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Doping is an increasingly popular technique for improving the characteristics of cutting-edge HfOx

nonvolatile memory devices, but relatively few dopant species have been investigated. In this work, the
properties of 50 different cation and anion dopants in HfOx are explored using density-functional theory
and are corroborated with experimental data. Depending on the atomic species, dopants are found to
preferentially form on either substitutional or interstitial lattice sites and to reduce the formation energy
of oxygen vacancies in the surrounding oxide. The behavior of cation dopants in HfOx is also found to be
well predicted by six properties: dopant valence, atomic radius, native-oxide enthalpy of formation,
coordination number, magnetization, and charge transfer with the HfOx lattice. These results can be used to
optimize dopant selection for tuning of the switching characteristics of HfOx-based resistance-change
random-access-memory and conductive-bridge random-access-memory devices.
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I. INTRODUCTION

Transition-metal-oxide resistance-change random-access
memory (RRAM)—and hafnium oxide (HfO2) in
particular—shows great potential for applications in the
next generation of nonvolatile memory [1] and neuro-
morphic computing [2]. RRAM devices are believed to
switch states by forming and dissolving conductive fila-
ments of oxygen vacancies (VO’s) [1]. They display many
desirable properties, including low power, simple structure,
fast switching speed (<10 ns), extreme scalability
(<10 nm), and CMOS compatibility including 3D integra-
tion [3–5]. One of the most significant research areas for
RRAM is reducing variability: batch to batch, device to
device, and cycle to cycle [6,7]. Lack of control of the
low-resistance state (LRS), high-resistance state (HRS),
and intermediate-resistance states is a significant hurdle to
achieving reproducible devices with high-bit density and
multilevel switching [8]. Numerous techniques have been
explored for improving RRAM device characteristics and
variability, including bilayer stacks [9], pulse-shape opti-
mization [10], nonlinear devices [11], and complementary
device configurations [12].
One option for tuning device characteristics is doping.

Doped RRAM devices have been shown to exhibit changes
to forming voltage, SET voltage, power dissipation, on:off
ratio, variability, retention, and endurance [7,8,13–20].
These changes occur because RRAM devices operate by
the formation and annihilation of oxygen vacancy fila-
ments, and doping can locally alter the energetics of VO
formation. Indeed, dopants that reduce VO formation
energy in their immediate vicinity have been found to
encourage resistive switching [7,13,14,20].

The preferred lattice site of dopant ions is also expected
to impact device behavior. This is the case because
interstitial cation dopants are known to form conductive
filaments of their own [21–23], and this phenomenon is
used to make the cation-based analog of RRAM called
conductive-bridge random-access memory (CBRAM). For
RRAM devices, it is therefore desirable to have dopants
that favor substitutional lattice sites, as these are unlikely to
form cation filaments that compete with VO-based ones.
We performed density-functional calculations for a total

of 50 different candidate dopants: 42 cation, 5 anion, and 3
amphoteric. Dopant preference for substitutional and inter-
stitial lattice sites and their effects on VO formation energy
are examined. While the focus here is on RRAM, both
substitutional and interstitial dopants are identified in this
work, with potential applications for both RRAM and
CBRAM.

II. METHODS

Spin-polarized density-functional theory (DFT) calcu-
lations using the Vienna ab initio simulation package are
carried out on monoclinic HfO2 (m-HfO2, space group
P21=c). Projector augmented-wave pseudopotentials,
periodic boundary conditions, and an energy cutoff of
367.38 eVare employed. k-point integration uses 2 × 2 × 2
Γ-centered Monkhorst-Pack grids, and all ions are relaxed
to an energy convergence of 10−3 eV=atom and forces less
than 0.01 eV=Å per ion.
To maximize accuracy and performance, we use the

