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Abstract—The HfO2-based resistive random-access-memory
(RRAM) is studied. In the first part, two parameters of oxygen
vacancies are extracted. The migration barrier of the oxygen va-
cancy (or the extended Frenkel pair) is calculated. The resistivity
of a filament is also calculated. In the second part, an existing
compact model for the RRAM is implemented and its results are
compared with the experimental data.

I. INTRODUCTION

The resistive random-access-memory (RRAM) has been
studied intensively. It has been regarded as a promising can-
didate for future non-volatile memory and neuromorphic ap-
plications. They show fast operation (nanosecond operation),
scalability (scaling down to tens of nanometer), and multi-
bit topology. Structural simplicity is another advantage of the
RRAM devices.

It has been reported that various materials can be used as
switching layers. Among them, especially, the HfO2-based
RRAMs are widely adopted, because it can be successfully
integrated into the modern CMOS technology. From the view-
point of power, stability, and operation speed, the HfO2-based
RRAM exhibits superior performance.

It is known that the conductive filament plays an important
role in the HfO2-based RRAMs. Shape of a filament, which
is a conduction path made of oxygen vacancies, determines
the electrical properties of the RRAM. Since the states are
characterized by their resistance values, it is very important
to understand the change of filament shape under a given
operation condition. The modeling approach can be very
helpful in this aspect.

In order to model the HfO2-based RRAMs, various ap-
proaches with varying complexities (from the first-principles
calculation to compact models) have been reported. For ex-
ample, previous reports on the FEM/KMC approaches [1], [2]
are available. Parameters are quite important in those device
simulations. A systematic procedure to extract the related
parameters is highly desirable.

In this work, properties of oxygen vacancies are calculated
with the density-functional theory code (Vienna Ab initio
Simulation Package, VASP [3], [4]). Moreover, a measured
IV curve of a HfO2-based RRAM is calculated by employing
an existing compact model. The organization of this extended
abstract is as follows: In Section II, the migration barrier of
oxygen vacancies are calculated. In Section III, the resistivity

Fig. 1. One example of the atomistic structure of an amorphous HfO2 system.
Yellow dots represent the possible defect locations, considered in Fig. 2. In
the actual calculation, several amorphous structures are generated.

of a HfO2 supercell is calculated. In Section IV, an existing
compact model is implemented and its results are compared
with the experimental IV curve. The conclusion is drawn in
Section V.

II. MIGRATION BARRIER OF OXYGEN VACANCIES

The switching operation of the HfO2-based RRAM is
explained by the migration of oxygen vacancies. The migration
barrier of oxygen vacancies, the difference between the local
maximum and minimum formation energies, is an important
material parameter to affect the vacancy migration.

In Fig. 1, an atomistic structure of an amorphous HfO2

system is shown. The structure is obtained by the DFT-MD
optimization. In the cell optimization, the PBEsol exchange-
correlation functional is used. In addition to an amorphous
structure, a tetragonal supercell structure is also considered.
Each structure (amorphous or tetragonal) has 108 atoms.

After the atomic structure is prepared, a defect is introduced.
Two defect types – an oxygen vacancy and the extended
Frenkel pair, which is a pair of an oxygen vacancy and an oxy-
gen interstitial – are considered. In the case of the tetragonal
supercell, the defect is generated at each symmetric position
inside a unit cell. However, for an amorphous structure, it
is difficult to find symmetric positions. Therefore, we have
manually selected possible defect locations as shown in Fig.
1.
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Fig. 2. Formation energy of the extended Frenkel pair for the structure shown
in Fig. 1.
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Fig. 3. Migration barriers of various defects in HfO2. Both the crystalline
and amorphous structures are considered.

At every defect position, the formation energy is calculated.
When the formation energy is calculated, a hybrid exchange-
correlation functional (optimized HSE) is used. The formation
energy of the extended Frenkel pair [5] is drawn as a function
of the position in Fig. 2. In this example, the extracted
migration barrier is about 0.45 eV.

For several amorphous structures (5-10 samples), the same
calculation has been performed in order to improve the fidelity.
As stated above, the crystalline HfO2 (the tetragonal structure)
has been also considered for comparison. In Fig. 3, the
results are summarized. The minimum value of the extracted
migration barrier is reported. Filled symbols are results for the
crystalline structure, while empty ones are results for amor-
phous structures. They exhibit good qualitative agreement. The
extended Frenkel pair has a much lower migration barrier than
the oxygen vacancy. An oxygen ion interstitial is lowering the
migration barrier of the corresponding oxygen vacancy.

