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ABSTRACT
First-principles calculations based on a truncated Coulomb hybrid functional were used to elucidate Y2 O3 doping of HfO2 . We calculated
the formation enthalpies as well as density of states of nearly 1200 defective structures of two phases of HfO2 : room-temperature monoclinic
and high-temperature cubic structures. For dilute doping, the monoclinic phase is retained and electron trapping states are introduced near
the conduction band minimum. For doping concentrations near to 12.5 at. %, the cubic phase is stabilized and the gap is free from charge
trapping defect states, making it a suitable high-dielectric constant material for complementary metal-oxide semiconductor applications.
© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5110669

I. INTRODUCTION
HfO2 is a widely used material in the semiconductor industry
as an alternative gate dielectric to SiO2 . Its large applicability occurs
mainly due to the combination of large bandgap and dielectric constant as well as good compatibility with silicon manufacturing
technologies.1–3 Electronic properties, such as band oﬀsets between
HfO2 and silicon, as well as the properties of intrinsic defects (vacancies and interstitials), impurities, and extended defects have also
been well studied.4–9 At ambient pressure and temperature, the most
stable phase of HfO2 is monoclinic [space group P21 =c, Fig. 1(a)]
with transitions to the tetragonal (space group P42 =nmc) and cubic
[space group Fm3m, Fig. 1(b)] phases at 1022  C and 2422  C,
respectively.2,10 The dielectric constants of the cubic and tetragonal
phases are theoretically predicted to be higher than the monoclinic
phase, making them more attractive for complementary metal-oxide
semiconductor (CMOS) applications.11 This has stimulated a great
deal of work aimed at stabilizing the higher temperature phases
through doping.12 Yttrium doping has received particular attention,
and successful stabilization of the cubic phase with increased dielectric constant has been demonstrated in many studies.12–18
Stabilization of the cubic phase in HfO2 is observed for Y2 O3
doping in the range of 4–17 at. %. The emergence of ferroelectricity
in both ZrO2 19 and HfO2 doped with yttrium has also been
observed with potential applications in ferroelectric memories.19–21
Analogous to the well known and chemically similar material,
yttria stabilized zirconia (YSZ) Y3þ ions substitute Hf 4þ ions in the
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lattice and are accompanied by doubly ionized oxygen vacancies to
compensate the charge.22 However, the eﬀect of doping on the electronic properties of yttrium-doped HfO2 remains poorly understood. This is particularly important for CMOS applications where
the presence of charge trapping defect states in the gap leads to deleterious eﬀects such as increased leakage current and threshold
voltage instability.3 On the other hand, charge trapping materials
can be exploited in nonvolatile charge trapping memories for
example.23 For these reasons, a deeper understanding of the electronic properties of yttrium-doped HfO2 is needed.
In this work, we study Y2 O3 doping of both monoclinic
(m-HfO2 ) and cubic (c-HfO2 ) hafnium dioxide by means of
ﬁrst-principles density functional theory (DFT) calculations. As
noted above, this requires consideration of two types of defects:
yttrium ions on hafnium lattice sites (YHf 0 ) and oxygen vacancies
(VO †† ). Real materials will contain a distribution of diﬀerent local
arrangements of the defects and so in our calculations, we characterize the statistical distributions of associated thermodynamic and
electronic properties by considering over 1200 distinct defect conﬁgurations. We investigate the formation enthalpies of both phases
at 3.125 at. %, 6.25 at. %, and 12.5 at. % doping concentrations with
respect to pristine m-HfO2 . Examples of such structures are presented in Figs. 1(c) and 1(d). To ensure accuracy of the calculated
electronic properties, we employ a nonlocal hybrid functional,
which corrects the signiﬁcant bandgap underestimation of standard
local or semilocal approximations to exchange and correlation. Our
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FIG. 1. 2  2  2 supercells of pristine and Y2 O3 -doped phases of HfO2 . (a)
Pristine m-HfO2 , (b) pristine c-HfO2 , (c) Y2 O3 -doped m-HfO2 , and (d)
Y2 O3 -doped c-HfO2 . Gold, gray, and red spheres represent Hf, Y, and O ions,
respectively.