LDAþ U method described in Ref. [24], which has been
used previously for calculations on rutile TiO2 [25],
substoichiometric HfO2 [26,27], and doped HfO2 [13].
The on-site Coulomb corrections used are Ud ¼ 6.6 eV on
the Hf 5d orbital and Up ¼ 9.5 eV on the O 2p orbital.*duncand@alumni.stanford.edu
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This approach has achieved accuracy in HfO2 on a par with
hybrid functionals such as HSE06 [28–30], and at the same
speed as local-density approximation (LDA) and generalized-
gradient approximation calculations, which do not otherwise
accurately capture the electronic structure of HfO2 [31–33].
A unit cell of m-HfO2 contains 12 atoms: 4 sevenfold-

coordinated Hf, 4 threefold-coordinated (3C) O, and 4
fourfold-coordinated (4C) O atoms. This work uses
3 × 3 × 3 supercells measuring 15 Å to a side and con-
taining 324 atoms. Cells are relaxed, containing either a
single dopant ion or one dopant ion and one VO, resulting
in a dopant concentration of 2.8 × 1020 cm−3.
Cation dopants are relaxed on Hf sites, anion dopants on

O sites, and amphoteric dopants on both Hf and O sites. In
addition, two unique interstitial sites are identified in the
monoclinic cell. These sites are found by identifying trial
sites where free space is maximized, then performing test
relaxations of interstitials at all of the trial sites. Eight
optimally favorable interstitial sites are identified, which
can be further broken down into two sets of four identical
sites. All dopants are relaxed at both of the unique
interstitial sites.

III. DERIVATION OF EQUATIONS

The four defect types analyzed in this study are oxygen
vacancies (VO’s), cation substitutional dopants (DHf), anion
substitutional dopants (DO), and interstitial dopants (DI).
For a cation substitutional dopant DHf, the formation
reaction is usually written as

DHf∶ HfO2 þD ⇔ ðHfO2ÞDHf þ Hf: ð1Þ

However, this formulation results in a defect formation
energy that is a function of the chemical potential of
hafnium, μHf. Because deposition conditions are assumed
to be O rich, and to facilitate comparison between different
defect sites, the formation reaction of DHf can instead be
written in terms of the chemical potential of oxygen, μO.
The two equivalent formation reactions are depicted sche-
matically in Fig. 1, and the final equations for defect
formation are presented next.
Equations (2)–(5) give the formation reactions of the

four defects of interest in HfO2 with an O2 ambient:

VO∶ HfO2 −
1

2
O2 ⇔ ðHfO2ÞVO ð2Þ

DHf∶
n − 1

n
HfO2 þDþ O2 ⇔ ðHfO2ÞDHf ð3Þ

DO∶ HfO2 þD ⇔ ðHfO2ÞDO þ 1

2
O2 ð4Þ

DI∶ HfO2 þD ⇔ ðHfO2ÞDI ; ð5Þ

where n is the number of formula units in the supercell
(e.g., one unit cell of m-HfO2 contains four formula
units). For the formation of neutral defects described by
Eqs. (2)–(5), we write the defect formation energy as
follows:

VO∶ EformðVOÞ ¼ EðVOÞ −
�
E0 −

1

2
EðO2Þ

�
ð6Þ

DHf∶ EformðDHfÞ ¼ EðDHfÞ

−
��

n − 1

n

�
E0 þ EðDÞ þ EðO2Þ

�

ð7Þ

DO∶ EformðDOÞ ¼ EðDOÞ −
�
E0 þ EðDÞ − 1

2
EðO2Þ

�

ð8Þ

DI∶ EformðDIÞ ¼ EðDIÞ − ½E0 þ EðDÞ�: ð9Þ

Where EformðxÞ is the formation energy of defect x,
EðVOÞ and EðDxÞ are the total energies of the defective
HfO2 supercells containing defects VO and Dx, E0 is the
total energy of the pristine supercell, and EðO2Þ and EðDÞ
are the chemical potentials of O2 and D.
Because the chemical potential of dopants varies widely by

dopant species and experimental conditions, one final modi-
fication is made: the dependence ofEform on dopant chemical
potential is eliminated.Therefore,we calculateEr, the relative
formation energy of each dopant at different sites.Er depends
on whether the dopant substitutes on the cation or anion site,
but not on the dopant’s chemical potential:

FIG. 1. (a) Formation of DHf by substitution with Hf depends
on μHf . (b) Formation ofDHf by the addition ofD and O2 depends
on μO instead.
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ErðDI;DHfÞ ¼ EformðDIÞ − EformðDHfÞ

