxygen pressure) of epitaxial stabilization of
HZO films on LSMO/STO(001) substrates was investigated. The de-
position parameters, such as oxygen pressure, substrate tempera-
ture and also thickness were found to have great impact on the
amount of the orthorhombic phase present. The Pr increased with
the amount of orthorhombic phase and was found to increase up
to ~24 puC/cm? [37]. The authors also investigated the retention
and fatigue in the growth window of HZO epitaxial films and con-
cluded that a film with 9 nm thickness does not show a signifi-
cant wake-up effect but exhibits pronounced fatigue that increases
markedly with substrate temperature and pressure, while the re-
tention degrades in films deposited at low pressure.

Fig. 5 (a) and (b) illustrate the evolution of ferroelectric be-
haviour in HZO films on LSMO/STO(001). The normalized Pr in the
pristine state (black squares, left axis), Pr after 107 cycles (blue tri-
angles, right axis), and normalized Pr after 10 years of positive (red
solid circles, right axis) and negative (red empty circles, right axis)
poling as a function of oxygen pressure and substrate temperature,
respectively, are shown. The defects located at grain boundaries are
proposed to be critical to ferroelectric behaviour, causing pinning
of ferroelectric domains which reduces fatigue. Moreover, it seems
also that optimal conditions to reduce fatigue produce, in the pris-
tine state. lower Pr values [38].

Integration of wake-up free epitaxial HZO films on Si has also
been attemped [39,40]. HZO/LSMO was grown on YSZ-buffered
Si(001) and HZO/LSMO/LaNiO3 on YSZ-buffered Si(001). CeO, and
LaNiO3 layers were introduced to progressively reduce the lat-
tice mismatch between LSMO and YSZ, making possible epitax-
ial growth of LSMO with a [001] orientation. However, a minority
monoclinic phase was present in the predominantly orthorhombic,
9.5 nm thick HZO films. The films exhibited a Pr of 20 ©C/cm?,
with an extrapolated 2Pr of around 14 pC/cm? after 10 years. How-
ever, the 2P; is equal to 2 uC/cm? after 109 cycles. [40] Recently, it
was discovered that by reducing the thickness of the HZO film to
4-8 nm on HZO/LSMO/LaNiO3/YSZ-buffered Si(001), in the pristine
state, the following ferroelectric parameters were achieved: a 2Pr
of 27 uCjcm?, an endurance of 2Pr > 6 pC cm~2 after 10!! cycles,
and a retention of 2Pr > 12 uC/cm? extrapolated to 10 years [39].
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Fig. 5. Dependences of the normalized Pr in the pristine state (black squares, left axis) and Pr after 107 cycles (blue triangles, right axis), and normalized Pr after 10 years
of positive (red solid circles, right axis) and negative (red empty circles, right axis) poling as a function of (a) oxygen pressure and (b) substrate temperature for HZO
films on LSMO/STO(001). Coloured areas summarize the main effect of the deposition parameters on polarization, fatigue, and endurance. Reprinted from Ref. [38] with the

permission of AIP Publishing, 2017.

1.6. Doping and epitaxial growth as a combined strategy to achieve
high-performance phase pure films

As demonstrated above, La-doping is a useful strategy to
achieve wake-up free ferroelectric films. T. Song et al. applied the
epitaxial growth strategy to La-doped HZO films. They showed that
8.3 nm thick La-doped HZO films do not show a wake-up effect,
accompanied by good endurance (>1010 cycles) and retention (>10
years) [41].

As discussed previously, the orthorhombic phase is usually re-
quired to induce ferroelectricity, while the monoclinic one is as-
sumed to be a parasitic phase. According to Fengler et al. the
cause of the wake-up effect is crystallographic phase change con-
tributions and/or the presence of oxygen vacancies [53]. Overall,
most of the research on wake-up free orthorhombic hafnia and
zirconia-based films has focused on eliminating both the mon-
oclinic phase and oxygen vacancies through microstructure and
composition control, doping, interfacial engineering, NH3 plasma
treatment and epitaxial growth control. However, more detailed
studies about the suppression of the wake-up effect in hafnia and
zirconia-based films are still needed. Hence, defect engineering of
films via a variety of means, e.g. ion bombardment, doping addi-
tives or via careful process control, in particular the effect of sub-
strate temperature during post-annealing, as well as the use of dif-
ferent buffer layers could give insight into the mechanisms of the
wake-up process.

So far, we have focused on the ferroelectric properties of or-
thorhombic HZO films and the possible different effects, which give
rise to a wake-up free robust ferroelectric polarization. Now we ex-
plore reports of rhombohedral structured hafnia and zirconia-based
films which show wake-up free ferroelectric behaviour.

