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Effect of electrode and oxide properties on the filament kinetics
during electroforming in metal-oxide-based memories
Kena Zhang1, Yao Ren1, Panchapakesan Ganesh 2 and Ye Cao 1✉

We developed a physical model to fundamentally understand the conductive filament (CF) formation and growth behavior in the
switching layer during electroforming process in the metal-oxide-based resistive random-access memories (RRAM). The effects of
the electrode and oxide layer properties on the CF morphology evolution, current-voltage characteristic, local temperature, and
electrical potential distribution have been systematically explored. It is found that choosing active electrodes with lower oxygen
vacancy formation energy and oxides with small Lorenz number (ratio of thermal and electrical conductivity) enables CF formation
at a smaller electroforming voltage and creates a CF with more homogeneous morphology. This work advances our understanding
of the kinetic behaviors of the CF formation and growth during the electroforming process and could potentially guide the oxide
and electrode materials selection to realize a more stable and functional RRAM.
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INTRODUCTION
Metal oxide-based resistive random-access memory (RRAM) has
been considered a promising candidate for next generation
nonvolatile memory1,2, non-volatile logic component3, and bio-
inspired neuromorphic computing4–7, due to its fast switching
speed, compatibility with the complementary metal-oxide-
semiconductor (CMOS) technology8, and easiness of fabrica-
tion9–12. The typical structure of an oxide-based RRAM consists of
an insulating oxide layer sandwiched by a top and a bottom
electrode. Its functionality stems from a conductive filament (CF),
which initially forms inside the oxide layer to provide the
electronic conduction pathways. The RRAM can then switch
between a high resistance (HRS) and a low resistance state (LRS),
as the CF evolves, ruptures and reforms between the two
electrodes under the applied voltages. Depending on the type of
ions that forms the CF, RRAMs can be classified into (a)
electrochemical metallization devices (ECM) and (b) valence
change memory devices (VCM). In the ECM device, CF is formed
by metal cations that are supplied by the dissolution of the
electrochemically active electrodes13–15. While in the VCM type,
the CF is composed of defects such as oxygen vacancies
(V ::

o )
16–20, which are usually created inside the metal oxide-

based RRAMs.
Generally, the pristine state of an as-fabricated VCM device

exhibits high resistance state (HRS), and an initial one-time
operation called electroforming is required to create a CF to
provide a conduction channel. This is typically realized by
applying a sufficiently high voltage or current on the film to form
a CF of high V ::

o density inside the insulating layer to connect the
top and bottom electrodes12,21,22. This process is determined by (i)
the V ::

o generation at the oxide/electrode interface due to the
chemical reactions between the oxide and the metal electrodes,
and (ii) the electric field and thermal effect driven V ::

o migration in
the bulk23,24. Therefore, the types and properties of metal
electrodes could play a key role in determining the CF formation
and growth behaviors. Several experimental and simulation
studies have been made to understand the electrode effect on

the electroforming process22,25,26. Chen et al.24 studied the effect
of electrode materials on the endurance/retention performance of
HfO2 based RRAMs. It was found that the long pulse endurance
could be obtained by using active metals as electrodes. Nandi
et al.27 reported that the electrode roughness induced a local
electrical field enhancement that reduced the forming voltage. Xu
et al.28 developed a Kinetic Monte Carlo (KMC) model to simulate
the morphology of a CF in HfO2-based RRAM, and revealed that
most vacancies were generated at the metal/oxide interface due
to a lower vacancy formation energy than in the bulk. However, it
is still unclear how a metal electrode determines the kinetics of CF
formation and growth direction, and influences the size,
composition, and uniformity of the CF, which plays a critical role
in determining the stability and functionality of the subsequent
switching cycles8,29,30. Furthermore, a number of metal oxides
have been used as the insulating layer in the metal oxide-based
RRAMs, such as TiO2

31, HfO2
32, TiO2

33, NbO34 and etc. Unfortu-
nately, a qualitative understanding of the effects of the physical
properties of these metal oxides (such as the electrical and
thermal conductivities) on the CF growth behavior during the
electroforming process is still lacking. These properties could play
important roles in the performances of the resistive switching
behavior35.
To address these limitations, we develop a physical model