(� X � X �) TET-HfO� amorphous HfO�

Fig. 4. HfO2 supercells for the conductivity calculation. (Left) A crystalline
structure and (Right) an amorphous structure.

III. ELECTRICAL PROPERTY OF OXYGEN VACANCY
FILAMENT

The migration barrier calculated in Section II is related
with how the filament shape changes. On the other, when the
filament shape is fixed at a given time instance, the conduction
property is of interest.

The resistivity of a HfO2 supercell is calculated. First, a
structure is prepared. In Fig. 4, the atomistic structures are
shown. Both the crystalline structure (the tetragonal structure
with 3 × 3 × 8 unit cells) and the amorphous one are
considered. 296 atoms are included in each supercell. The
procedure to generate a structure is similar with that in Section
II.

Starting from these structures, oxygen vacancies are intro-
duced to generate an oxygen vacancy filament. The resistivity
along the vertical direction is calculated with the Mott formula
[6]. The conductivity tensor is obtained by using the linear
response function of the VASP package. The k-point sampling
is done with a 4 × 4× 20 grid. In Fig. 5, the energy spectrum
of the calculated conductivity is drawn for HfO2 nanorods. In
the case of a defect-free crystalline system, it is an insulator
because no contribution in the forbidden zone. On the other
hand, when defects are introduced, the defect states in the
forbidden zone significantly contribute to the conductivity.

In Fig. 6, the resistivity is drawn as a function of the defect
density. Each symbol represents a distinct sample. Amorphous
samples have relatively higher resistivity that the crystalline
ones. When the number of oxygen vacancies increases from
2 to 8, the resistivity of the crystalline HfO2 increases almost
six orders-of-magnitude. Similar trends are found for different
samples. Since the atomistic simulation model is much limited
in its size (0.8 nm × 0.8 nm × 1.5 nm), the defect density is
unrealistically high. A direct comparison with the experimental
results is not possible. Instead, in the right subfigure of Fig.
6, the experimental results in previous reports [1], [2] are
drawn with their original defect density without scaling. A
good qualitative agreement is obtained.
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Fig. 5. Energy spectrum of the calculated conductivity of HfO2 nanorods.
The x-axis is Kohn-Sham energy.

Fig. 6. (Left) Calculated resistivities of various HfO2 structures. When the
number of oxygen vacancies increases, the resistivity decreases exponentially.
(Right) Experimental results in [1], [2].

IV. COMPACT MODELING OF IV CHARACTERISTICS

A HfO2-based RRAM is fabricated. A 90-nm-thick SiO2

layer is made on top of the p+ silicon substrate. After the Ti/Pt
(10/100 nm) bottom electrode is formed, the switching layer
(HfO2 15 nm) is deposited. The Ti/Pt (30/100 nm) layer acts as
the top electrode. The top electrode has a circular shape and its
diameter is 300 µm. In Fig. 7, the IV characteristics of a HfO2-
based RRAM measured at room temperature is shown. The
compliance current is 10 mA. The SET and RESET voltages
are 2.5 V and -1.1 V, respectively.

By adopting an existing compact model reported in [7],
switching behaviors are calculated. In this model, the filament
shape is simply characterized by a gap between the top
electrode and the filament end point. The model equations
are not repeated here and the interested readers are referred
to [7]. The compliance current is implemented with an ideal
MOSFET in the saturation mode. As shown in Fig. 8, it is
shown that the compact model with adjusted parameters can
reproduce the SET and RESET voltages considerably well.

Based on the calibrated compact model, the switching
behaviors are predicted at various temperatures (down to 250
K), as shown in Fig 9. For lower temperatures, the absolute
values of the SET and RESET voltages increase. A similar
trend can be found in a previous report [8]. Sensitivities of

Fig. 7. Measured IV switching characteristics of a HfO2-based RRAM.
Thickness of the HfO2 layer is 15 nm. The SET and RESET voltages are
2.5 V and -1.1 V, respectively.

Fig. 8. Simulated switching characteristics of a HfO2-based RRAM at various
temperatures.

the SET/RESET voltages with respect to the temperature are
0.5 V / 50 K and -0.36 V / 50 K, respectively.

V. CONCLUSION

In summary, our recent research efforts on the HfO2-based
RRAM are presented. The material modeling (in Sections II
and III) and the compact modeling (in Section IV) presented
in this work will be combined with the FEM/KMC approaches
to construct a fully functional modeling environment for the
RRAM.
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Fig. 9. SET (Blue) and RESET (Red) voltages of the RRAM in Figs. 7 and
8 as functions of the temperature.
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