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The ferroelectricity of HfO, thin films is technologically useful with various advantages compared
to conventional ferroelectrics. However, the application of orthorhombic HfO, has been limited by its
large coercive field compared to perovskite-based ferroelectrics. Using first-principles calculations, we
extensively search for 34 dopant elements to reduce the problematic coercive fields and discover that the
coercive fields exhibit a simple volcano shape against the dopant’s size. We also discover that the Si dopant
is a critical element in stabilizing tetragonal phase HfO, (transition state) because of its intrinsic sp> bond
favoring characteristics with oxygen, thereby notably lowering the coercive fields. We provide an atomic
scale picture to understand the excellent role of Si in effective ferroelectric switching and a simple rule to

tune coercive fields with various doping agents.
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I. INTRODUCTION

The recently discovered orthorhombic (O) HfO, has
prompted research to develop devices that utilize its robust
ferroelectricity at reduced dimensions. HfO, has attractive
advantages compared to conventional perovskite ferro-
electrics due to its compatibility with the Si-based CMOS
technique and to its scalability to thin films with substantial
ferroelectric polarization (approximately 1 nm) [1,2].

However, there are setbacks to devices, such as the large
coercive field compared to that of conventional perovskites
by one order of magnitude [3]. The large coercive fields
used to switch ferroelectric polarization can damage HfO,
films, resulting in electric breakdown and shortening their
endurance. A recent research trend focused on reducing
the coercive fields using various dopants. Various factors
from dopants were studied to tune the coercive fields such
as volume change [4,5], monoclinic phase fraction [3],
and the dopant size effects [5,6]. Still, the mechanism of
why some elements (such as Si) significantly reduce the
coercive field has not been fully understood.

We report on how to reduce the coercive field of HfO,
by substitution doping and why Si is a critical element
for lowering coercive fields using first-principles simula-
tions. Investigating 34 elements, we find that the energy
difference between the tetragonal (7) and O phase exhibit
a volcano shape with respect to the dopant’s atomic size.
Si is expected to substantially reduce the coercive fields by
approximately 50% through stabilization of the tetragonal
transition phase. Due to the intrinsic affinity of Si atoms
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to form sp> bonds with oxygen, the stabilization of the Si-
doped T phase is more prevalent than that of the O phase.
In addition, fast polarization switching is expected through
lowering the coercive field. Our theoretical study explains
the excellent role of Si in reducing coercive fields and pro-
vides a simple method to predict and tune coercive fields
using various chemical doping agents.

II. COMPUTATIONAL METHODS

We conduct first-principles calculations based on
density-functional theory (DFT) using Vienna ab initio
simulation package (VASP) code [7—10]. We adopt a gen-
eralized gradient approximation to describe the exchange
correlation energy functional and pseudopotentials gen-
erated under the projector-augmented plane-wave [11]
method by Perdew-Burke-Ernzerhof [12]. The energy cut-
off for the plane-wave basis is set to 500 eV, and the
force tolerance for the structural optimization is 0.01 eV/A.
For HfO,, a 2 x2 x 2 k-point grid is chosen using the
Monkhorst-Pack [13] method for sampling integrations
over the Brillouin zone.

The phase transition Ep is calculated using the nudged
elastic band method [14] to understand the isosymmetry-
promoting structural characteristics induced by doping in a
2 x 2 x 2 supercell containing 96 atoms. All of the figures
showing the results of the theoretical calculations are pro-
duced using the visualization for electronic and structural
analysis (VESTA) code [15].

The exact polarization direction and polarization switch-
ing path in HfO, are not fully uncovered experimentally.
While a switching path where oxygen moves across the
Hf atomic plane is described in Ref. [5], oxygen also can
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move through the tetragonal transition phase as in Ref.
[16]. In addition, various switching paths are reported as
in Ref. [17]. This is due to the structural characteristics
of CaF,. In contrast to perovskite structures, the CaF,
structure has plural paraelectric centers with respect to the
ferroelectric direction (in this paper, the ¢ axis). Depend-
ing on the different paraelectric centers (Hf layer versus
tetragonal), HfO, can have different polarization direc-
tions and switching paths. Among these various paths,
we decide on our three switching paths for the following
reasons.

