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A B S T R A C T   

Epitaxial orthorhombic phase La doped HfO2 films are promising for achieving robust ferroelectric polarization 
without wake-up effect. However, lowering the coercive field is crucial for achieving low-power memory devices. 

In this work, we have investigated the influence of the La content effect on the structural and ferroelectric 
properties of epitaxial HfO2 thin films. We show that while the remanent polarization is optimum for 2–5 at. % 
La-doped HfO2 films, the coercive field is decreased with La doping. The experimental work is supported by 
density functional theory (DFT) calculations which show that the polarization switching in epitaxial La:HfO2 
films can be understood based on the synergetic contribution of the presence of a non-ferroelectric monoclinic 
phase and the La doping itself that causes a reduction of the nucleation and DW motion energy barriers for the 
crossing path, which makes it more probable than the non-crossing one.   

1. Introduction 

Ferroelectrics provide promising technical solutions to the desired 
low-power and high-speed memory for IoT and artificial intelligence 
(AI) applications [1,2]. In this context, HfO2 and ZrO2-based ferroelec
tric thin films emerge as the most promising solution, for extensive ap
plications in the non-volatile memory, logic, and neuromorphic devices, 
due to the CMOS-compatibility and high scalability [3]. 

Ferroelectricity in HfO2 and ZrO2-based thin films arises from the 
polar orthorhombic Pca21 phase (o-phase), while in bulk the stable 
phases are the monoclinic P21/c phase (m-phase) around room tem
perature and the tetragonal P42/nmc phase (t-phase) at high tempera
ture, which are both centrosymmetric showing no ferroelectric behavior 
[4]. It has been reported that several effects, such as strain, dopants, 
oxygen vacancies, capping layers, etc, facilitate the o-phase formation 
[5]. However, wake-up effect, imprint, fatigue, and endurance are still 
drawbacks hindering the commercialization of these devices [6,7]. 
Better understanding of the properties of ferroelectric HfO2 is needed to 
solve these drawbacks, and for this objective the use of epitaxial films as 
model systems can help. In addition, the possibility of growing epitaxial 

HfO2 and ZrO2-based films appears as a promising solution for elimi
nating the wake-up effect, while keeping a high endurance and retention 
[8] [–] [10]. Recently, it was demonstrated that the threshold temper
ature for the epitaxial growth of Hf0.5Zr0.5O2 (HZO) films is reduced 
from about 750 ◦C to about 550 ◦C by using an ultra-thin HZO seed layer 
grown at 800 ◦C [11], which is a remarkable result considering the need 
to grow epitaxial films at lower temperatures. The films demonstrated 
encouragingly no wake-up effect, and greatly reduced fatigue and 
improved endurance. 

Another important issue of epitaxial HfO2 and ZrO2-based films is the 
large coercive field (Ec) that hinders them from realizing low-power 
memory devices [12]. In this context, the existence of 
non-ferroelectric phases on epitaxial HZO and ZrO2 films seems to 
contribute to the decrease of the coercive field [4,13]. Moreover, doping 
emerges as a promising approach, not only for increasing the ferro
electric polarization, but also for decreasing the coercive field of 
epitaxial HfO2 and ZrO2-based films. It was recently demonstrated that 
combined high polarization, high retention, and high endurance is ob
tained in 2–5 at. % La-doped HfO2 films, while the coercive field is 
reduced with increasing of La content [14]. However, the physical 
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mechanism behind the polarization switching dynamics that allows 
reducing the coercive field in epitaxial HfO2–based films remains to be 
clarified. Recently, and taking into account that polarization switching 
is believed to be limited by the intrinsically high energy barrier of 
ferroelectric domain wall (DW) motions, it was theoretically proposed a 
new class of topological DWs that allows an unconventional mechanism 
of ferroelectric polarization switching in o-phase HfO2. Considering the 
t-phase/o-phase boundary the energy barriers of DW motion are 
significantly reduced [15]. 

As a matter of fact, theoretical studies are currently addressing the 
polarization switching dynamics in o-phase HfO2 [16]. Such systems 
have recently been shown to possess a rich phase diagram, with previ
ously unaccounted phases that might be playing a role in the switching 
process [17]. In fact, two competing switching mechanisms [18], with O 
atoms either crossing or not the Hf planes, which we term here crossing 
(C) and non-crossing (NC), have been recently identified. This leads to a 
different assignment of up and down states and thus to a negative or 
positive piezoelectric coefficient. Further, it was recently proposed that 
the DW motion occurs through the crossing path implying, among other 
things, that the maximal FE polarization value should be 70 μC/cm2, 
larger than the currently accepted value [19]. 