¼ EðDIÞ − EðDHfÞ þ EðO2Þ −
1

n
E0 ð10Þ

ErðDI;DOÞ ¼ EformðDIÞ − EformðDOÞ

¼ EðDIÞ − EðDOÞ −
1

2
EðO2Þ: ð11Þ

ErðDI;DxÞ < 0 eV indicates that the dopant D favors the
interstitial site I over the substitutional site x, and
ErðDI;DxÞ > 0 eV indicates that the substitutional site is
favored. In this form, Er becomes a quantity entirely
determined by variables that are easily obtained from DFT
calculations.
For the case of amphoteric dopants, it is also useful to

extend Er to directly compare the Hf and O sites. The
equation for this comparison is

ErðDO;DHfÞ¼EformðDOÞ−EformðDHfÞ

¼EðDOÞ−EðDHfÞþ
3

2
EðO2Þ−

1

n
E0: ð12Þ

Here, ErðDO; DHfÞ < 0 eV indicates that the O site is
favored over the Hf site, and ErðDO; DHfÞ > 0 eV indicates
that the Hf site is more favorable than the O site.
Finally, all three equations for Er depend on the chemical

potential of O. For results presented in the next section, a
constant μO ¼ 1

2
EðO2Þ ¼ −5.375 eV is used, which cor-

responds to the formation reactions taking place in an O2

ambient. A higher μO, such as formation in the presence of

oxygen plasma, would cause two shifts in the relative
formation energy: ErðDI;DHfÞ would become more pos-
itive, making the cation site more favorable relative to the
interstitial site; and ErðDI;DOÞ would become less pos-
itive, making the interstitial site more favorable relative to
the anion site. By extension, this also means that a higher
μO results in a higher ErðDO; DHfÞ, meaning that the cation
site becomes more favorable relative to the anion site.

IV. RESULTS AND DISCUSSION

The calculated relative formation energies for cation,
anion, and amphoteric dopants are shown in Figs. 2, 3,
and 4, respectively. Er is found to depend strongly on the
dopant ion’s valence. The more isovalent an ion is with
the species it is replacing, the more stable it is on the
substitutional site. Conversely, more heterovalent ions are
more stable on interstitial sites.
For anion dopants, the substitutional site is always

favored. In addition, both interstitial sites are found to
be energetically equivalent for all anion dopants. As a
result, Fig. 3 plots Er for only one interstitial site.
The amphoteric dopants also include ErðDO; DHfÞ. At a

constant μO ¼ 1
2
EðO2Þ ¼ −5.375 eV, it is found that

HO, CO, and SiHf are the most favored defects. In a more
reactive environment with a higher μO, the Hf site would
become relatively more favorable. For hydrogen, μO >
−2.75 eV makes HI more favorable than HO. For carbon,
μO > −3 eV results in CI becoming dominant. For silicon,
SiHf is favored for all values of μO. There is also no value of
μO that results in HHf or CHf being favored.

FIG. 2. ErðDI;DHfÞ for cation dopants at two different interstitial sites in m-HfO2.
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These calculations agree well with existing experimental
and theoretical data. For example, Al [7,34], Si [18], and Zr
[13,14] are seen to favor cation substitutional sites in HfO2.
Interstitial sites are favored by Ag [21], B [35], Cu [13,23],
and Ni [22]. H [19,36], F [37], and N [20,38] are known
to favor anion substitutional sites, all in agreement with
the results presented here. For many of the other dopants
investigated in this study, no experimental data have been
reported, and these results would be useful in guiding
future experiments. In general, it is expected that strongly
substitutional dopants are suitable for RRAM applications,
while strongly interstitial ones would be suitable for
CBRAM.
Figure 2 also shows a clear periodicity in Er of cation

dopants, pointing to isovalency with Hf as being a driving
factor. This trend is examined further using the density of
states (DOS). In Fig. 5, the site-projected DOS of undoped
m-HfO2 is plotted, and it can be seen that the valence band
of m-HfO2 is mainly made up of O 2p states, while the
conduction band is mainly Hf 5d states. Then, in Fig. 6, the
site-projected DOS of dopedm-HfO2 is plotted for dopants
from period 5. To clearly show the contributions of the