(1) According to a recent paper about molecular dynam-
ics (MD) simulations, the tetragonal phase is a transition
state during polarization switching [18]. This provides a
direct clue to the direction of polarization and switching
pathway with respect to the direction of the electric field.
(2) The polarization direction is reported as the opposite
direction to oxygen displacement based on cubic or tetrag-
onal structures in recent x-ray measurements [19]. (3) As
mentioned in Ref. [17], the switching paths through the
tetragonal structure are energetically most stable. (4) When
a transition from a paraelectric state to a ferroelectric state
is observed experimentally, the paraelectric state usually
starts at a crystallographic local minimum state. The path
through the Pbcm transition state, as discussed in Ref. [5],
is also one of the possible paths due to the previously
mentioned ambiguities. We choose the path through the
tetragonal transition state because the Pbcm transition state
has an unstable structure that has not yet been reported
experimentally, which is consistent with the MD results in
Ref. [18]. (5) By analyzing the energy differences between
each phase (M, O, and T phases) with doping, the effect
of the dopant is difficult to see in the Pbc because the
Pbcm transition state is not stabilized or optimized in DFT.
(6) Even if there are ambiguities in the polarization direc-
tions and switching paths, the fact that the direction of the
electric field and oxygen movement are opposite does not
change.

To calculate the coercive field in DFT, the most accurate
physical quantity determining coercive field is the maxi-
mum slope in the curve free energy (F') versus Polarization
(P) while we use the energy difference (AE) between
high and low symmetric structure [in this case, transition
(T) phase and ferroelectric (O) phase]. Of course, in real
ferroelectrics, the polarization switching proceeds via a
combination of domain-wall nucleation and growth (prop-
agation). Therefore, coercive field does not correspond
directly to the energy landscape nor energy difference from
first-principles calculations. However, the energy differ-
ence has proven to be a kind of useful indicator in estimat-
ing switching energy barrier and coercive field, because the
energy barrier increases as the energy difference between
high and low symmetric structures increases. Previous
studies have already employed AE as an indicator of esti-
mating the height of the energy barrier and Ec [20-29].

So, we expect that the energy difference between the two
phases and coercive field will have a similar tendency.

III. RESULTS AND DISCUSSION

In this section, we show the results of simulation using
the VASP code for doping’s effect on pristine HfO,. To
date, among various dopants, Si has attracted considerable
attention because of its stable ferroelectric O-phase struc-
ture in films and its role in lowering coercive fields [30].
Based on a study by Park ef al., we choose 34 species
for simulations to discover dopants with superior ability
compared to Si taking into account the oxygen-rich condi-
tions [31]. All of the dopants are substituted for Hf atom(s)
in supercells consisting of 96 atoms (2 x 2 x 2) to pre-
pare concentrations of 3.125% and 6.25%, respectively.
We present dopant candidates that stabilize the O phase rel-
ative to the ground-state monoclinic (M) phase and induce
low coercive fields.

A. Relationship to the ionic radius

We calculate the energy difference between the M and
T and/or O phases of HfO, in the presence of dopants.
Figure 1 shows the relative energies of the O phase (green)
and T phase (orange) with respect to the M phase (ground
state) at (a) 3.125% and at (b) 6.25% doping concentra-
tions. The relative energies induced by various dopants
are plotted against their ionic radius to check the struc-
tural stabilities. In both the O- and T-phase structures, a
larger difference in dopant size compared to the size of the
Hf atom results in a smaller energy difference from the M
phase and thus strengthens structural stabilities of both the
O and T phases against the M phase. Among the dopants
studied, Si shows the highest stability in the 7 phase and Ba
in the O phase; the volcano plot tends to be more prominent
at a doping concentration of 6.25% [Fig. 1(b)] than 3.125%
[Fig. 1(a)]. The value of AE(T) = E(T) — E(M) in pristine
cases is 162.58 meV fu.”! and AE(O) = E(O) — E(M)
is 84.30 meV fu.”!. With Si doping, AE(T) is reduced to
113.84 meV fu.”! ata 3.125% doping concentration and
to 85.52 meV fu.~! at 6.25%, clearly demonstrating 7-
phase stabilization by Si. In contrast, AE(O) is reduced
to 77.53 meV fu.”! at a 3.125% doping concentration
and 61.35 meV fu.~! at 6.25%. These results are in good
agreement with a previous study demonstrating that Si
doping imposes a significant effect on the stabilization of T
phase HfO, [35].