based on defect chemistry and transport theory in this work by
choosing HfO2 as a prototype to study the dynamic electroform-
ing process in metal oxide-based RRAM. Our model well captures
the formation and evolution of the conductive filament, the
current-voltage characteristic, the local temperature, and electrical
potential distributions during the electroforming process. Results
are compared with previous experimental studies to validate the
model. Based on this, we further investigate the impact of
electrode properties on the growth behavior of CF. Finally, the
effects of the electrical and thermal conductivity of the metal
oxides on the CF growth behavior have been explored.
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RESULTS
The CF growth behavior during electroforming process
In this work, we use 2D axisymmetric model to describe the CF
growth behavior during electroforming process. A 10 nm HfO2 is
sandwiched between 50 nm Pt bottom electrode and 20 nm Ta
top electrode where a voltage sweep rate (dV/dt) of 1 V s−1 is
applied on the top electrode and the bottom electrode is
grounded. Initially, the oxide layer is at high resistance state with
relatively low oxygen vacancy density, which is assumed to be
uniformly distributed in the oxide layer, at a concentration of
NV ::

o
= 6 × 1019 m−3. We assume the oxygen exchange is taken

place at the interface between HfO2 and Ta anode with a vacancy
formation barrier of 2.5 eV24 which determines the rate of
interface V ::

o gerneration in a confined region. The physical
dynamics of V ::

o generation and migration are controlled by Eqs.
(4–8) (see “Methods” for details). The simulation stops when the
current (Istop) reaches 100 µA where, in experimental case, this
current is always used to avoid permanent breakdown36.
Figure 1a shows the current evolution characteristic. It is clearly

seen that the current increases exponentially during the electro-
forming process. Initially, the current of the device increases
gradually until the forming voltage (Vf= 2.49 V), where an abrupt
increase of current is seen. This indicates that the electroforming
process occurs at a critical threshold voltage, instead of a
cumulative phenomenon in the filament growth. The current
increase is due to the increasing V ::

o concentration, which is
influenced by the V ::

o generation rate at the anodic interface. To
further understand this behavior, we plotted the evolutions of the
V ::
o generation rate, the electrical field, and the temperature at the

anodic interface under applied voltage sweep, as shown in Fig. 1b.
It is seen that the initial generation rate is small and gradually
increases with the increasing voltage due to the lower electrical
field and temperature. When the forming voltage reaches Vf, the
sudden increases of the electrical field and temperature at the
anodic interface give rise to a self-acceleration of the V ::

o
generation flux at a very short time as shown in Fig. 1b. This
results in an abrupt electroforming transition. Figure 1c illustrates
the 2D maps of the oxygen vacancy distribution (NV ::

o
) at different

stages, corresponding to the points A to D as marked in Fig. 1a. It
is seen that V ::

o are generated at the anode interface and start to
accumulate to the cathode when the voltage is up to 2 V, as
shown in Fig. 1c (A). At this stage, the concentration of V ::

o is small
due to the small generation rate. Along with the applied voltage,
more V ::

o are generated at anode and gradually accumulate near
the cathode resulting a local segregation, as shown in Fig. 1c (B).
As the applied voltage further increases to Vf, massive V ::

o are
generated and migrate towards the cathode immediately, and the
CF length increases suddenly resulting in a small V ::

o depletion gap
near the anode, as shown in Fig. 1c (C) and (D). Figure 1d
illustrates the 1D profiles of the oxygen vacancy density NV ::

o
,

temperature T, and electrical potential φ along the cylindrical
symmetry axis (x= 0, z= 0–10 nm) at the final electroforming
state D. Here we only plot T and φ inside the oxide layer (z=
0–10 nm) as their variations inside the top and bottom electrodes
are negligible. Compared to the initial oxygen vacancy density
(NV ::

o
= 6 × 1019 m−3), the final NV ::

o
near the cathode increases by

almost 107, indicating the occurrence of Mott transition. Due to
the tunneling or thermal emission effect, the electron transport
overcomes a low energy barrier, the semiconductor has
undergone a Mott transition37. Therefore, the critical vacancy
concentration (Nc) at Mott transition for HfO2 is assumed to be
~1025 m−3, which is lower than oxygen vacancy concentration of
0.2 × 1027 m−3 where EAC= 0 eV. As the V ::

o accumulation near the
cathode and a depletion gap near the anode, the electrical
potential dramatically drops near the anode, and remains almost
constant in the highly conductive CF region near the cathode,
which results in a local enhancement of electrical field and
temperature near the anode region. The local enhancements of
temperature and electrical field further increase the V ::

o mobility
and promote the V ::

o migration from the gap region to the
cathode. In this case, the V ::

o generation rate is slightly limited and
cannot fully compensate the V ::

o migration rate from anode to
cathode. Therefore, a small V ::

o depletion region (NV ::
o
< Nc) inside

the CF is observed near the anode (z= 10 nm), while the NV ::
o
in

the remaining part of CF is higher than Nc. Based on these studies,
it can be inferred that the generation rate of V ::

o at the interface
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Fig. 1 Modeling electroforming process in HfO2 metal oxide. a Current evolution characteristic by applied voltage sweep with rate dV/dt =
1 V s−1 and stop at Istop = 100 µA. b The evolution of generation flux, temperature T, and electrical field E at the anodic interface (z = 10 nm).
c Calculated 2D NV ::