dopants, these plots are enlarged to just the range of
energies between the valence band and the conduction
band. The plots show the most substitutionally stable
dopants, such as Zr and Sn, cause minimal perturbation
to the DOS when in the substitutional site. In addition, the
perturbations of substitutionally stable dopants are concen-
trated in the conduction band. Since the HfO2 conduction
band consists mainly of Hf states, this means that the dopants
interact with the surrounding lattice similarly to the Hf ions
they replaced, minimizing disruption to the crystal.
By contrast, dopants that are the most stable interstitially

tend to exhibit smaller overall perturbations to the DOS
when on the interstitial site, such as the case of Ag. They
also tend to introduce many midgap or valence-band states
when located on the substitutional Hf site, such as that seen
for Pd. Because Hf mainly contributes to the conduction
band, contributions to the valence band in the substitutional
site are unfavorable. Finally, comparing the interstitial
configuration to the substitutional, the DOS perturbations
are more pronounced at the band edges than at midgap for
the interstitial case. Because this is an interstitial site, there
is a preference for shallow electronic states over deep ones,
but no preference for a particular band edge. In Figs. 7
and 8, the qualitative concept of DOS perturbations are
formally quantified as charge perturbation.
Next, because cation dopants exhibit such a strong

dependence of Er on dopant species, the trends underlying
cation Er are investigated. Six quantities are identified as
drivers of Er: (i) isovalency with Hf, (ii) dopant atomic
radius relative to Hf, (iii) dopant native-oxide enthalpy of
formation, (iv) the change in coordination number going
from the dopant’s native oxide to HfO2, (v) the magneti-
zation of the doped system, and (vi) the charge perturbation
caused by the dopant at the Hf site.
Quantities (i)–(iii) are readily available in the literature.

For quantities (i) and (ii), it is expected that dopants which
are chemically and physically similar to Hf will be more
likely to favor the Hf lattice site. For quantity (iii), dopants
that strongly favor forming their own oxides are also likely
to favor the substitutional site in HfO2, where they can be
fully coordinated with surrounding O ions.
Quantity (iv), the change in coordination number of

dopant D, is used because dopants may favor sites with
coordination most similar to their native oxides. Change in

FIG. 3. ErðDI;DOÞ for anion dopants in m-HfO2.

FIG. 4. (a) ErðDI;DHfÞ, (b) ErðDI;DOÞ, and (c) ErðDO; DHfÞ
for amphoteric dopants in m-HfO2.

FIG. 5. Site-projected density of states of undoped m-HfO2.
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coordination is calculated from three quantities: the
coordination of D in its native oxide (D0), the coordination
of D in the substitutional site in HfO2 (DHf), and the
coordination of D in the interstitial site in HfO2 (DI):

ΔCN ¼ jDI −D0j − jDHf −D0j: ð13Þ

For quantity (v), it is found that dopants favored sites of
lower magnetization, possibly due to state splitting in the
DOS, whereby the magnetic moment pushed some electron

states to higher energies and increased the total energy of
magnetic systems.
Quantity (vi), the charge perturbation, formally quanti-

fies the DOS perturbation discussed in Fig. 5. The site-
projected DOS is integrated up to the Fermi level for every
ion in the lattice, and the ion’s nuclear charge subtracted, to
obtain the net charge of all ions in the system. Thus, the
total charge Qi on ion i is given by

Qi ¼ Zi −
Z

EF

−∞
NiðEÞdE; ð14Þ

FIG. 6. The site-projected density of states of doped m-HfO2 for period-5 dopants at substitutional and interstitial sites. The most
stable lattice site, DHf or DI, is underlined for each species.

FIG. 7. Charge perturbation in the (a) undoped, (b) PdHf , and (c) PdI systems. Pd introduces less perturbation in the interstitial site,
which is its favored location.
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where Zi is the nuclear charge and NiðEÞ is the site-
projected DOS on ion i. This calculation is done for the
undoped and doped systems, and the total change in charge
of the ions in the doped system is calculated. Plots for Pd
are shown in Fig. 7, and they match well with the DOS plot
for Pd in Fig. 6.
With all six quantities formally defined, Er for the

cation dopants is approximated as a linear function of
each quantity, with plots shown in Fig. 8. The correlation
coefficient R between each quantity and Er is seen to
vary from 0.3526 < jRj < 0.7894. So, while correlations
are present, no single quantity alone could be used to
determine Er.
In order to obtain a better prediction, Er is approximated

as a weighted sum of each of the six quantities above. For a
given dopant D, ErðDÞ is estimated to be

