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Abstract

A systematic first-principles study using density functional theory was
performed on dopants in HfO;, a material with great importance as a high-k
dielectric. Sixteen dopants were tested, most of which came from the fourth period
of the periodic table (K-Ge, Al and Si). The relative stability of the monoclinic,
tetragonal, and cubic phases were calculated for HfO, with each dopant in order to
determine which dopants tend to stabilize which phases. It was found that the most
important factor in determining relative phase stability of doped HfO; was the ionic
radius of the dopant, where dopants smaller than Hf tend to stabilize the tetragonal
phase and dopants larger than Hf tend to stabilize the cubic phase. The results and
methods of this study show a viable computational way to select dopants in HfO or

in other materials.
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1 Introduction

1.1 HfO, as gate dielectric

Hafnium oxide (HfOz), or hafnia, is a dielectric material with several
applications. Perhaps the most important contemporary application of hafnia is as
an emerging replacement for the silicon dioxide (SiO2) as the gate dielectric material
in metal-oxide-semiconductor field-effect-transistors (MOSFETs). A MOSFET
consists of several layers, including a metal gate electrode, a gate dielectric, and a
semiconductor substrate, as seen in Figure 1. Si and SiO2 are commonly used as the
substrate and gate dielectric material, respectively. As MOSFETs become smaller,
following the trend of Moore’s Law, the capacitance of the gate dielectric must
remain the same. Since capacitance varies with the thickness of a material, the gate
dielectric must become thinner as devices become smaller. However, there comes a
point when the oxide layer cannot be made any thinner. When an SiO; layer is about
1 nm thick, the leakage current due to quantum tunneling of electrons becomes too
high. The absolute limiting thickness of an SiO; layer is about 7 A, at which point
SiO2 loses its bulk behavior, such as its full energy gap [1]. The limiting thickness has
very nearly been reached with SiO; as the gate dielectric material [2], so a different
approach must be taken in order to continue the advancement of MOSFET

technology.
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Figure 1: A schematic diagram of a MOSFET [3].

One potential approach is the use of high-k dielectrics, where k stands for the
dielectric constant of a material. A material with a high dielectric constant can have
a higher thickness while maintaining the same capacitance as a material with a low
dielectric constant. If such a material were used as the gate dielectric in a MOSFET,
the transistor could become smaller before being limited by the thickness of the
dielectric. One of the most promising high-k dielectrics is HfO2, which has a
dielectric constant of approximately 25 in an amorphous state compared to
approximately 4 for SiO2. HfO: is also a promising replacement for other reasons,
such as a large enough band gap and favorable stability and interface quality with Si,
compared to other high-k dielectrics [3].

Hafnia is also used in other applications that make use of its high melting
point, chemical stability, and low thermal conductivity. For example, hafnia is often

used as a refractory material and in thermal barrier coatings [4].



1.2 Crystal Structures of HfO,

Hafnia has three stable crystal structures at atmospheric pressure. The stable
low temperature phase is monoclinic (space group P2;/c). At 1720°C a tetragonal
phase becomes stable (space group P4z/nmc) and at 2600°C a cubic phase becomes

stable (space group Fm3m). The structure of each phase can be seen in Figure 2.

Figure 2: Standard 12-atom unit cells for HfO; in the (a) monoclinic, (b)
tetragonal, and (c) cubic phases.

The different phases of hafnia have different properties. The monoclinic
phase has the lowest dielectric constant of any of the phases (k = 16-18), while the
cubic phase typically has a dielectric constant around 30 and the tetragonal phase
has a dielectric constant calculated as high as 70 [5]. The phase of hafnia can also
affect the quality of its interface with Si. The monoclinic phase typically has the least
stable interface [6].

Other physical properties, such as bulk modulus and thermal conductivity,
also change with the phase of hafnia. In particular, the cubic phase has a higher bulk

modulus and a lower thermal conductivity than the other phases [7]. The low



thermal conductivity of the cubic phase makes it the most favorable phase for use in
some applications, such as thermal barrier coatings for jet engines [4]. Since certain
phases of hafnia can be more favorable for some applications, it is desirable to be
able to change the relative stability of the three phases. One way of achieving this is

through doping.