o
maps with increasing voltage, corresponding to state A–D in (a). d 1D profiles of NV ::

o
, T and φ at state D (Vf = 2.49 V) along

the center of CF (x = 0, z = 0–10 nm).
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and the migration of V ::
o in the bulk influence the CF morphology

and growth behavior.
The CF growth behavior and I–V characteristic simulated from

the current model agree well with previous experimental reports
on HfO2-based24,27,38 device. For example, Chen et al.25 found that
the forming voltage for HfO2 based RRAM with Ta anode is about
3 V, which is slightly higher than our simulation result (Vf= 2.49 V).
This is probably because the area of the switching cell in their
experiment is larger than our simulation. Other experimental
results of metal oxide-based RRAMs36,37,39–41 also show that the
soft breakdown of the insulating layer occurs when the voltage
sweep is applied, followed by a dramatic current increase at a
critical threshold voltage (Vf) during the electroforming process,
which agrees with our simulation results. Therefore, in the
following sections we will employ this model to investigate the
effects of the electrode materials and the metal oxide properties
on the CF growth behavior during the electroforming process and
derive a general principle for materials selection of both metal
electrodes and oxide layer in RRAMs.

Effect of electrode properties on the CF growth behavior
The oxygen vacancy generation rate at the anodic interface is
strongly dependent on the anode properties, i.e., the ability to
extract oxygen atoms from HfO2. Active metal electrodes (such as
Hf, Ti, Ta, etc.) show lower vacancy formation barrier than inert
electrodes (such as W, Ru, Pt, etc.). To fully understand the effect
of different electrodes on the CF growth behavior, we choose Ti,
Ta, W and Pt as the anode electrode with an increasing vacancy
formation barrier Eb of 0.6, 2.5, 5.5, and 8.5 eV, respectively24. A
voltage sweep with rate of dV/dt= 1 V s−1 is applied on the
anode, and the simulation is stopped at Istop= 100 μA or Vapp=
5 V, whichever comes first. Figure 2a illustrates the temporal
evolutions of the overall current with different anode materials (Ti,
Ta, W, and Pt). The currents in all cases increase exponentially with

increasing voltage, followed by an abrupt increase at different
forming voltages except for Pt. Based on our calculations, it is
found that electrodes with higher vacancy formation energy
require larger forming voltages for the CF formation, as shown in
Fig. 2a and Supplementary Fig. 1. The Ti electrode with the
smallest Eb is found to be able to form CF at the smallest forming
voltage Vf= 1.19 V. In contrast, the device with inert Pt electrode
doesn’t show the abrupt increase in current even after the applied
voltage reaches 5 V.
Figure 2b shows the 2D maps of the final V ::

o density and the
temperature distributions with different metal anodes. Figure 2c
compares the corresponding 1D profiles of NV ::

o
along the center of

CF (x= 0, z= 0–10 nm) and the width of the depletion gaps. These
results indicate that the interfacial properties significantly affect
the final morphology of the CF. When Eb is small (Ti/HfO2

interface), the V ::
o distribution is more homogeneous in the CF

region, with a very small V ::
o depletion gap near the anode. As Eb

increases, the width of the depletion gap increases, and NV ::
o
in the

CF becomes highly inhomogeneous as the shadows shown in Fig.
2c. It is also observed from Fig. 2b (A–C) that V ::

o migrate along the
radial (x) direction and broaden the CF width with increasing Eb.
The inhomogeneous morphology of CF is due to the enhanced
forming voltage (Vf) which further promotes the V ::

o migration
from the anode to the cathode region, resulting in a wider
depletion gap. On the other hand, the increasing electrical field
causes temperature increase at the gap region (Fig. 2b (E, F))
based on the Joule heating effect, which further facilitates the V ::

o
diffusion and eventually causes the lateral broadening of the CF.
Moreover, the CF is not able to form with the inert Pt electrode (Eb
= 8.5 eV) even when the applied voltage reaches 5 V, and the
corresponding temperature becomes extremely high. To create
CFs in HfO2 with Pt electrode, a much higher voltage is needed,
under which the V ::

o tend to generate from the interior of the oxide
rather than the interface controlled CF growth27.