ÊrðDÞ ¼ ðQDÞTW; ð15Þ

where ÊrðDÞ is the estimated relative formation energy of
dopant D, QD ∈ R6×1 is the vector of the six quantities for
dopantD, andW ∈ R6×1 is the vector of weights, where the
same weights are applied to all dopants. The weight vector
is found by combining the data for all N cation dopants
under consideration into a vector Er ∈ RN×1 and matrix
Q ∈ R6×N . The least-squares best fit for W can then be
solved for analytically:

W ¼ ðQQTÞ−1QEr ¼ ðQTÞþEr; ð16Þ

where Xþ ≡ ðXTXÞ−1XT is the Moore-Penrose pseudoin-
verse of X.
Therefore, the composite function of six weights and six

parameters can be written as

ÊrðDÞ ¼ WV jΔVDj þWr
rD
rHf

þWHΔH0ðDOXÞ

þWCNΔCNþWMjMDj þWQ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX
ðΔQÞ2

q
;

ð17Þ

where ΔVD is the difference in valence between D and Hf,
rD and rHf are the atomic radii of D and Hf, ΔH0ðDOXÞ is
the enthalpy of formation of D’s native oxide, ΔCN is the
change in coordination number as defined in Eq. (13), MD
is the absolute magnetization of the substitutionally doped
system, and

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPðΔQÞ2
p

is the l2 norm of the charge
perturbation over all of the ions in the substitutionally
doped cell. Finally, the six W terms are the weights for
these six quantities.
The calculated optimal weights W are given in Table I.

When all six quantities are combined into a single
composite function, they are able to estimate Er with
R ¼ 0.9528, as shown in Fig. 9. In addition, because
WV , Wr, and WH depend solely upon experimental values
available in the literature and do not require expensive
DFT calculations, a second reduced composite function is
calculated with just these three weights. It is found to still
estimate Er with R ¼ 0.8709 and is plotted in Fig. 10. In

FIG. 8. The correlation between the cation dopant Er and
(i) the isovalency with Hf, (ii) the atomic radius relative to Hf,
(iii) the native-oxide enthalpy of formation, (iv) the change in
coordination, (v) the absolute magnetization, and (vi) the total-
charge perturbation.

TABLE I. The calculated weights W for the full and reduced
composite functions predicting ErðDÞ.

Weight Units
Full composite

function
Reduced composite

function

WV eV=q −1.1374 −2.0953
Wr eV 8.4436 4.7805
WH eV=ðkJ=molÞ −2.044 × 10−3 −1.541 × 10−3

WCN eV 1.0439 0
WM eV=μB −1.3683 0
WQ eV=q −4.3894 0
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summary, these six quantities—particularly the three
known a priori—can provide a reliable fitting of dopant
behavior in HfO2, and they may also be useful in predicting
dopant behavior in other transition-metal oxides.
With the preferred lattice sites of all dopants calculated,

the effect of dopants on VO formation energy is investigated
next. This investigation is done by placing a dopant ion at
its most favorable substitutional site, then using Eq. (6) to
calculate the formation energy of a neutral VO at the nearest
3C and 4C oxygen sites. Because substitutional dopants
are expected to be the most useful for RRAM devices, all of
the strongly substitutional dopants, defined as those with
Er > 1 eV, are included in the calculation. To provide a
broader sampling of dopant types, particularly the strongly
n-type ones, several interstitially stable cation dopants are
included as well. As seen in Figs. 11 and 12, the presence of
dopants generally reduces the formation energy of nearby
VO’s, but the magnitude of the reduction depends upon the
dopant species.