1.3 Dopants in HfO,

Doping is the introduction of trace impurity elements in order to tune the
properties of a material. It has been shown that certain dopants in hafnia can
stabilize either the cubic or tetragonal phase over the monoclinic phase, which is
typically stable at low temperatures. Many studies, both experimental and
computational, have been performed on hafnia investigating the effect of a wide
variety of dopants. It has been shown experimentally that some dopants, including
Y, Gd, and Mn, stabilize the cubic phase at high enough dopant concentrations,
typically around 10-20% [4, 8-10]. Computationally, it has been shown that dopants
can stabilize either the cubic or tetragonal phase. One study in particular [11] found
that some dopants (Si, Ge, Sn, Ti, P, Al) stabilize the tetragonal phase while others (Y,
Sc, Gd) stabilize the cubic phase. This study identified the ionic radius as a property
that affected the stable phase, where dopants with small ionic radii stabilize the
tetragonal phase and dopants with large ionic radii stabilize the cubic phase.

Other interesting properties of doped hafnia have also been observed,
unrelated to the relative stability of its phases. Experimentally, it has been shown

that Gd-doped hafnia changes from an n-type to a p-type semiconductor with



increasing dopant concentration [8] and that Co-doped hafnia is paramagnetic [12].
Computationally, it has been predicted that Mn-doped hafnia is ferromagnetic and
half-metallic, meaning it behaves as a conductor for electrons of one spin and an
insulators for electrons with the opposite spin [13]. These studies are not
particularly relevant to the current study, but they demonstrate some other types of
properties that doping can affect and they show some potential future extensions or

applications of this work.

1.4 Objectives of Research

The main objective of this study is to conduct a systematic examination of the
role of dopants on the structure and relative stability of the phases of HfO». A large
number of dopants were tested using modern quantum mechanical modeling
techniques. This type of study is infeasible experimentally with such a high number
of dopants in such a small time frame, and modern computational techniques have
the predictive power necessary to yield valuable and accurate results. The dopants
were chosen primarily from a single period from the periodic table, as seen in
Figure 3. Dopants were chosen in this way so that trends in the data might be
observed and used to find relationships between dopant properties and phase

stability, analogous to the empirical Hume-Rothery rules for solid solutions.
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Figure 3: The dopants investigated in this study, highlighted in yellow. Hafnium
is highlighted in red.

Another objective of this study is to develop and demonstrate a method for

designing materials with desired properties through the use of first-principles

modeling. A large number of calculations can be done on a wide variety of materials

in order to create a comprehensive “library” of materials data. The creation of such a

library would have a widespread impact on the field of materials science. The

library would expedite the process of materials design by reducing the need for

experimental testing and development. A similar computational study has

previously been done on BaTiO3 [14] and more studies are expected to be done in

the future on other materials.



2 Computational Methods

2.1 Density Functional Theory

Density functional theory (DFT) is a first-principles method that is used to
perform quantum mechanical modeling of many-body systems. DFT was first
developed in the 1960s by Walter Kohn and others [15, 16]. It has since grown
considerably in popularity. Today, DFT is used extensively in physics, chemistry, and
materials science to model atoms, molecules, and solids containing up to a few
hundred atoms.

The basis for DFT lies in quantum mechanics, specifically with the many-
body Schrodinger equation. The Schrodinger equation is the most fundamental
equation to quantum mechanics and it is written

HY = E¥

where H is the Hamiltonian operator, ¥ is the wave function that describes the
quantum state of the system, and E is the energy of the system. In a three-
dimensional system with N electrons, ¥ is a function of 3N variables, the positions
of each electron with three degrees of freedom. The many-electron Schrodinger
equation is

Heoc W (11,15 o, Tn) = Eqrec¥ (1, 12, - Ty)
where each r; represents the position of an electron in three dimensions. The
Hamiltonian operator takes the form

N N

hz 1
Helee = — 5 EZZ
i=1 j#/

M N Z 2

i =1 i=1




where the terms from left to right represent the kinetic energy of the electrons, the
electron-electron interaction energy, and the potential energy from the external
field from the positively charged nuclei. This equation quickly becomes impossible
to solve analytically and extremely difficult to solve numerically as the size of the
system increases due to the large number of variables.

DFT provides a more feasible way to solve such electronic structure
problems. The key ideas behind DFT are the two Hohenberg-Kohn theorems [15].
The first Hohenberg-Kohn theorem states that the ground state energy from the
many-electron Schrodinger equation is a unique functional of the electron density of
the system. Thus, the many-electron Schrodinger problem, which depends on the
wave functions of all electrons involved, can be mapped to a problem that depends
only on the charge density n(r) of the system without electron-electron
interactions. By looking at this problem instead, it becomes necessary to find a
function of three variables, n(r), rather than a function of 3N variables,

Y (ry, 1y, ..., 7y)- This first theorem implies that if the ground state electron density is
known, then wave function (along with all properties of the system) is also known.