Fig. 2 Effect of electrode properties on the CF growth. a Current evolution characteristics with different electrode materials under an
applied voltage sweep with rate dV/dt = 1 V s−1 and stop at Istop = 100 µA or Vapp = 5 V. b 2D maps of distributions of NV ::

o
and temperature T

at final state. c 1D profiles of NV ::
o
along the center of CF (x = 0, z = 0–10 nm) at the final state (the blue, red, and gray shades indicate the

position and width of the oxygen vacancy depletion gap).
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To further understand the dynamic during electroforming
process, in particularly the CF growth direction, we investigate
the interplay between the V ::

o generation at the anodic interface
and the V ::

o migration in the bulk of HfO2 with different metal
electrodes. Figure 3a and b illustrate the 1D temporal evolutions
of NV ::

o
along the center axis (x= 0, z= 0–10 nm) with active anode

Ti (Eb= 0.6 eV) and inert anode W (Eb= 5.5 eV), respectively. The
flux due to the V ::

o generation at the anodic interface (x= 0, z=
10 nm), and the flux due to V ::

o drift and diffusion near the anodic
interface (x= 0, z= 8.5 nm) under the applied voltage sweep are
compared in Fig. 3c, d, respectively. From Fig. 3a, it is seen that NV ::

o

near the anode quickly increases above Nc and reaches ~1027 m−3.
This is because the generation flux reaches above 10 Am−2 (blue
curve in Fig. 3c), which is much higher than the initial migration
flux (diffusion and drift). When the applied voltage increases from
0.1 to 0.7 V, V ::

o created near the anode (z= 10 nm) gradually
migrates to cathode. The filament consisting of relatively high NV ::

o

starts to grow from the anode toward the cathode (indicated by
the arrow in Fig. 3a). In this period, the V ::

o migration to cathode is
driven by the diffusion and drift flux, while the contribution of
diffusion is larger than drift due to a large concentration gradient
caused by the higher generation rate at the anodic interface.
When the voltage increases to ~1 V, V ::

o can easily be removed
from the anode and migrate to the cathode which results in an
increasing drift flux (green curve in Fig. 3c). Consequently, the NV ::

o

near the cathode eventually increases above Nc, and a V ::
o

depletion gap is created near the anode region (blue curve in
Fig. 3a). When Vapp further increases to 1.19 V, the NV ::

o
near

cathode continues to increase and reaches ~1027 m−3, the width
of the depletion gap decreases, and the location of this gap moves
towards the anode. The formation of the depletion gap induces a
negative V ::

o concentration gradient (from cathode to anode) and a
negative diffusion flux (as indicated by the orange dotted curve in
Fig. 3c), which partially offsets the positive drift flux (solid green
curve in Fig. 3c) and drives the V ::

o diffusion towards the anode to
reduce the width of the depletion gap. Our analyses demonstrate
that for active anode, the CF growth direction is from anode to

cathode and a relatively uniform CF is eventually formed, as the
arrow shown in Fig. 3a.
Figure 3b, d represents the CF growth dynamic under a

relatively inert electrode (W) with higher Eb= 5.5 eV. The initial V ::
o

is uniform in the oxide layer at Vapp= 0 V. When the applied
voltage increases, the V ::

o are depleted near the anode and pile up
near the cathode, which creates a wide depletion gap near the
anode, as shown in Fig. 3b. This is because the positive drift flux
(solid green curve in Fig. 3d) is much larger than the flux due to V ::

o
generation at the anodic interface (solid blue curve in Fig. 3d), and
the negative diffusion flux (dotted orange curve in Fig. 3d) only
partially offsets the drift flux. When the applied voltage further
increases, the V ::

o generation flux and NV ::
o
start to increase near the

anode and further migrate towards the cathode as the increasing
drift and diffusion flux both contribute to the migration flux from
anode to cathode. Consequently, a CF with a higher concentration
NV ::

o
> Nc first appears at the cathode side (3.0 V state in Fig. 3b)

and continues to grow towards the anode when voltage is above
3.0 V, as indicated by the arrow in Fig. 3b.

Effects of oxide properties on the CF growth behavior
Our simulation results indicate that the local electrical field and
temperature strongly affect the oxygen vacancy transport and
thus the CF growth. From Eqs. 5 and 7, the electrical and thermal
transports are highly dependent on the oxide properties, such as
the electrical (σ) and thermal conductivity (kth) of the host metal
oxides. Since σ and kth in the metal oxides are much smaller than
their corresponding metallic states, for simplicity, we assume that
σ and kth are the same for different pristine oxides (such as TiO2,
HfO2, etc.), and are linearly extrapolated to their values in the
corresponding metallic states as a function of increasing NV ::

o
.