2. The rhombohedral phase of hafnia and zirconia-based thin
films

2.1. Influence of substrate strain on the stabilization of the HZO phase

In 2018, Y. Wei and co-workers [42] discovered a new po-
lar rhombohedral (R3 or R3m) phase in epitaxially-strained
HZO thin films deposited on (001)-oriented Lag7Srg3MnQO3/SrTiO3
(LSMO/STO) substrates deposited by pulsed laser deposition (PLD).
At the initial stages of the growth, after the formation of a fully co-
herent, atomically thin interfacial layer, an undistorted cubic phase
forms, but as the film thickens the growing crystallites are sub-
jected to a large epitaxial compressive strain that elongates the cu-
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Fig. 6. XRD patterns of the Hfps5Zry50, films deposited on Lag;Sro3MnO3/SrTiOs
substrates. Reprinted from Ref. [42] with permission from Springer Nature Limited,
2018.

bic unit cell along the out-of-plane[111] direction, inducing rhom-
bohedral symmetry with a polar unit cell.

Fig. 6 depicts the XRD patterns of HZO films with thicknesses
ranging from 4 nm to 27 nm. It is possible to observe that as
the thickness decreases, the HZO (111) peaks shift to smaller an-
gles, which indicates a higher compressive in-plane strain for the
thinnest layers. Due to the favourable epitaxial relationships in-
duced by the STO/LSMO stack, the growing crystallites are sub-
jected to a large epitaxial compressive strain at low thickess that
elongates the cubic unit cell along the out-of-plane[111] direction,
inducing rhombohedral symmetry with a polar unit cell [42]. As
the thickness increases the effect of the substrate decreases. For
films thicker than 9 nm, new peaks from the monoclinic phase ap-
pear.

Given the proximity of the HZO peak to the position of the ex-
pected peak for the o-phase, pole figure measurements and syn-
chrotron XRD measurements were done in order to understand
the phase evolution. It was possible to conclude that the HZO film
has a rhombohedral phase. Further, cross-sectional high-angle an-
nular dark-field scanning TEM (HAADF-STEM) together with fast
Fourier transform (FFT) analyses shown in Fig. 7(a) revealed that
dy;; = 2.95-3.01 A and dy;_; = 2.92-2.96 A, which confirm the
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t-phase HZO

---n.-o----cmps

Fig. 7. (a) Cross-sectional HAADF-STEM image of 9-nm-thick Hf5Zro50, film, observed along the [110] zone of the substrate (¢ = 45°). Inset (left): Fourier transform of the
[111] domain. (b) Cross-HAADF-STEM image observed along STO [100], revealing a clear interfacial t-phase of HZO. Reprinted (adapted) from Ref. [42] with permission from

Springer Nature Limited, 2018.

non-orthorhombic nature of this phase, and corroborates the syn-
chrotron XRD analysis.

Standard first-principles methods considering two rhombohe-
dral structures (R3m and R3) confirmed the rhombohedral phase.
The substitution of Hf by Zr results in the R3 phase and favors the
formation of the weakly polar R3m phase. The R3m phase of bulk-
like HZO is characterized by dqij; ~ 2.94 A and P~ 1 u Ccm™. To
understand the effect of epitaxial compression, simulations for a
number of fixed values of the lattice constants in the (111) plane
of the HZO structure were undertaken. The calculations show that
when dyy; increases to a value of ~ 3.25 A, a clear structural tran-
sition occurs to a phase that retains the R3m symmetry but is
strongly polar, with P ~ 15 « Ccm™2. We note that a dq;; value of ~
3.25 A is close to that in the thinnest, rhombohedral (1.5 nm) films
and thus the calculations confirm the expt. result that a rhombo-
hedral phase exists for a very high dq;; value.

The interface between the LSMO layer and the HZO film was
also evaluated by HAADF-STEM. As depicted in Fig. 7(b), a clear
interfacial tetragonal (t)-phase of HZO was observed. Hence, the
tensile-strained LSMO layer grown on STO leads to the formation
of 2-3 monolayers of a tetragonal HZO layer. This interfacial HZO
phase is completely strained to the substrate corresponding to a
huge (~8%) in-plane tensile-strained tetragonal phase. This transi-
tional tetragonal phase stabilizes a (111) orientation of the rhom-
bohedral phase above it.

GaN, sapphire, or cubic Si (111) substrate are also effective tem-
plates for stabilizing rhombohedral HZO(111), while imposing an
in-plane compressive strain [45].