results show that stabilization of the c-HfO2 is achieved at
12.5 at. % doping and importantly retains a large bandgap without
gap states suitable for CMOS applications. At slightly lower doping
concentration where the monoclinic phase is still stable, shallow
electron trapping states are introduced near the conduction band
minimum.
II. COMPUTATIONAL DETAILS
All calculations in this work were performed using the CP2K
package.24 We used the Perdew-Burke-Ernzerhof (PBE) functional25 for structural relaxations and a truncated Coulomb hybrid
functional (PBE0-TC-LRC) in order to obtain the density of states
(DOS).26 In both cases, the correlation part is approximated using
PBE, while for the hybrid calculation, the exchange is given by
Ex ¼ (1

α)ExPBE þ α 



ExHF ,
ExPBE,LRC ,

if rij  Rc ,
if rij . Rc ,

(1)

where ExPBE and ExPBE,LRC are the PBE exchange and a long range
correction, respectively, while ExHF is the truncated Hartree-Fock
(HF) exchange and rij is an atomic-center pair distance. The
parameters α and Rc that control the amount of HF exchange
mixing and the cutoﬀ radius for the truncation of the corresponding exchange26 were 0.25 and 4.0 Å, respectively. In order to
perform hybrid calculations in a feasible time, we used the auxiliary
density matrix method (ADMM) implemented in CP2K. This
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involves projecting the wavefunctions onto a minimal basis of localized orbitals for calculation of the HF integrals, resulting in a signiﬁcant speed-up of hybrid calculations without signiﬁcant loss of
accuracy.27 This setup guaranteed the reliability of the bandgap for
the pristine structures and was employed for all subsequent
calculations.
A multigrid comprising 4 levels (cutoﬀs: 4081, 1360, 454, and
152 eV) was used for the density and convergence criteria for the
orbitals and density were both 10 6 a:u: (2:7  10 5 eV). For the
ionic relaxation, single-ζ atomic orbitals were used for both Hf
(SZV-MOLOPT-SR-GTH) and O (SZV-MOLOPT-GTH) species,
and double-ζ functions were used for Y (DZVP-MOLOPTSR-GTH). For the DOS calculations, ionic and lattice degrees of
freedom were ﬁxed, and double-ζ basis functions were used also
for Hf (DZVP-MOLOPT-SR-GTH) and O (DZVP-MOLOPTGTH) ions. Auxiliary basis functions for the ADMM method were
composed of 10 ﬁtted basis for both Hf and Y and 3 ﬁtted basis
plus polarization in the case of O atoms. Goedecker-Teter-Hutter
pseudopotentials were used for all species (GTH-PBE)28 and
Γ-only sampling was performed in reciprocal space.
To sample many distinct defect conﬁgurations, for each defect
concentrations, we built 2  2  2 supercells of both c-HfO2 and
m-HfO2 , and randomly replaced 2, 4, or 8 Hf atoms by Y atoms,
creating YHf 0 defects. Next, we created 1, 2, and 4 chargecompensating and VO †† defects by randomly removing the corresponding number of oxygen atoms. In this manner, we could
model the 3.125 at. %, 6.25 at. %, and 12.5 at. % defect concentrations respectively. The tetragonal phase of HfO2 is not considered
in our study due to the fact that Y-doping in ZrO2 induces a
monoclinic to cubic phase transition, and we expect the same to be
true in HfO2 . For each structure, a PBE relaxation was carried out
for both the ion positions and the unit cell vectors (respecting the
constraint that the initial symmetry is maintained) up to a toler1
ance of 4:5  10 4 a:u: (1:2  10 2 eV A ) for the forces and 100
bar for pressure.
The total DOS was obtained using the hybrid functional for
all structures relaxed previously. An average DOS hDOS(ε)i was
obtained by a Boltzmann-like weighted average

hDOS(ε)i ¼

P

i

DOSi (ε)e Ei =kB T
P E =k T
,
j B
je

(2)

where DOSi (ε) is the DOS for the ith structure, Ei is the corresponding total energy (relative to ground state), kB is the
Boltzmann constant, and T is the temperature, which was varied
from cryogenic (10 K) to room temperature (300 K) up to close to
the ﬁrst transition temperature (1300 K). Relaxations using the PBE
functional were also carried out for 3  3  3 supercells of m-,
c-HfO2 , and the corundum phase of Y2 O3 in order to obtain the
enthalpy of mixing per formula unit
ΔEmix (i) ¼ E[Y2i Hf n
(n

i)E[HfO2 ]

2i O2n i ]

(3)

iE[Y2 O3 ],

(4)
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where the ﬁrst term at the right side is the total energy of the defective supercell containing 3.125 at. %, 6.25 at. %, and 12.5 at. % Y
concentrations (i ¼ 1, 2, and 4, respectively) and the last two
terms are the total energies for pristine m-HfO2 and Y2 O3 .