Based on this assumption, we can easily represent the σ and kth
for different metal oxides by tunning the slopes of the linear
curve, i.e., K1 and K2 (see “Methods” for more details).
Figure 4 illustrates the effect of electrical conductivity on the CF

growth. Here, in order to study the effect of electrical conductivity

Fig. 3 The competition between generation rate and migration rate. a, b The evolution of distributions of NV ::
o
along the center of CF (x = 0,

z = 0–10 nm) with an active electrode Ti and an inner electrode W under a voltage sweep rate dV/dt = 1 V s−1. c, d. The generation flux at the
point in interface (x = 0, z = 10 nm), the drift and diffusion flux at the point near the anode (x = 0, z = 8.5 nm) with Ti and W electrodes,
respectively. Flux direction from anode to cathode is marked as solid line, while flux direction from cathode to anode is marked as dotted line.
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Fig. 4 Effect of electrical conductivity on the CF growth. a Current characteristic with different electrical conductivity (by K1) under a voltage
sweep rate dV/dt = 1 V s−1. b NV ::

o
distributions along the center of CF (x = 0, z = 0–10 nm) at final state. c Calculated 2D NV ::

o
map.

d, e Calculated 1D profiles of local electrical potential φ and temperature T along the center of CF (x = 0, z = 0–10 nm) at final state.
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Fig. 5 Effect of thermal conductivity on the CF growth. a Current characteristic with different thermal conductivity (by K2) under a voltage
sweep rate dV/dt = 1 V s−1. b NV ::

o
ditributions along the center of CF (x = 0, z = 0–10 nm) at final state. c Calculated 2D NV ::

o
map.

d, e Calculated 1D profiles of local electrical potential φ and temperature T along the center of CF (x = 0, z = 0–10 nm) at final state.
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on the CF growth, we assume the vacancy formation barrier is a
constant (Eb= 2.5 eV). The total current evolution with different
electrical conductivities (represented as K1= 0.5, 2.38, and 10.5) is
shown in Fig. 4a. While the initial current evolutions are almost the
same for different K1, the forming voltage (Vf), as indicated by a
sudden increase of total current, decreases monotonously with
the increasing electrical conductivity (K1). Figure 4c illustrates the
2D maps of the final V ::

o distribution with different electrical
conductivities, and the corresponding 1D NV ::

o
profiles along

vertical (x= 0, z= 0–10 nm) are shown in Fig. 4b. A larger V ::
o

depletion gap is observed under lower electrical conductivity
(K1= 0.5), which diminishes in size with increasing electrical
conductivity of the oxide. As K1 reaches 10.5, the NV ::

o
becomes

homogenous and the CF becomes uniform in morphology. The 1D
electrical potential and the local temperature distributions along
vertical direction (x= 0, z= 0–10 nm) at the final forming states
with different electrical conductivities are compared in Fig. 4d, e.
As shown in Fig. 4e, the heat generation by Joule heating effect is
reduced when σ is low (K1= 0.5) (black curve in Fig. 4e).
Consequently, the V ::

o generation rate becomes low under lower
temperature, and a larger Vf is needed to create a CF (Fig. 4a). The
higher applied voltage accelerates the V ::

o migration from anode to
cathode, resulting in a local segregation of V ::

o at the cathode. The
region of higher oxygen vacancy density exhibits lower resistance.
As a result, the electrical voltage remains constant from the
cathode towards the inside bulk. The resistance of the V ::

o
depletion gap is higher than that of the V ::

o segregation region,
so that a large voltage drop along the gap region is observed
(black curve in Fig. 4d). This results in a local enhancement of
electrical field (Supplementary Fig. 2), which further accelerates
the V ::

o migration and accumulation near the cathode, and
eventually induces a large depletion gap near z= 8 nm (Fig. 4b,
c). When σ increases (K1= 2.38), more heat is generated (red curve
in Fig. 4e) to prompt the V ::

o generation and reduce the forming
voltage of the CF. Compared with the case K1= 0.5, the smaller
local electric field enhancement (red curve in Fig. 4d and
Supplementary Fig. 2) reduces the driving force for V ::

o migration
towards cathode, resulting in a smaller depletion gap. When K1=
10.5, a large amount of heat is produced, and a higher local
temperature is seen near the anode due to a larger electrical
conductivity (blue curve in Fig. 4e). This leads to a larger V ::

o
generation flux and a reduction of forming voltage that reduce
the local enhancement of the electrical field (blue curve in Fig. 4d
and Supplementary Fig. 2) and slows down the V ::

o drift to cathode.
On the other hand, the temperature increase promotes the V ::

o
diffusion from the cathode region of high V ::

o concentration
towards the V ::

o depletion gap to reduce the concentration
gradient, and eventually offsets the V ::

o drift by the local electric
field. Consequently, the V ::

o depletion gap near the anode and the
V ::
o segregation near the cathode almost disappear (blue curve in