2.2. The role of oxygen on the phase stabilization in HZO

The temperature-dependent phase transitions in HZO/LSMO
heterostructures have been investigated by heating in vacuum in-
situ in the TEM and complementarily in air using in-situ XRD
[43]. Under vacuum, the LSMO layer deoxygenates even at tem-
peratures as low as 150 ©C, resulting in a sequence of topotactic
phase transformations. On the other hand, rhombohedral HZO is
robust until 300 °C, after which it exhibits oxygen vacancy ordered
HZO phases, formed by loss of oxygen from HZO, with reduced
rhombohedral distortions. In addition, it was revealed that there
is no clear (reversible) ferro to paraelectric phase transition tem-
perature (T.) in rhombohedral HZO. Also, epitaxial rhombohedral
HZO films grown on various substrates, such as GaN, sapphire, Si,
LaAlO3, DyScO3, (LaAl03)0.3(Sr2AITa06)0.7 and YAIO3 have been
explored to identify global trends for stabilizing the rhombohe-
dral phase polymorphs [44-46]. However, for some substrates and
growth conditions a non-pure rhombohedral phase was achieved.
The presence of other structural phases resulted in poorer ferro-
electric performance.

Atomic resolution electron microscopy with in-situ electrical bi-
asing of a LSMO/HZO/LSMO/STO capacitor structure has enabled
the role of oxygen vacancies in rhombohedral phase on ferro-
electric properties to be determined [54], by direct oxygen imag-
ing upon undertaking oxygen voltammetry, reversible oxygen va-
cancy migration from the bottom to the top electrode through HZO
led to reversible structural phase transitions in both the epitaxial
LSMO and HZO layers. Hence, a positive bias of +3 V causes injec-
tion of oxygen from the bottom LSMO layer in the HZO layer and
thus transforms it into from the rhombohedral phase to the more
oxygen stoichiometric monoclinic/orthorhombic phases. A negative
bias of —3 V restored the rhombohedral phase by removing oxygen
vacancies (by reverse migration).

Further investigation on stabilizing the rhombohedral HZO
phase, M. Zheng et al. shows that 35-nm-thick rhombohedral HZO
films have also been stabilized on ZnO (0001) substrates, under
oxygen-deficient conditions [55]. It was proposed that a strong
symmetry constraint was imposed on the HZO layer during the ini-
tial epitaxial growth stage, i.e., the plane in the HZO adjacent to
Zn0(0001) should have threefold symmetry. First principles calcu-
lations revealed that monoclinic and rhombohedral phases are en-
ergetically comparable with each other when this three-fold sym-
metry constraint is considered. Also, the first principles calcula-
tions showed that incorporation of doubly charged oxygen vacan-
cies shifts the energy balance between monoclinic and rhombo-
hedral competing phases, making the metastable rhombohedral
phase more stable under oxygen-deficient conditions.

2.3. Influence of the substrate on the phase formation in zirconia

Density functional theory (DFT) calculations show that pure
ZrO, are expected to be most stable as the (111)-oriented rhom-
bohedral R3m phase [48]. The calculations also predicted that the
stability window of rhombohedral ZrO, is up to a thickness of
32 nm, while it is less than 4 nm in pure HfO, and about 12 nm
in the case of HZO [48]. Therefore, it is predicted that rhombohe-
dral polar phase in ZrO,-based thin films is stable to significantly
higher thickness than Hf-rich HZO, without additional non-polar
phases such as monoclinic and tetragonal ones.

In terms of the experimental validation of the theoretical calcu-
lations, in fact, there have been two reports on rhombohedral zir-
conia thin films. In this section we discuss the structural aspects
of rhombohedral films and in the next section we discuss the fer-
roelectric properties.

In one study, a pure ZrO, film of 8-nm thickness deposited
by ion-beam sputtering (IBS) on an Nb:STO (111) substrate was
found to be the rhombohedral phase. Since the film was directly
deposited on the substrate, a large lattice and structural mismatch
resulted, and the formation of a tetragonal phase was not observed
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Fig. 8. HRTEM images of ZrO, thin film deposited on a STO (111) substrate showing
crystalline areas of rhombohedral phase (e.g. Al and A3) with mixed orientation,
plus amorphous regions (e.g. A2). In the right side, the FFT patterns corresponding
to the areas indicated in the HRTEM image show the crystalline rhombohedral na-
ture of the regions A1 and A3 and the amorphous nature of region (A2). Reprinted
from Ref. [47] with permission from American Chemical Society, 2021.