III. RESULTS
A. Enthalpy of mixing
The enthalpy diﬀerence between the undoped cubic and
monoclinic HfO2 per formula unit is 493 meV, while the experimental value is 337(18) meV.29 Even though the predicted value is
larger than the experimental value, it presents an error, which is of
the same order of the errors from other ab initio studies. For
example, an enthalpy of 167 meV was obtained by Materlik et al.
using local density approximation (LDA)30 and of 253 meV by Lee
et al. using PBE.12
Figure 2 shows histograms of the enthalpy of mixing [Eq. (4)]
for all defect concentrations and both phases corresponding to the
random structures used to model the diﬀerent concentrations of
defects. In both cases, we used the m-HfO2 phase as the reference
energy. In the histograms, two features are noticeable: (i) ΔEmix is
always negative for all concentrations in the case of m-HfO2 , while
for c-HfO2 , structures start to present a negative ΔEmix only when
the doping concentration is at 6.25% or above. (ii) The enthalpy of
mixing for both c- and m-HfO2 becomes very similar when
12.5 at. % doping is reached, i.e., both histograms and corresponding Gaussian ﬁttings present larger overlap between each other
than for lower concentrations of doping.
This result suggests that the doping process in this case could
lead to a stabilization of the cubic phase of HfO2 . At 3.125 at. %,
the two peaks are clearly distinguishable, since the diﬀerence
between the mean enthalpies of mixing (hΔEm i and hΔEc i) is much
larger than the standard deviations (σ) of the distributions
(jhΔEm i hΔEc ij  10σ). In the case of 6.25 at. %, this distinction
is not as pronounced, but still large enough to separate the two
phases, since jhΔEm i hΔEc ij ¼ 4:5σ, and for 12.50 at. %, both