While the polarization switching dynamics in o-phase HfO2 has been 
studied in detail [20], including the effects of strain [21], the role of the 
boundary between the o-phase and the m-phase on the polarization 
switching and its impact on the coercive field was not investigated in 
detail. In addition, while it is known that doping affects the switching 
barriers [22,23] and it was experimentally observed that La doping re
duces the coercive field [14], the physical mechanism responsible for 
this observation needs to be further investigated. 

Therefore, in this work, we first provide experimental evidence for 
the role of La doping content on the structural and ferroelectric prop
erties of La:HfO2 films. Next, using density functional theory (DFT) 
calculations, we assess the distinct influences of the presence of non- 
ferroelectric m-phase in HfO2 films and then the La content impact on 
the polarization switching of La:HfO2 epitaxial films. 

2. Materials and methods 

La:HfO2 films (2 and 5 at% La content) of thickness about 8.5 nm 
were grown on La0.67Sr0.33MnO3 (LSMO) buffered (001)-oriented SrTiO3 
(STO) substrates by pulsed laser deposition using a KrF excimer laser. 
Platinum circular top electrodes (diameter 20 μm and thickness 20 nm) 
were grown ex-situ at room temperature by magnetron sputtering 
through stencil masks. X-ray diffraction (XRD) characterization was 
done with Cu Kα radiation using a Bruker D8-Advance diffractometer 
equipped with a 2D detector. Ferroelectric characterization was done 
using an AixACCT TFAnalyser2000 platform. Polarization loops were 
measured at 1 kHz by the Positive-Up Negative-Down (PUND) proced
ure at room temperature in top-bottom configuration, with the bottom 
LSMO electrode grounded. Additional experimental conditions are re
ported elsewhere [14,24]. 

All DFT calculations have been performed using VASP [25] [–] [27], 
employing the PBEsol [28] functional and a cutoff energy of 600 eV was 
chosen for all calculations. A 6 × 1 × 1 supercell containing o-phase 
and/or m-phase unit cells was constructed, and a Γ-centered 1 × 3 × 3 
k-point grid was considered. Structural relaxations for initial and final 
structures were carried on until forces converged to a threshold of 10 
meV/Å. For La doped systems, spin polarized calculations were per
formed. The polarization switching energy barriers have been calculated 
using the generalized solid state nudged elastic band (NEB) method 
[29], as implemented in the VTST routines of Henkel group [30], with a 
force convergence threshold of 30 meV/Å, a convergence threshold for 
the stress tensor components of 0.1 GPa and using a minimum of 8 
images per pathway. Atomic structure representations were obtained 
using VESTA [31]. 

3. Results 

3.1. Experimental characterization of La doped HfO2 epitaxial thin films 

Fig. 1 shows XRD 2θ-χ maps of 2 at% La doped (a) and 5 at% La 
doped (b) HfO2 films, with 2θ scans integrated from χ = − 10◦ to χ =
+10◦ in the corresponding bottom panels. All samples exhibit a bright 
spot at 2θ ~30◦, which is the position of the orthorhombic (o) (111), 
tetragonal (101), and cubic (111) reflections. In addition, the mono
clinic (− 111) reflection is visible in the 2 at% La film and it is not present 
in the 5 at% La film. The current-voltage and polarization-voltage loops 
are shown in Fig. 1(c) and (d), respectively. The ferroelectric switching 
peaks are well visible in the 2% and 5% films, exhibiting high remanent 
polarization of about 22 and 18 μC/cm2, respectively. The ferroelectric 
polarization values, together with dielectric permittivity (see data in 
Ref. [14]), indicates that 2 at% La film has the greatest orthorhombic 
phase content. With increasing La content paraelectric cubic phase is 
favored lowering polarization in the 5 at% La film and null polarization 
in the 10 at % La film [14]. The coercive electric field reduces with 
increasing La content, being about 4.1 and 3.3 V in the 2 and 5 at% La, 
respectively. The current versus voltage for twin 2 and 5% La:HfO2 
samples is shown in Fig. S1 [14]. It can be observed that leakage current 
density is around 1.5 × 10− 7 and 1 × 10− 6 A/cm2 at 1 and 2 V for both 
samples. The leakage is comparable to that of other epitaxial films of 
doped HfO2 of similar thickness [32]. 

3.2. Density functional theory calculations of nucleation and domain wall 
motion energies 

NEB calculations were performed to elucidate the role of parasitic 
secondary phases, such as the m-phase, and the La doping effect in o- 
phase HfO2 films. For simplicity, we investigated first the switching 
mechanisms in pure HfO2 and then the role of La doping on the 
switching mechanisms. 

3.2.1. Role of secondary phases on the ferroelectric switching of HfO2 
The FE polarization switching mechanism in o-phase HfO2 is illus

trated in Fig. 2(a). It occurs via the displacement along the c direction of 
the two symmetry equivalent O1 oxygen atoms, which could either cross 
or not the Hf atom plane (see Fig. 2(a)), hence making for the two 
different crossing and non-crossing paths [18]. By employing a pure 
o-phase 6 × 1 × 1 supercell, it is possible to calculate the nucleation 
energy, understood as the energy to switch one domain in a uniformly 
polarized system, and the domain wall motion energy (see Fig. 2(b)). 