[47]. Instead amorphous ZrO, regions intercalated with the crys-
talline rhombohedral ones were observed, as shown in Fig. 8. Thus,
the combination of the IBS technique with rapid-thermal annealing
allows the growth of the rhombohedral R3m ZrO, phase at lower
temperatures.

Similarly, to what was proposed for the growth of the rhombo-
hedral HZO phase [42], a combination of the large surface energy
induced internal pressure of the nanoparticles and the substrate
imposed compressive strain are responsible for the stabilization of
the rhombohdral phase in the ZrO, films [47].

Recently, phase pure rhombohedral ZrO, films can also be
grown on Lay;3Sry;3MnOs-buffered DyScO3(110) substrates. The
DyScO3(110) substrates provides a slightly higher tensile strain
compared to STO (001), which stabilizes the rhombohedral ZrO,
phase up to a thickness of 37 nm [48].

2.4. Ferroelectric properties of hafnia and zirconia-based thin films

Fig. 9 shows polarization-electric field (P-E) hysteresis loops
for 5 nm HZO [Lap;Srg3MnO5/StTiO3 (001), and 8-nm thick
ZrO,/Nb:SrTiO3(111) films. Both sets of films are ferroelectric
[42,47]. Maximum P; values of 34 and 10.8 uC/cm?, were observed
for the HZO and ZrO, films, respectively. Even higher P; values of
11 and 20.75 uC/cm? were obtained for 37 nm and 14 nm thick
ZrO, films grown on Layj3Sry;3MnO3/ DyScO3(110) substrates. The
moderately higher values compared the 8 nm films above is likely
owing to the higher film thickness and also different strain level,
since DyScOs3 substrate provides a slightly higher tensile strain
for tetragonal phase compared to STO substrate. The increase of
the tensile strain applied on LSMO bottom electrode causes the
amount of non-ferroelectric phase (t-phase) decreases. It is noted
that while the P, values for HZO and ZrO, films are lower than per-
ovskite films such as (Pb,Zr)TiO3 (PZT) (P; of <~40 uC/cm?) and
BiFeO3 (BFO) (P ~ 100 pC/cm?2), PZT contains toxic Pb, and BFO
has a low bandgap and associated large leakage, which is limiting
for widespread memory use [56]. Therefore, rhombohedral hafnia
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and zirconia-based thin films are important competitors to conven-
tional perovskite-based ferroelectric materials.

For both HZO and ZrO,, for the rhombohedral structure, fer-
roelectric behaviour emerges without the need for applying any
wake-up cycling. This is different to the case of the orthorhombic
structure which requires wake up cycling. This is possibly because
the monoclinic phase is absent or very rarely found in the rhombo-
hedral films [40]. In addition, no wake-up effect is required since
the ferroelectric polarization is stabilized by compressive epitaxial
strain. However, the role of the oxygen vacancies on the ferroelec-
tric polarization of rhombohedral films needs to be investigated in
more detail, as was done for orthorhombic films [57-60].

Positively for ZrO, the coercive field (E¢) is ~1.5 MV/cm which
is lower than HZO’s which is ~ 5 MV/cm. A lower E. is advanta-
geous for memory applications where low switching voltages are
desired.

A current challenge for ZrO, films is that after 103 cycles the P,
value decreases by around 19% after 108 cycles. [47] The origin of
this degradation may be similar to that observed in Au/HZO/LSMO
[54] where a partial phase transition from rhombohedral to mon-
oclininc occurs because the HZO layer itself is forced to act as
source/sink of oxygen vacancies when Au is used as a top elec-
trode, resulting in a reversible phase transition even with low volt-
age pulses and modest cycling. In the case of LSMO/HZO/LSMO
the device becomes leaky at 10° cycles and further optimization of
the device endurance performance through domain/interfacial en-
gineering is proposed [42].

2.5. DFT simulations in hafnia and zirconia-based thin films

First-principles simulations were used to determine the struc-
tural phases of the crystalline ZrO, and HZO layers. They were also
carried out to understand the polarization behaviour as a func-
tion of the dqq; inter-plane spacing in ZrO,, HfO, and HZO films
[42,47,61]. From Fig. 10, it is possible to observe that larger dqq;
values correspond to a stronger out-of-plane polarization due to
an in-plane epitaxial compression in ZrO,, HfO, and HZO layers.
Moreover, it is possible to observe that for a moderate in-plane
compressive strain (dqyj;< 3.1 A) the HZO exhibits the highest P;,
while for highly compressive strain (dy;;> 3.1 A) the HZO exhibits
lower Ps values. In addition, highly compressively strained HfO, ex-
hibits the highest Ps values but there are still no reports on the
rhombohedral structure and its ferroelectric properties. This theo-
retical result suggests that the Ps evolution in the rhombohedral
systems are different from the one experimentally observed in the
orthorhombic phase films.