According to a study by Maeda et al. describing
the switching pathways of HfO,, the energy difference
between the T and O phases is related to the coercive
fields in polarization switching [17]. We also infer that
the coercive field and E(T — O)=E(T, paraelectric) —
E(O, ferroelectric) are interrelated with each other. E(T —
0) calculated from first principles and the experimentally
observed coercive field are plotted against the ionic radius
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FIG. 1. Energy differences of O (Pca2;) and T phase (P4,/nmc) to the M phase (P2, /c) for each dopant with (a) 3.125% (in short

3%) and (b) 6.25% (in short 6%) doping concentration plotted versus the ionic radius. (Inset) Relationship between the simulated £(T
— 0) and experimental coercive field as a function of the ionic radius. (Si, Y, Al, La, Ref. [30]; Ga, In, Mg, Ref. [32]; Sc, Ref. [3]; Sm,

Nd, Er, Ref.[33,34]).

in the inset of Fig. 1. In the inset, we can observe a roughly
linearlike relationship between these two factors. Actually,
the correlation between E(T — O) and experimental coer-
cive field is not exactly linear because our DFT results do
not include external factors that could be incorporated in
the real experimental conditions such as oxygen vacancies,
local strain and grain boundaries. These external factors
could affect to the T-phase stability and coercive field. For
example, low charged dopants like Ga(+3) and Mg(+2)
than Hf(4+4) could induce oxygen vacancies, which were
reported to reduce the coercive field [36,37] and E(T —
0) [38]. Even though these additional vacancies contribute
to reducing the coercive field, we did not treat the oxy-
gen vacancies in this paper. When we assume an ideal
condition where no oxygen vacancy is present, the ability
to lower the coercive field is expected to be significantly
large for Si among the various dopant candidates because
the structural stabilization of the 7" phase by Si is quite
remarkable.

B. Phonon-mode analysis

To learn more about the microscopic factors that lead
to the significant 7-phase stabilization by Si, the struc-
tures of the doped O and T phases are decomposed into

relevant phonon modes [39] [Egs. (S1)+S2), and Fig. S1
within the Supplemental Material [40]]. Among the vari-
ous dopants, for comparison with Si (smaller than Hf), La
dopant is chosen as a larger representative element since
a number of previous experiments presented its promi-
nent structural stabilization [6,30,33,41]. We discover that
Si doping causes significant structural deformation that
enhances the structural stability of the 7 phase in contrast
to La doping.

Figure 2 shows the phonon-mode analysis of 7- and
O-phase structures doped with (a) Si and (b) La at 0%,
3.125%, and 6.25% concentrations, respectively. In the Si,
changes in all of the phonon-mode displacements in both
the 7 and O phases are prominent. In particular, the X2/
mode, which is the unique mode in the 7 phase, increases
in proportion to the Si doping concentration. However, in
the La, both the T and O phases show negligibly small
changes in the phonon-mode displacements. In particu-
lar, in the T phase, the Xz/ mode tends to slightly decrease
with the La doping ratio (for changes in the phonon-mode
displacement, see Fig. S2 within the Supplemental Mate-
rial [40]). Since the Xz/ mode stabilizes the T phase, the
results are related to the superior structural stability of the
Si-doped T phase to the stability of the La-doped T phase
as shown in Fig. 1.
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FIG. 2. Phonon-mode
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In the pristine 7-phase HfO,, there is only one X2’ mode
among the six modes. Thus, the structural distortion of the
T phase by the dopant should appear only through a change
in the Xz/ mode displacement. In other words, the improved
structural stability of the T phase structure seems to be
directly related to the increase in XZ/ mode displacement
as a result of doping. In the case of Si doping, the Xz/ mode
displacement dramatically increases, while with La, the
XZ/ mode displacement slightly decreases. This observation
implies that Si doping increases the 7-phase components,
resulting in the relevant T-phase stabilization.