It is found that the effect of cation dopants on VO
formation energy depend heavily upon their valence
relative to Hf, with strongly n-type and strongly p-type
dopants causing the greatest reductions in VO formation
energy. The effect of anions on VO formation is generally
weaker and less affected by the particular dopant species
than those of cations. For both cation and anion dopants,
the reduction in the VO Eform is found to extend into a
region of about 4 Å around each dopant.
The reduction of the VO Eform by dopants on interstitial

sites is also calculated. It is found to be uniformly smaller
than the reduction caused by dopants on substitutional
sites, and also not to vary strongly with dopant species.
This is consistent with the experimental result that inter-
stitially doped devices are dominated by metal-cation
filaments instead of VO filaments [21–23].
At the RRAM device level, the forming voltage (Vform)

and the on:off ratio are two properties that could be
expected to be directly affected by changes in VO formation
energy. Vform is the voltage at which resistive switching is
initialized in a new RRAM device. A dopant that lowers the
VO Eform will increase the initial concentration of VO ’s in

FIG. 9. Comparison of the actual ErðDÞ to the estimate ÊrðDÞ
found using the full composite function.

FIG. 10. Comparison of ErðDÞ to ÊrðDÞ found using the
reduced composite function.

FIG. 11. Formation energy of neutral VO’s next to cation
substitutional dopant defects (DHf). The names of strongly
substitutional dopant species are underlined.

FIG. 12. Formation energy of neutral VO’s next to anion
substitutional dopant defects (DO).
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the pristine device, making it easier to induce switching.
Thus, a lower VO Eform would be expected to reduce
the Vform.
The on:off ratio is the ratio of the RRAM device resistance

in the HRS to that of the LRS. A reduced VO Eform is
expected to increase current leakage in the HRS due to the
presence of excess VO percolation paths in the oxide bulk,
reducing the HRS resistance. Thus, doping that lowers the
VO Eform would also be expected to lower the on:off ratio.
In Fig. 13, calculated dopant effects on the VO Eform are

compared to experimental data for both the Vform and the
on:off ratio in doped RRAM devices [13]. As predicted, the
Vform and the on:off ratio are both found to correlate
strongly with the VO Eform’s calculated here. Further
corroboration is obtained by a comparison to other exper-
imental work on cation dopants, such as that found in
Refs. [7,17], which showed similar relationships between
dopant species and RRAM device properties for the cases
of Zr, Ge, Ta, Al, and Ni.
In addition to reducing the Eform of nearby VO’s, anion

dopants may passivate existing VO’s. This possibility is
confirmed experimentally for H [19,36], N [7,20,38], and F
[37], predicted here to be anion dopants, which are all
found to passivate existing VO’s in HfO2.
From these calculations, it is predicted that Sr and Ba

have the strongest effects of all substitutional dopants,

while others exhibit a range of smaller effects. In addition,
many interstitial dopants are found which could be candi-
dates for future HfO2-based CBRAM devices, such as Pd.
Our results are summarized in Fig. 14.

V. CONCLUSION

In this work, we derive equations for and calculate
the preferred lattice sites of 50 different dopants in
monoclinic HfO2. Each dopant species is found to favor
either the Hf, O, or interstitial site, and this relative
formation energy is found to be reliably estimated by a
combination of dopant valence, atomic radius, native-oxide
enthalpy of formation, change in coordination, magnetiza-
tion, and charge perturbation. Dopants favoring substitu-
tional sites are predicted to be good candidates for RRAM
devices, while those favoring interstitial ones could be
candidates for CBRAM devices. It is also found that
dopants modify the formation energy of nearby oxygen
vacancies, with some demonstrating substantially stronger
effects than others. Experimental data verify that the
magnitude of this effect is directly correlated with changes
in RRAM device properties.
This work demonstrates alternative guidelines for tuning

the behavior of doped resistance-change memory devices,
where dopants can be chosen based upon both their
preferred lattice sites and how strongly they affect the
surrounding lattice. Trends analyzed here are also general
and could easily apply to doping in other oxides. Finally,
we categorize dopants by lattice site and effect on VO
formation into a periodic table of dopants to guide future
experiments on RRAM and CBRAM devices.
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FIG. 13. Comparisons of calculation results (the black curves)
with experimental data (the red and blue curves) [13] for (a) the
RRAM device Vform and (b) the RRAM device on:off ratio both
show a strong correlation between the VO Eform and macroscopic
RRAM device properties. Dopants are arranged in order of
descending Vform.

FIG. 14. Summary of dopants analyzed in this work. Weakly
substitutional dopants are defined as those that favor the substitu-
tional site over the interstitial one by less than 1 eV.
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