Fig. 4b), and the uniformity of the V ::
o concentration inside the CF

is significantly improved (snapshot C in Fig. 4c).
Figure 5 illustrates the effect of thermal conductivity kth (by the

slope K2) on the CF growth. Here, we apply the same boundary
conditions of electrical bias as the electrical conductivity case.
Figure 5a shows the temporal evolution of total current with
different kth (represented as K2= 0.1, 1.875, and 10.5). The lower
kth (K2= 0.1) results in a higher temperature (black curve in
Fig. 5e) which promotes the V ::

o generation at a reduced forming
voltage of 2.2 V (Fig. 5a). In this case, the induced V ::

o migrates to
the cathode and shows a slight segregation in cathode region,
because the drift flux from anode to cathode is suppressed due to
the decreasing local electrical field (black curve in Fig. 5d and
Supplementary Fig. 2). On the other hand, the diffusion flux from
cathode to anode is highly enhanced due to the high temperature
and partially cancels the drift flux. Consequently, a CF with more
uniform NV ::

o
distribution and a much smaller V ::

o depletion gap is
formed (snapshot A in Fig. 5c and black curve in Fig. 5b). As the kth

(K2) increases, the heat generated by Joule heating effect can be
easily dissipated and the local temperature decreases (red curve in
Fig. 5e), which inhibits the V ::

o generation and increases the CF
forming voltage up to 2.49 V (Fig. 5a). When kth further increases
(K2= 10.5), the induced V ::

o migration from anode to cathode
becomes much easier under a higher local electrical field (blue
curve in Fig. 5d and Supplementary Fig. 2). Thus, more V ::

o
accumulation near the cathode and a larger V ::

o depletion gap near
the anode is clearly seen (snapshot C in Fig. 5c and blue curve in
Fig. 5b).

DISCUSSION
Based on our simulations, it is revealed that the CF growth
behavior is determined by both the electrode properties (energy
barrier of metals to oxidize from oxide Eb) and the physical
properties of the oxides (the electrical and thermal conductivity). It
is found that employing active metal electrode accelerates the
formation of a CF and improves the homogeneity of the CF
concentration. That’s why active metals such as Ti and Ta with
small vacancy formation barrier (Eb) and large capability to extract
oxygen atoms from oxides are widely used as the electrode
materials42–44. Lee et al.42 reported a novel HfO2 based resistive
memory with TiN/Ti/HfO2/TiN stacking layers. Due to the high
activity of a Ti layer inserted between the HfO2 and electrode TiN,
large amount of oxygen can be exchanged between Ti and HfO2,
resulting in the formation of HfOx (x ~ 1.4) of high oxygen
deficiency. Yang et al.45 demonstrated that Ta metal electrode
could serve as a large reservoir of mobile oxygen vacancies in Pb/
TaOx/Ta system. In the case when the electrode is blocking for
oxygen exchange at the metal/oxide interface, additional oxygen
exchange layers (OEL) attached on the electrodes can also
potentially improve the V ::

o generation rate39,46. Our simulation
work manifests that controlling the electrode properties can be
used to design and optimize the properties of metal oxide-
based RRAMs.
On the other hand, our analyses show that the interplay

between the V ::
o generation rate at the anodic interface and the V ::

o
migration rate in the bulk strongly influences the CF growth
direction during the electroforming process. When the V ::

o
generation rate is much smaller than the V ::

o migration rate in
the bulk, a local conductive region is first formed near the cathode
where V ::

o are segregated due to the fast migration. Then the CF
continues to grow towards the anode region, when V ::

o diffuse
back from cathode to anode. When the V ::

o generation rate is
larger than and the V ::

o migration rate in the bulk, the generated
V ::
o at the anode site diffuse and drift gradually towards the

cathode, such that the CF propagates from the anode towards the
cathode. Specifically, the filament growth in different directions
has been observed and our simulation results are consistent with
experimental results15.
Finally, it is revealed that the increase of electrical conductivity

in oxide can generate more heat by Joule heating effect, and can
thus enhance the V ::

o generation rate and decrease the forming
voltage of the CF. Meanwhile, the increase of thermal conductivity
promotes the heat dissipation and reduces the V ::

o generation rate,
resulting in a higher forming voltage. Higher forming voltage
further promotes V ::

o generation at the anodic interface and
accelerates the V ::

o drift to the cathode, creating a large V ::
o

depletion gap. Based on these studies, we can conclude that
choosing metal oxides with high electrical conductivity and lower
thermal conductivity helps to improve the uniformity of the CF
with homogeneous V ::

o concentration and reduce the electroform-
ing voltage. Based on the Wiedemann–Franz law, for nearly-free
electron metals, the ratio of the electronic contribution of the
thermal conductivity (kth) to the electrical conductivity (σ) is
proportional to the temperature (T), i.e., kth