The second Hohenberg-Kohn theorem [16] provides more information about
the functional of electron density. This theorem states that the electron density that
minimizes the energy functional proven to exist by the first theorem is the true
ground state electron density of the system. Thus, it becomes a minimization
problem to determine the ground state electron density or, equivalently, the ground
state energy. Using the assumptions of DFT, it can be shown that the ground state

energy of the system is related to the ground state electron density by the equation
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where the terms from left to right represent the electron kinetic energies, the
Coulomb interactions between pairs of electrons, the Coulomb interactions between
electrons and nuclei, and a term called the exchange correlation functional. All terms
except the exchange correlation term are known and can be calculated more or less
exactly. The exchange correlation functional is defined to include all quantum
mechanical effects that are not accounted for by the other terms. In theory, DFT
represents an exact solution of the many-body Schrodinger equation, but in practice
the exact form of the exchange correlation functional is not known.

DFT does not provide a way to find the exact functional form of the exchange
correlation interaction, so approximations must be used. Many approximations of
various complexity for the exchange correlation functional have been developed.
The simplest approximation of the exchange correlation is the local density
approximation (LDA). This approximation uses only the local electron density to
approximate the exchange correlation functional. The next step above LDA is the
generalized gradient approximation (GGA). In addition to using local electron
density, GGA uses the gradient of the local electron density to approximate the
exchange correlation. It is possible to use more complex approximations by adding
additional information, such as the second or third gradients of local electron

density.



2.2 Details of Study

All calculations in this study were performed with the Vienna ab initio
simulation package (VASP). The exchange correlation interaction was treated with
the generalized gradient approximation (GGA) using the Perdew-Burke-Ernzerhoff
(PBE) functional.

Before dopants were examined, DFT calculations were performed on bulk
hafnia. First, convergence tests were performed in order to determine the choice of
necessary parameters such as the size of the k-point mesh and the plane wave cutoff
energy for all calculations. These convergence tests were performed on 12-atom
unit cells of each of the three phases of HfO. Both the k-point and energy cutoff
convergence tests were performed in order to obtain an energy value converged
within 0.02 eV. It was found that 4 k-points in each direction (i.e, a4 X 4 X 4
Monkhorst-Pack mesh) and a plane wave cutoff energy of 600 eV were sufficient, as

seen in Figure 4.

10
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Figure 4: The k-point convergence (left) tests for the unit cells of all three
phases of HfO: and the plane wave energy cutoff convergence test (right)
performed on a cubic unit cell. It was found that a 4 X 4 X 4 k-point mesh and a
600 eV energy cutoff gave sufficient accuracy for a 12-atom unit cell.

After the k-point mesh and plane wave cutoff energy were determined, the

structural parameters of each phase of HfO; were calculated. For each crystal

structure, the cell volume and parameters and the ion positions within the cell were

allowed to relax in order to minimize the energy of the structure. The structural

parameters of each relaxed structure were calculated. The calculated values are

reported in Table 1, where they are compared with experimental data and other

computational studies. The values calculated in the present study agree very well

with the values from other sources.
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Present Other Other

theory theory Experiment*
Study (GGAY? (LDA)"

Cubic

a 5.06 5.05 5.04 5.08
Tetragonal

a 5.07 5.06 5.06 5.15
C 5.20 5.20 5.13 5.29
Monoclinic

a 5.14 5.12 5.11 5.12
b 5.19 5.20 5.17 5.17
C 5.32 5.28 5.28 5.30
beta 99.7 99.7 99.4 99.2

®Reference [11]
b Reference [17]
“ Reference [18] (cubic, tetragonal) and Reference [19] (monoclinic)

Table 1: Calculated structural parameters and comparison to other theory and
experimental values.

After the accuracy of the structural calculations had been confirmed by
comparing with existing data, calculations with dopants were performed. All
calculations with dopants were done using 2x2X2 supercells containing a total of
eight HfO> unit cells (96 total atoms). Supercells were constructed by expanding the
unit cell for a given phase twice in each direction. Since the size of the cell was
doubled in each direction, the necessary number of k-points in each direction was
halved. Thus, supercell calculations were performed using a 2xX2x2 Monkhorst-
Pack k-point mesh.