C. Structural analysis

Based on the phonon-mode analysis, we conduct addi-
tional structural analysis and find that Si forms a more
condensed sp* bonding network with nearest oxygen atoms
in the T-phase HfO, structure. Figure 3 shows the results
of a structural analysis of relaxed tetragonal Si- and La-
doped HfO,. In contrast to La doping [Fig. 3(a)], the local
oxygen structure around the Si-doping site [Fig. 3(b)] has
a tetragonal structure driven by the sp® bonding network.

Moreover, as shown in Fig. 3(c), the Hf atom in the
pristine T-phase HfO, has four bonds with the nearest oxy-
gen atoms. While Si has four bonds as demonstrated in

Fig. 3(b), La has eight bonds with the nearest oxygen atoms
as shown in Fig. 3(a). As indicated in Fig. 3(c), when the
oxygen atoms move along the Xz/ mode direction (black
arrows), the original eight bonds with oxygen in the orig-
inal cubic (C) phase are reduced to four bonds. Therefore,
only the four oxygen atoms shown in pink participate in
the bond with the central Hf atom by the XZ/ mode and
eventually strengthen the tetrahedral sp> bond characteris-
tics. When Si is doped into the pristine 7-phase structure,
the original sp®> bond environment due to the Xz/ mode in
the T-phase actively reacts with the Si dopant and forms a
local SiO; (quartz) structure to further stabilize the T-phase
structure. In other words, the local SiO, (quartz) structure
creates a more condensed tetrahedral structure, increasing
the XZ’ mode displacement and eventually enhancing the
T-phase structural stability.

In the La, unlike the pristine T-phase structure, there are
eight La bonds with the nearest oxygen atoms showing a
tendency toward the C phase rather than the T phase [Fig.
3(a)]. This change in the oxygen environment is expected
to reduce the T-phase component, with smaller XZ/ mode
displacement and less ability to induce structural stabil-
ity. Therefore, we suggest that the Si dopant is a special
case that causes structural deformation with a sp> bond and
subsequently decreases the coercive fields.
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D. Phase transition of polarization switching

Motivated by the observation that the coercive field
is roughly proportional to the simulated E(T — O), we
hypothesize that the significant 7-phase stabilizer, Si, will
reduce the coercive fields to enable faster and more effi-
cient ferroelectric switching. Figure 4 shows the results of

Si-doped 7-phase HfO,

3% Si-doped HfO,

FIG. 3. The structural dif-
ference between (a) La (green

A Q' (%) ® spheres) and (b) Si (blue spheres)-

doped T-phase (P4, /nmc)
structures. (c) Structural defor-
mation induced by condensation
of the X mode (denoted by the
- black arrows) and Si doping.
The pink spheres indicate that an
oxygen atom is involved in the
sp> bond with the central atom.

Si-doped T-phase

polarization switching using nudged elastic band (NEB)
calculations from the O phase (down, A = —1) to the O
phase (up, A = 1) with (a) pristine, (b) Si, and (c) La
doping. As shown in Fig. 4(a), the switching calculation
is conducted with respect to three pathways to understand
the effects of the coercive fields. If in these three paths, the
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FIG. 4. Three ferroelectric switching pathways of (a) pristine, (b) Si-, and (c) La-doped cases at 3.125% (in short 3%) and 6.25% (in
short 6%) doping concentrations. A denotes the polar displacement, A = —1 (FE, negative), A = 0 (PE, zero), and A = 1 (FE, positive).
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structure goes through the tetragonal phase, there should
be an energy local minimum in the energy profile (path
1), since the tetragonal phase is metastable, rather than
unstable with respect to switching paths.