σ � LT , where L is the
Lorenz number. Theoretically, L should be the same for different
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pure metals at identical temperatures. However, for binary
transition metal oxides that have strong electron–electron
correlations, L could be lowered by several orders of magnitude
due to a very low electronic thermal conductivity47,48. Therefore,
our study provides a guidance for future materials selection of
metal oxide-based RRAM, i.e., to choose metal oxides with a
relatively lower Lorenz number at the same temperature to
achieve uniform CF during the electroforming process.
In summary, a physical model is developed to quantitatively

understand the main physical mechanisms and kinetic factors that
control the electroforming process. It is found that the conductive
filament (CF) growth and final morphology are influenced by the
electrode properties. By choosing active electrodes with low
vacancy formation barrier Eb, a highly uniform CF can be formed
at a much lower forming voltage. It is further revealed that the
competition between the oxygen generation rate at the anode
and the oxygen vacancy migration rate through the oxide layer
controls the CF growth direction. When V ::

o generation rate is
higher than the migration rate, such as with anode that has a low
impedance for oxygen exchange, the conductive filament is
initially formed in the anode region and continues to grow
towards the cathode. Otherwise, the CF is first formed in the
cathode region and grows in the opposite direction. Finally, the
effects of materials properties of the oxide, i.e., the electric and
thermal conductivity in different metal oxides-based RRAM are
investigated. For metal oxides-based RRAM with higher electric
conductivity and lower thermal conductivity, homogenous CF
morphology is generated. Our work provides a comprehensive
understanding of the effects of both electrode properties and
internal materials properties on the CF formation and could
further guide the materials selection and the electrode treatment
to achieve a homogenous and uniform CF at reduced forming
voltages.

METHODS
During the electroforming process, a CF is formed and eventually connects
one electrode to the other. In most metal oxides-based RRAM devices, this
process is controlled by the generation of V ::

o at the anode/oxide
interface15,27,33,43,49 and the migration of V ::

o in the oxide layer, which is
driven by the electrical field and Joule heating effect. Therefore, in our
model, the oxygen vacancy density (NV ::

o
) is selected as the field variable

and the total free energy of the system (ftotal) will be calculated as a
function of NV ::

o
. Here we only consider the chemical and electrical energy

contributions to the total free energy, and use an ideal solution model to
describe the chemical energy of the system, i.e.,

ftotal ¼ fchem þ felectric

¼� kBT No ln
No

No�NV::o
þ NV ::

o
ln

No�NV::o
NV::o

h i
þ 2eNV ::

o
φ� 1

2 ε0εrð∇φÞ2
h i (1)

where kB is the Boltzmann constant, T is the temperature, No;NV ::
o
are the

total number of lattice sites of oxygen atoms and the number of oxygen
vacancies, e is the elementary charge, φ is the electrical potential, ε0 and εr
are the vacuum permittivity and relative permittivity, respectively. The
chemical potential of the system (μV ::

o
) can be calculated by taking the

variational derivative of ftotal over NV ::
o
, i.e.,

μV ::
o
¼ δftotal

δNV ::
o

¼ kBT ln
NV ::

o

No � NV ::
o

þ 2eφ (2)

And the flux of the oxygen vacancy migration (JV ::
o
) is defined to be

linearly proportional to the chemical potential gradient (∇μV ::
o
):

JV ::
o
¼� D

kBT
NV ::

o
∇μV ::

o
(3)

where D is the diffusivity of V ::
o , which is assumed to be temperature-

dependent through the Arrhenius relation D ¼ D0e
� Ea

kBT . Here D0 is the pre-
exponential factor of diffusivity and Ea is the diffusion energy barrier. In this
work, we use D0= 2 × 10−3 cm2 s−1 and Ea= 1 eV based on literature50.
The migration of positively charged V ::

o can thus be described by the
Nernst–Planck equation,

∂NV ::
o

∂t
¼ �∇ � JV ::

o
¼ ∇ � D∇NV ::

o
þ eD
kBT

NV ::
o
∇φ

� �
(4)

We simulate the resistance change based on an ohmic current model for
electronic conduction, with a local inhomogeneous electrical conductivity
determined by the oxygen vacancy concentration. Since electrons are of
much higher mobility than oxygen vacancies, they are thus assumed to be
always able to compensate the excessive charges induced by the oxygen
vacancies along the CF. Due to the fact that the external oxygen vacancy
transport time scale is much longer than the electron relaxation time (see
detailed calculations in Supplementary Note), the quasi-steady current
continuity equation (∇ � J ¼ 0) is used to calculate the electrical potential.
The current density (J ¼ σE) calculated by Ohm’s law depends on the local
electrical conductivity (σ) and the local electrical field (E ¼ �∇φ). Thus, the