3. Challenges and perspectives for wake-up free hafnia and
zirconia-based thin films

Here we propose future studies to further understand the wake-
up effect in hafnia and zirconia-based films. Growth of phase-pure
materials without any secondary phases or amorphous regions is
crucial both for reliable performance for applications. Growth of
epitaxial films by physical vapour deposition (PVD) or chemical
vapour deposition (CVD) should be used in order to separately un-
derstand the factors which may influence wake-up, as outlined be-
low. PVD is preferred for achieving the highest quality films. Fi-
nally, matching structural data, and polar properties is necessary,
combined with first-principles simulations to predict structure and
match this to experiment.

- The key factors to understand in relation to the wake-up effect
of orthorombic and rhombohedral hafnia and zirconia-based
thin films are:

 the role of intrinsic compositional effects. Here, a range of
Zr[Hf ratios should be investigated in (HfxZr;_4)O, .
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Fig. 10. Computed evolution of the out-of-plane polarization of R3m-structured
ZrO,, HfO, and HfysZrps0O, as a function of the dyj; inter-layer spacing, where
larger dq;; values correspond to a more compressive in-plane epitaxial strain.
Reprinted (adapted) from Refs. [42,47] and [61] with permissions from Springer
Nature Limited, 2018, from American Chemical Society, 2021 and from American
Physical Society, 2020, respectively.

o the roles of strain and orientation engineering on as-grown
material. Here, growth of single phase epitaxial films of or-
thorhombic and rhombohedral phases should explored us-
ing:

a) different lattice and/or structurally (mis-)matched single
crystal substrates and appropriate buffers. Efforts should

the role of oxygen vacancies on the stabilization of the rhombo-
hedral phase. In particular, it is known for orthorhombic films
that structural transitions induced by charged oxygen vacancies
can occur [62], which can degrade the performance of the de-
vice.

the contribution of oxygen vacancies to the ferroelectric polar-
ization of rhombohedral films need to be investigated, since it
was shown that they can contribute to the polarization in or-
thorombic films [57,58].

investigate the possibility of obtaining rhombohedral films on
substrates other than perovskite oxides ones, such as Si, and
the role of different top and bottom electrodes.

where it is possible to reduce the processing temperature of the
rhombohedral phase to be similar to orthorhombic films (i.e.
~400 ©C).

improving the endurance and retention of films of orthorhom-
bic wake-up free films, via undertaking precise growth control
of epitaxial single-phase orthorhombic films with reduced oxy-
gen vacancy concentrations. Also, translation of such studies to
rhombohedral films.

new strategies to reduce the magnitude of the switching volt-
ages. Here, precise growth control to avoid secondary phases
and defect formation is needed.

similar to what have been investigated in wake-up cycled or-
thorhombic films [63], polarization switching kinetics should
be understood in wake-up free orthorhombic and rhombohe-
dral films.

In conclusion, discovery of wake-up free orthorhombic hafnia

and zirconia-based thin films, as well as discovery of the rhom-
bohedral phase in hafnia and zirconia-based thin films are highly

be made to minimize second-phase inclusions.

b) different isovalent and aliovalent chemical dopants on

both the cation and anion sites.

o the role of post-growth strain, films with different capping

layers on the film surfaces should be explored.

Finally, other challenges of (HfxZr{4x)O, and ZrO, relate to un-
derstanding and improving several ferroelectric parameters, e.g.
endurance, phase purity, retention, coercive field and switching dy-
namics. To achieve this understanding, the following areas should

be explored:

o rhombohedral films should be studied further from a theoretical
point-of-view, e.g. it is important to understand if the 2D slice

model detailed earlier applies also to the rhombohedral phase.

significant for realizing important applications of these simple and
(pseudo-)binary oxides. From both a theoretical and experimental
point-of-view, there is still some way to go towards a global un-
derstanding of the growth mechanisms and ferroelectric behaviour,
including how to reliably achieve wake-up-free films of both rhom-
bohdral and orthorhombic structures, as well as the parameters
that produce stable and high performance rhombohedral films. Fi-
nally, we also believe that it is possible to expand the possibility of
applications of the wake-up-free films of both rhombohedral and
orthorhombic structures to energy storage capacitors [64], neuro-
morphic devices [65] and piezoelectric devices, such as in nano-
electro-mechanical-systems (NEMS) transducers, where the exis-
tence of a negative piezoelectric coefficient that can be controlled
by epitaxial strain seems to be very promising [66].
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