However, the most favorable switching routes from the
O phase (polarization down, A = —1) to the O phase (polar-
ization up, A = 1) are paths 2 and 3. Path 2 is a route
where only the XZ/ mode survives in the transition state
(A = 0, tetragonal), exhibiting only an active left oxygen
layer (purple) moving from the down to the up position for
switching. Path 3 is a route where both X, and ¥z modes
simultaneously survive in the transition state (tetragonal
Xz/ with the inclusion of the ¥z mode), exhibiting that all
of the oxygen is displaced during the switching. Path 1 is
a switching route in which the direction of the XZ/ mode,
which is the x axis in the o-phase, is rotated to the z axis
in the transition state (tetragonal with a rotated Xz/ mode
direction to the z axis), necessitating activation energy dur-
ing the Xz/ mode rotation from the x to z axis, resulting in a
triple-well switching energy shape (Fig. S3—S4 within the
Supplemental Material [40]).

For pristine HfO,, the switching energy barrier (Ep)
is 80—130 meV fu.”!' [Fig. 4(a)]. When Si is used as a
dopant, Ep significantly decreases to 40-80 meV fu.™!
(3.125%) and eventually to 15-45meV fu.”! (6.25%)
with an increase in the doping concentration. However, for
La, E remains high at approximately 80—130 meV fu.~!,
and La doping is not expected to reduce the coercive fields.
As the doping concentration increases, £z decreases con-
siderably because of the stabilization of the 7 phase by Si
doping but not in the case of La doping. These results are
consistent with those demonstrated in Fig. 1, which shows
that E£(T — O) is proportional to the coercive field.

IV. CONCLUSION

Hafnia is a promising ferroelectric that can potentially
be integrated into silicon devices; however, due to its
higher magnitude coercive fields compared to other fer-
roelectrics, it is difficult to reduce the switching power. To
understand the atomic level mechanisms of tuning coercive
fields, we analyze the effects of 34 dopants on the struc-
tural stabilities of the transition and ferroelectric states.
We show that E(T — O) (the energy difference between
the transition and ferroelectric states) exhibit a simple vol-
cano shape against the dopant’s size so that we can roughly
estimate the corresponding coercive field with respect to
the dopant’s size. Furthermore, phonon-mode analysis is
conducted to determine why Si is an excellent element at
reducing coercive fields. We find that the X, mode dis-
placement of the transition 7-phase structure increased
significantly when it was doped with Si because the Si
dopant strongly reacted with the sp® oxygen environment

in the pristine 7 phase. Hence, the Si dopant locally formed
a quartz structure, which further increased the stability of
the structures by doping. The unique 7" phase (transition
state) stabilizing characteristics of Si reduced the polar-
ization switching barrier from the O phase (up) to the O
phase (down) through the 7 phase. Furthermore, the parent
phase of the functional ferroelectric orthorhombic (Pca2,)
phase is the tetragonal phase [42—45]. In other words, HfO,
adopts the tetragonal (or cubic) phase at a high temper-
ature and then transforms to the Pca2;, phase after being
annealed or applied with an electric field with a proper
thickness and/or a doping concentration while the ground
state of HfO, is still a monoclinic phase. Thus, to stabi-
lize the ferroelectric phase, not only the energy difference
between tetragonal and orthorhombic phases [E(T — O)]
but also the energy difference between orthorhombic and
monoclinic phases [E(O — M)] need to be reduced. In the
experimental point of view, we also suggest that Si dop-
ing provides a proper condition to stabilize the ferroelectric
phase (Pca2,) by reducing both E(T — O) and E(O — M),
simultaneously.

There is still little research on how the individual dopant
characteristics affect the ferroelectric switching. Thus, this
study provides microscopic illustrations on how the indi-
vidual chemical properties of the doping elements influ-
ence ferroelectric switching pathways, which can be used
as a tool to understand experiments on the doping effects
on the coercive field in the future.
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