Dopants from across the periodic table (see Figure 3) were put into the
supercells, with a single dopant atom replacing a single Hf atom. Each supercell

contains 96 atoms with 32 Hf sites and 64 O sites, so the dopant concentration for

12



all calculations was 3.125% with respect to Hf. The generic doped supercells for

each phase are shown in Figure 5.

Figure 5: Supercells of HfO: containing one dopant atom (blue) in the (a)
monoclinic, (b) tetragonal, and (c) cubic phases.

The supercells of doped HfO, were relaxed in exactly the same manner as
described above for the structural calculations of the unit cells. The ion locations
and cell volume were relaxed until the minimum energy configuration was found.
These structural calculations were performed for all dopants in Figure 3 in each of

the three phases of hafnia.

2.3 Calculation and Definitions of Relative Energies

When a structural calculation was performed with DFT, the equilibrium
energy of the relaxed structure was calculated. Using this equilibrium energy,
several relative energies were defined in order compare different doped structures
with each other and with the undoped structures. For each dopant (and for undoped
HfO.), three DFT energies were calculated: the energies for the monoclinic,
tetragonal, and cubic phases. The relative values of those energies compared to one

13



another are more meaningful than the actual values. Since the monoclinic structure
is the stable low-temperature phase, it had the lowest equilibrium energy. The first
set of relative energies was calculated by finding the difference between the
monoclinic and the tetragonal or cubic phases. Thus, the relative tetragonal energy
was defined as
AEL 1 = Eforragonal — Emonociinic

and the relative cubic energy was defined as

AEP . =ED .. — ED

cubic onoclinic’

where EtDetmgonal and E2 ;. are the DFT energies of the relaxed structures of HfO
doped with the dopant D in the tetragonal and cubic phases, respectively. The
relative energies for undoped hafnia were defined as AEﬁfm and AE/Y,,.

IfAED , < AE,fI_f for some dopant D, then D tends to stabilize the tetragonal

m
phase (or the cubic phase if AEP_,,, < AECH_fm). In order to more clearly visualize

which dopants stabilize (and destabilize) which phase, a second set of relative

energies was developed using the first set of relative energies. These relative

energies are defined as AE2 ,, — AEf_fm and AEP_,, — AECH_fm for the tetragonal and

cubic phases, respectively. If AEP.,,, — AEf_fm <0 (orAEP_,, — AEf_fm < 0), then the
dopant D tends to stabilize the tetragonal (or cubic) phase.

The relative energies were plotted against two dopant properties: ionic
radius and oxidation state. The values used for ionic radius [20] and oxidation state

of each dopant were the appropriate values for the most stable 0 K oxide of that

dopant. [onic radius and oxidations state were chosen because previous research

14



has shown strong trends between these properties and relative stability of

structures [14].

3 Results and Discussion

sovar | iy | et | 355 | 952 | sy aet, | ase. - a2,
(p:IIe) 0.71 +4 5.479 | 8.013 0.000 0.000
K 1.64 +1 5.378 | 7.453 -0.101 -0.560
Ca 1.34 +2 5.517 | 7.428 0.038 -0.585
Sc 0.75 +3 5.704 | 7.891 0.226 -0.122
Ti 0.61 +4 5.286 | 8.502 -0.192 0.490
Vv 0.58 +4 5.077 | 8.494 -0.401 0.481
Cr 0.55 +4 5.458 | 8.072 -0.021 0.059
Mn 0.53 +4 5.162 | 9.571 -0.317 1.559
Fe 0.65 +3 5.950 | 8.903 0.471 0.890
Co 0.53 +2 5.163 | 8.580 -0.316 0.567
Ni 0.69 +2 5.652 | 8.538 0.174 0.525
Cu 0.77 +2 5482 | 7.921 0.003 -0.092
Zn 0.74 +2 5.366 | 7.820 -0.113 -0.193
Ga 0.62 +3 5.085 | 8.416 -0.394 0.403
Ge 0.53 +4 4,487 | 9.129 -0.991 1.116
Al 0.54 +3 4,967 | 8.706 -0.512 0.693
Si 0.40 +4 3.828 | 10.315 -1.651 2.302

® Reference [20]

Table 2: A summary of dopant properties and calculated values.