FIG. 2. Histograms of the enthalpy of mixing for both the m-HfO2 (blue bars)
and c-HfO2 (red bars) for different concentrations of Y2 O3 doping: left panel
3.125 at. %, central panel 6.25 at. %, and right panel 12.5 at. %. Gaussian
curves were ﬁtted for all distributions in order to compare the average values.
Around 700 and 500 random structures were generated for m- and c-HfO2 ,
respectively.
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histograms can be considered originated from similar distributions,
given that jhΔEm i hΔEc ij ¼ 0:7σ.
B. Electronic properties
For each doping concentration and phase, the most stable
structures were selected and the real-space projections of the lowest
unoccupied levels [conduction band minima (CBM)] were
obtained. Figure 3 shows the projections, where one notices a
much more localized character for 6.25% and 12.5% doping levels
in the m-HfO2 . For the cubic phase, the same levels are more delocalized, spread over Hf atoms with a clear d character. It is worth
pointing out that in the monoclinic structure, oxygen can be 3- or
4-coordinated with the cations, while only 4-coordinated atoms of
the same species are present in c-HfO2 . Thus, VO defects also
present the same bonding patterns, and for the larger doping concentrations, a clear localization of the CBM on VO defects located
at the 3-coordinated sites is seen [see Figs. 3(b) and 3(c)].
Average DOS and orbital-projected DOS of both m- and
c-HfO2 are shown in Fig. 4 as well as the same quantity for the
pristine structures. Averages were calculated for three temperatures,
10, 300, and 1300 K, showing only small changes in the DOS
proﬁles; thus, we chose to show the results for 300 K only. The pristine DOS of m-HfO2 exhibits a bandgap of 6.37 eV, while c-HfO2
presents a value of 6.22 eV. Both values are slightly overestimated
with respect to the experimental value of 5.7 eV.31
In the case of the monoclinic phase, empty gap states, mainly
composed of Hf(d) orbitals, start to populate the vicinity of the
conduction band minima (CBM) upon doping, decreasing the
bandgap up to 4 eV for 12.5 at. % doping concentrations.
Examples of these levels are shown in Fig. 3. On the other hand,
the pristine bandgap of c-HfO2 is basically preserved upon doping
and only a tiny kink corresponding to gap states of the same Hf(d)
nature is noticeable close to CBM. This suggests that doping in this
case has a negligible impact on the electronic structure of this
phase.
IV. DISCUSSION
As noted above, our approach predicts bandgaps for m- and
c-HfO2 (6.4 eV and 6.2 eV), which are slightly overestimated with
respect to the experimental value of around 5.7 eV.31 Other reports
on DFT calculations for HfO2 , however, present much more
strongly underestimated values: Koller et al. obtained 4.1 eV for
m-HfO2 using PBE32 and Jaﬀe et al. obtained, respectively, 3.8 and
3.7 eV for m- and c-HfO2 within the generalized gradient approximation (GGA) approximation. Our choice of hybrid functional includes
25% of exact Hartree-Fock exchange. Better agreement with the
experimental bandgap could be achieved with a slight reduction in
this percentage but should not qualitatively aﬀect any conclusions.
Our results show that at a doping concentration of approximately 12.5 at. % Y2 O3 , it is possible to stabilize the cubic phase
of HfO2 . Given the fact that HfO2 and ZrO2 present similar
chemistries, it is reasonable to expect a similar doping level for
the stabilization of the same phase in ZrO2 . In fact, experimental
works report a minimum concentration of 7.0–8.5 at. % in this
case.33 We point out that our method does not perform an
exhaustive search of possible crystal structures for each
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FIG. 3. Real-space projections of the ﬁrst unoccupied level of doped HfO2 for different doping concentrations. (a) m-HfO2 with 3.125%, (b) 6.25%, and (c) 12.5%, and (d)
c-HfO2 with 3.125%, (e) 6.25%, and (f ) 12.5%. The different colors of the density isosurface represent distinct phases with constant absolute value of 2.5%. Oxygen
vacancies are depicted as small blue spheres for clarity.

composition, as in the case of genetic algorithms, and we cannot
make any conclusions about the formation of low temperature
ordered alloy phases, such as the ones shown by Predith et al.34
Nonetheless, visual inspection of the doped structures suggests a
uniform localization of the substitutional YHf 0 in the most stable
cases, while the least stable conﬁgurations showed a more clustered arrangement of the same dopants.
To our knowledge, only a few studies of Y-doping of HfO2
exist in the literature.19,30,35 While Muller et al. focused on the ferroelectricity of HfO2 thin ﬁlms by means of polarization hysteresis
measurements and X-ray diﬀraction data, Chen et al. used GGA
calculations to study the defect formation energy in c-HfO2 and
possible pressure-driven phase transition from m-HfO2 to c-HfO2
upon Y-doping. Their report states that the insertion of substitutional Y into the cubic phase suppresses the detection of an
VO -related gap level within the vicinity of the valence band
maximum. This observation is in line with our study that points
out to the absence of gap levels for the cubic structure for a
number of randomly generated structures. On the other hand,
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Materlik et al. performed a comprehensive ﬁrst-principles study,
using local density approximation (LDA) to the exchangecorrelation functional, of the defect chemistry of HfO2 . They
showed that charge-compensating defects such as the ones studied
in our work are stable at low oxygen chemical potential. According
to their results, there is a competition between the stabilization of
the tetragonal phase of HfO2 , a recently identiﬁed ferroelectric
phase, and the cubic structure, with a slight tendency (approximately 40 meV lower energy) to the tetragonal phase stabilization
at 12.5% doping concentration.30 Here, we considered the cubic
phase which was found to be more stable in a diﬀerent study.12 We
note that such a small diﬀerence in energy can arise due to the
diﬀerent methods employed in these studies. Nonetheless, due to
the fact that we used a hybrid functional in our calculations for the
DOS, we can take a step further and state that no levels close to
CBM are detectable in this system as well.
The electronic structure calculations presented in this work
are, to our knowledge, the ﬁrst hybrid-level report about the impact
of Y-doping in HfO2 . Our results show that for m-HfO2 , empty
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