For the NC switching mechanism (black line in Fig. 2(c)) a nucleation 
energy of 1.33 eV was found, and a DW motion energy of 0.86 eV. For 
the C switching mechanism (red line in Fig. 2(c)), a nucleation energy of 
0.86 eV and a DW motion energy of 0.36 eV were found. Those results 
are in agreement with previously reported calculations [15,19]. 
Regarding the DW motion, the mechanism occurs through an interme
diate non-polar phase that could be identified as a monoclinic phase. 

Concerning o-/m-interfaces, we decided to investigate the o(010)/m 
(100) interface, since it has been identified in HfO2 films and was sug
gested to be highly mobile [33]. A 6 × 1 × 1 supercell composed by 3 
o-phase with aligned polarization and 3 m-phase cells has been con
structed, as represented in Fig. 3(a) and the polarization energies have 
been calculated for both the crossing and non-crossing cases. In partic
ular, given the initial supercell, there are 4 inequivalent switching sites, 
represented in Fig. 3(b): o-phase domains, either at the interface (N1) or 
not (N3); or m-phase domains, either at the interface (N2) or not (N4). 

Fig. 4 reports the nudged elastic band (NEB) results for the switching 
energy barriers for the cases shown in Fig. 3(b). Compared to the pure o- 
phase (black lines), the presence of the interface with the m-phase 
lowers the barriers in all the sites and switching paths considered. It is 
interesting to observe that, while the switching at sites N2 and N4 is a 2- 
state process (for both C and NC paths) the switching at sites N1 (both C 
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and NC) and N3 (NC only) appears to be a 3-state process. Upon closer 
inspection, we found that the intermediate lowest-energy state could be 
identified as m-phase, indicating that there is a u-> m-> d switching 
path. This means that there is a possibility for the switching domain to 
be trapped into the m-phase state, losing its polarization. 

Therefore, our calculations suggest that the presence of the m-phase 
in o-phase HfO2 films reduces the polarization switching energy barriers, 
and so, at the interface, the nucleation process costs less energy and thus 
is more easily initiated than in pure o-phase bulk. Furthermore, in
terfaces with t-phase can also provide a reduction in Ec, as demonstrated 
theoretically [15]. 

3.2.2. La doping effect on the ferroelectric switching of HfO2 films 
To study the effect of La doping on the domain switching barriers of 

o-phase HfO2 films, we considered a single La substitution in a 6 × 1 × 1 
o-phase supercell, corresponding to a doping level of 4 Hf at %. In the o- 
phase, the La substitution induces a distortion of the polar domain of the 
o-phase, as shown in Fig. 5(a). We calculated switching energy barriers 
of the o-phase domain that includes the La atom considering both a 
nucleation (Fig. 5(b)) and a domain wall movement (Fig. 5(c)). 

Concerning nucleation barriers (Fig. 5(b)), we observe a 13% larger 
energy barrier for the NC path and a 80% lower one for the crossing 
path. While the NC path is only slightly affected by La: doping, the C 
path is greatly reduced, suggesting that La doped sites provide favorable 
nucleation sites. 

A similar, but less pronounced, effect is found for the DW motion 
energy barriers (Fig. 5(c)): the non-crossing pathway shows a slightly 
increased maximum when compared with the undoped case, from 0.8 eV 
to 1.1 eV. Conversely, we observe for the crossing pathway a slight 

decrease in switching energy, from 0.4 eV to 0.25 eV. Thus, the La 
presence greatly enhances the C path over the NC one. This is clearly 
aligned with the experimental observations (see Fig. 1) that shows that 
the increase in the La content from 2% up to 5% decreases the Ec value. 
It is interesting to note that, in both cases, the m-phase intermediate 
formation is suppressed by the presence of La, resulting in a 2-step 
switching process. This prevents the polar domain from being trapped 
into a lower and non-FE energy state. 

The effect of La presence at the interface has also been characterized 
at the o/m interface, by calculating the domain switching energy for the 
N1 switching site (Fig. 3(b)) in presence of a La atom at the o/m inter
face. The results are reported in Fig. 6, for both C and NC paths. As 
observed for the domain switching in the pure o-phase (Fig. 5(c)), La 
atoms located at the o/m interface suppress the formation of the inter
mediate m-like state for both paths, and enhance the energy difference in 
the paths, that is by lowering the C-path barrier and raising the NC path 
barrier. 