After calculations were run for each dopant in each phase of HfO, the

relative energies were calculated for each dopant as described in Section 2.3. The

relative energies and the dopant properties (ionic radius and oxidation state) are
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reported in Table 2. The relative energies AEZ ,, and AEP_,, were plotted against
the dopants in order to visualize trends moving across the periodic table. This plot is
shown in Figure 6. Other computational data is included when available for
comparison [11]. The strong agreement between the present study and existing
data suggests that the current calculations are accurate and reliable. The leftmost
data point in each series on this plot represents pure HfO,. Moving to the right, the
period 4 dopants are shown in order followed by Al and Si. Data points connected by
a solid line represent dopants adjacent to each other on the periodic table. In this
plot, if a data point falls below the horizontal dashed line for either the relative cubic
or tetragonal phase, then that dopant tends to stabilize that phase relative to the
monoclinic phase. It becomes clear from Figure 6 that dopants that tend to stabilize
either the cubic or tetragonal phase usually tend to destabilize the other phase.

It should be noted that none of the dopants changed the relative 0 K stability
of the phases. For each dopant, the most stable (lowest energy) phase was the
monoclinic phase, followed by the tetragonal phase, and finally the cubic phase. If a
dopant tended to stabilize either the cubic or tetragonal phase, then the energy of
that phase was lowered relative to the monoclinic phase without actually dropping
below the energy of the monoclinic phase. The dopant concentration in this study
was 3.125% with respect to Hf. It is expected that at higher dopant concentrations, a
higher degree of stabilization (or destabilization) would occur. For example, Si
stabilized the tetragonal phase more than any other dopant in this study. This result
was expected because Si strongly prefers a tetrahedral environment, which is

present in the tetragonal phase of HfO;. At some higher dopant concentration (say,
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around 10-15%), Si may stabilize the tetragonal phase to the point where the
tetragonal phase is more stable than the monoclinic phase. | has been shown
experimentally that mixing HfO; with 10% SiO: can fully stabilize the tetragonal

phase [21].
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Figure 6: A plot of AEP_,, and AEP.,,, for each dopant studied. The horizontal

dotted lines correspond to AEf_fm and AEf_fm. Other theory data is from
Reference [11].

In the next series of plots, the second set of relative energies, AE2.,,, — AEtH_fm

and AEP_,, — AEffm, were plotted against the properties of the dopants. The

objective of these plots was to visualize how certain properties affect the relative

stability of the phases, if at all. If clear trends emerge from these plots, they could be

used to predict the effect of other dopants in HfO; based on their known properties.
The first property examined was ionic radius. Figure 7 shows a plot of

AEP ,, — AE:{_fm and AEP_,, — AEf_fm against a relative measure of ionic radius,
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defined as (rD - er)/er, where 1p, is the ionic radius of a dopant and 7,y = 0.71 A

is the ionic radius of Hf. Note, by this metric the relative radius of Hf is zero. In

Figure 7, points to the left of the vertical dotted line represent dopants with a

smaller ionic radius than Hf and points to the right represent dopants with a larger

ionic radius. If a point has a negative relative energy value (below the horizontal

dotted line), then that phase tends to be stabilized, as explained in Section 2.3. There

is a very clear trend that dopants with a smaller ionic radius tend to stabilize the

tetragonal phase and destabilize the cubic phase. The smaller the ionic radius of the

dopant relative to Hf, the more the tetragonal phase is stabilized. It also appears that

dopants with larger ionic radii tend to stabilize the cubic phase. This trend is less
clear because this region of the plot is less populated. More dopants with larger

ionic radii than Hf should be examined in order to confirm this trend.
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Figure 7: A plot of AEP_,, — AEf_fm and AEP.,, — AE:’_f against the relative
ionic radius of each dopant compared to Hf. The horizontal and vertical dotted
lines represent the values for pure HfO; and intercept their respective axes at

Zero.

m

18



The trend that smaller dopants tend to stabilize the tetragonal phase and
larger dopants tend to stabilize the cubic phase was observed in another
computational study on dopants in HfO2 [11]. The present study confirms that trend
and provides stronger evidence for it. Our study also examines more dopants and
chooses them in a more systematic manner by moving across a period of the
periodic table, which gives more reliability to the trend. Some overlap of dopants
between the two studies occurred. For the dopants that were tested in both studies
(Sc, Ti, Ge, Al, Si), the same results were obtained with respect to the stabilization of
the tetragonal or cubic phases.

The second dopant property examined was oxidation state. Figure 8 shows a

plot of AEP.,,, — AE:{_fm and AEP_,, — AEf_fm against oxidation state. Once again, data
points below the horizontal line represent a dopant that tends to stabilize the given
phase. Trends in this plot are not as clear as they were in the plot against ionic
radius, but some observations can be made. It is clear that dopants whose most
stable oxide has a +4 oxidation state, the same oxidation state as Hf, tend to stabilize
the tetragonal phase. All dopants tested with oxidation state +4 tended to stabilize
the tetragonal phase and destabilize the cubic phase. As the oxidation state moved
further from the oxidation state of Hf, the cubic phase tended to be stabilized.
However, this validity of this trend is questionable. A small number of dopants with
oxidation states of +1 or +2 were tested compared with dopants with oxidation

states of +3 or +4. Also, the only dopant tested with oxidation state +1 (K) tended to

stabilize both the cubic and tetragonal phase. This observation casts some doubt on
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the true nature of the relationship between dopant oxidation state and the relative

stability of the doped HfO; phases.
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4 Conclusions and Outlook

4.1 Summary

3

and AEP.,, — AE,"

I

against the oxidation
state for all dopants. Dopants with oxidation states closest to that of Hf (+4)
tend to stabilize the tetragonal phase and destabilize the cubic phase.

A systematic examination of dopants in HfO; was performed using state-of-

the-art first-principles computations and trends were found between the properties

of the dopants and the relative stability of the different structures. Of the two

properties examined in this study, the ionic radius of a dopant appears to correlate

more strongly with phase stabilization data than oxidation state. A similar result

was found in previous research within the group on BaTiO3 [14], which considered
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the dopant formation energy. In that study it was found that ionic radius was the
most important property for determining the favored dopant site (Ba or Ti),
followed by oxidation state.

The method used in this study has the potential to be applied to other
material systems. Other systematic studies can be done following almost an
identical procedure to create data that can be used for materials selection and
design experiments. The relative energies defined in this study might be directly
applicable to future studies or might be able to be modified to meet the needs of a

particular study.

4.2 Future Directions

The work done in this study could be continued in several future directions.

The most straightforward future direction is to continue the exact same study to
examine more dopants. In particular, the elements across periods 5 and 6 of the
periodic table could be tested as dopants in order to verify the results found with
the period 4 elements in this study. More data is especially needed for elements with
larger ionic radii than Hf, as the majority of dopants considered in this study had
smaller ionic radii. Another future direction that should be taken to continue this
study is the examination of oxygen vacancies. Some dopants replacing a Hf ion in
HfO; may be more stable (lower energy) when accompanied by a neighboring O
vacancy. This is especially likely to be the case for dopants with lower oxidation

states than Hf, several of which were studied in this work. For example, a dopant
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with a +2 oxidation state replacing a Hf atom (+4 oxidation state) can be expected to
be accompanied by an 0% vacancy to preserve charge neutrality. A well-known
example of this phenomenon occurs in yttria-doped zirconia. In this case, the when
two Y3* replace two Zr4+ atoms in the zirconia lattice, an oxygen vacancy is formed.
Hafnia has a nearly identical structure to zirconia, so a similar result is expected. In
order to complete this study, oxygen vacancies must be considered.

A future direction that represents an extension rather than a continuation of
this work would be to look at the effect of higher dopant concentrations. The
dopant concentration in this study (3.125%) was too low to change the relative
stability of the 0 K phases of hafnia. That is, the monoclinic phase was most stable,
followed by the tetragonal phase and then the cubic phase for each dopant. It is
expected that at some higher dopant concentrations, certain dopants would be able
to change the most stable 0 K phase of hafnia. For example, Si is expected to stabilize
the tetragonal phase over the monoclinic phase at some dopant concentration,
probably in the range of 10-15%. A future study could be performed on Si-doped
hafnia to pinpoint exactly what the dopant concentration must be for the switch to
occur.

Another possible extension of this study would be to confirm other types of
properties observed in doped hafnia, as described in Section 1.3. For example, the
electronic band structures could be calculated in order to confirm whether Mn-
doped HfO is half-metallic [13] or Co-doped HfO; is paramagnetic [12]. In addition
to confirming existing experimental and theoretical work, new properties might be

discovered for some dopants in hafnia.
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4.3 Reflections

This Honors Thesis gave me the opportunity to experience academic
research in the very exciting field of computational materials science. I wanted to
work on a project more on the theoretical side of materials science, different from
the typical work we do within the curriculum, and [ am very glad I ended up
working with Dr. Ramprasad and his research group. I was fortunate to work with a
group of smart and supportive people who helped me over the course of the year
when I had questions. It was a learning experience throughout the entire year, from
learning the basics of DFT and VASP in the fall semester to learning how to run
calculations and analyze the results in the spring. I was able to learn about and
actively participate in one of the most interesting fields of materials science, and I

am very thankful for that opportunity.
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