From the DFT calculations (sections 3.2.1 and 3.2.2) we can 
conclude that the presence of a non-ferroelectric m-phase and the La 
doping causes the decrease of the Ec value. However, in section 3.1 it is 
observed that La doping also causes the suppression of the parasitic m- 
phase in the La:HfO2 films, which seems to contradict the DFT calcula
tions from the previous section. Indeed, the effect of the La content in
crease appears superimposed on the effect of the existence of the 
parasitic m-phase, which leads to a decrease in the Ec value. Given the 
reduction of the switching barriers for the C path caused by the doping 
effect, the La doping seems to be the dominant effect. Nevertheless, both 
effects should be considered towards lowering the Ec value of memory 
devices. 

Fig. 1. XRD 2θ-χ maps of 2 at% La doped (a) and 5 at% La doped (b) HfO2 films, with 2θ scans integrated around χ = 0◦. Current-voltage (c) and polarization - 
voltage (d) loops of the of 2 at% La doped (green line) and 5 at% La doped (blue line) HfO2 films. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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4. Conclusions 

The effects of the presence of a non-ferroelectric m-phase and the La 
doping on the coercive field of HfO2 thin films has been investigated 
experimentally and theoretically to explain the reduction of Ec observed 
in ferroelectric epitaxial La:HfO2 thin films. Both effects cause the 
lowering of the switching energy barriers per se, which can be reflected 
in the reduction of Ec value. However, in La:HfO2 films the increase of 
the La content suppresses the formation of the m-phase, leading to its 

disappearance at 5% doping concentration. 
First, it was demonstrated that the presence of m-phase is beneficial 

in terms of Ec reduction. At the o/m interface, the polarization switching 
barriers are lower for all the possible switching sites and paths, when 
compared to the pure o-phase nucleation. Further, it was found that the 
La presence dramatically decreases the nucleation and DW motion en
ergy barriers for the C energy path. This has a two-fold effect on the 
polarization switching dynamics of the film: not only the DW energy 
decrease reduces Ec, as observed experimentally, but also each La site 

Fig. 2. (a) Representation of the two 
possible polarization switching paths in a o- 
phase HfO2 unit cell. The O atoms labeled 
O1 displace along c axis, either crossing or 
not the Hf plane. Here and in the remainder, 
O atoms are red and Hf atoms are ochre. (b) 
Schematic representation of the switching of 
a 6 × 1 × 1 cell, from up-polarized (u) to 
down polarized (d), through the motion of 
the domain wall between the differently- 
polarized phases. The numbers indicate the 
sequence in which domains are switched. (c) 
NEB calculation results for the mechanism 
represented in panel (b), for crossing and 
non-crossing paths. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   

Fig. 3. Representation of the 6 × 1 × 1 
supercell cell realizing the o-(010)-m(001) 
interface, comprised by 3 o-phase unit cells 
and 3 m-phase ones. The green arrow in
dicates the direction of spontaneous polari
zation in the o-phase and the dashed lines 
indicates the o/m interface. (b) Diagram 
illustrating the possible switching sites in the 
interface supercell. u and d indicate up- and 
down polarized o-phase domains, respec
tively, m stands for m-phase domains and 
non-polar tetragonal-like spacers are repre
sented by unmarked squares. Orange- 
colored squares denote domain walls be
tween o-phase domains with different po
larization or between o-phase and m-phase. 
(For interpretation of the references to color 
in this figure legend, the reader is referred to 
the Web version of this article.)   
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provides a favorable nucleation site for switching. Finally, it was found 
that when La atoms are present at the o/m interface, it suppresses the 
formation of the intermediate m-phase like domains in the o-phase 
switching process. 

We believe that similar studies on HfO2 and ZrO2-based films with 
different dopants and considering other paraelectric phases, such as the 
cubic phase, will follow with the aim of achieving low-power ferro
electric memory devices. 

Fig. 4. Polarization switching energy barriers calculated for the cases of Fig. 2(b), for the C(a) and NC(b) paths. Black lines represent the nucleation in a pure o-phase 
6 × 1 × 1 supercell. The green arrows indicate the m-phase intermediate state. Lines are a guide for the eye. (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.) 

Fig. 5. (a) Representation of the o/o inter
face in a La (green atom) doped 6 × 1 × 1 
HfO2 supercell. The distorted domain 
considered for switching barrier calculation 
is highlighted by the blue dashed rectangle. 
(b) Comparison between La doped and 
undoped switching energy barriers for the 
crossing and non-crossing paths of a nucle
ation process (c) Comparison between La 
doped and undoped switching energy bar
riers for the crossing and non-crossing paths 
of a domain wall motion process. Lines are a 
guide for the eye. (For interpretation of the 
references to color in this figure legend, the 
reader is referred to the Web version of this 
article.)   

Fig. 6. NEB calculation results for the crossing (a) and non-crossing (b) switching paths at the o/m interface, with and without La doping, for the N1 process of Fig. 3. 
Lines are a guide for the eye. 
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