Fig. 6 Model geometry and Simulation parameters. a Model size and geometry. Voltage is applied at the top electrode (anode) and the
bottom electrode (cathode) is grounded. Oxygen exchange is assumed to take place at the interface between anode and oxide in a confined
region (x = 0–5, z = 10 nm). b Electrical conductivity preexponential factor σ0, activation energy for conduction EAC, thermal conductivity kth as
a function of local oxygen vacancy density NV ::

o

38,56.
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current continuity equation can be rewritten as,

∇ � σ∇φ ¼ 0 (5)

And the total current is calculated by a cross-section integral

I ¼
Z

σ∇φds (6)

Finally, the Fourier heat-flow equation is solved to calculate the local
temperature profile. The transient contribution (ρCp � ∂T∂t ) to the Fourier
equation can be safely ignored50 due to a faster thermal response of
approximately ~10 ps, which means that the time when the electrons and
lattice reach thermal equilibrium are much shorter than the time scale of
oxygen vacancy transport (see detailed calculations in Supplementary
Note).

�∇ � kth∇T ¼ σ ∇φj j2 (7)

where σ and kth are the electrical and thermal conductivity, respectively.
Generally, the V ::

o can be created either from a Frenkel pair inside the
bulk oxide, or at the active anode/oxide interface where the oxygen atoms
are extracted from the oxide through the following chemical reaction24:

Melectrode þ HfO2 ! MOδ þ HfO2�δ þ δV::o þ 2δe

In most metal-oxide-metal systems, the vacancy formation energy at
active-anode/HfO2 interface24,28,49 is much lower than the formation
energy of a Frenkel pair in the bulk oxide27,28,51,52. Therefore, the
electroforming process is mainly controlled by the generation of V ::

o at
the active-anode/oxide interface, which have been reported in many metal
oxide-based RRAMs15,43,44,53. In light of this, we ignore the bulk generation
of V ::

o and assume that the V ::
o generation only occurs at the active anode/

oxide interface. This enables us to focus on investigating the electrode
properties on the CF growth behavior. The V ::

o generation rate at the
anodic interface Ginter is determined by

Ginter ¼ G1 � exp
� Eb � eβEð Þ

kBT

� �� �
(8)

where G1 is pre-exponential factor for interface generation rate, Eb is the
vacancy formation barrier, e is the elementary charge, β is the field
enhancement factor, E is the local electrical field, kB is the Boltzmann’s
constant, and T is the local temperature. The term eβE describes the energy
barrier lowering due to the applied field. According to Eq. 8, the interface
vacancy formation energy (Eb) determines the rate of oxygen atom
extraction from the oxide (i.e., the interface V ::

o generation rate), which is a
characteristic variable for different electrode materials24. Therefore, we
select both chemically active metals (Ti and Ta) and inert metals (W and Pt)
as anodes with different values of Eb to understand the effect of anode
materials on the CF growth behavior during the electroforming process. It
is found that the CF is preferentially created from high-aspect-ratio
asperities due to the local electrical field enhancement27, or from a seed
like the pre-existing fabricated defects at the interface with lower vacancy
formation barrier54 rather than the entire electrode. For simplicity, we
assume that the oxygen exchange only takes place at the interface
between the anode and oxide in a confined region (x = 0–5, z = 10 nm)
without consideration of the effect of the electrode roughness or the pre-
existing interface defects. This allows us to focus only on the electrode
properties, i.e., the vacancy formation barrier Eb, as shown in Fig. 6a.
Equation 8 is employed as the boundary condition for the V ::

o evolution (Eq.
4) at the anode/oxide interface where a positive external voltage is applied
at the anode, as indicated in Fig. 6a. The grounded cathode is 50 nm Pt
films for all cases and is assumed to be chemically inert, so that there is no
oxygen exchange flux at the oxide/cathode interface.
For metal oxide-based RRAM, the CF is assumed to be in metallic phase

consisting of high oxygen vacancy density. Therefore, the electroforming
process can be considered a self-doping process, in which each oxygen
vacancy acts as a donor that introduces two extra electrons. Thus, the local
electrical conductivity of the oxide is strongly dependent on the oxygen
vacancy density NV ::

o
. The electrical conductivity is described by the

Arrhenius equation55–57, σ ¼ σ0e
�EAC

kBT , where σ0 is a pre-exponential factor
and EAC is the activation energy for conduction. Thus, both EAC and σ0
should depend on NV ::

o
.

As shown in Fig. 6b, here we assume that σ0 is linearly proportional to
NV ::

o
with a slope of K1 = 2.38 for HfO2−x. This assumption is based on the

previous experimental38 and theoretical results56. In most metal oxide-
based RRAM, the oxygen vacancies act as n-type donors18,58,59, leading to a
shift in the position of Fermi level. The region of lower oxygen vacancy

density (NV ::
o
< 0.2 × 1027 m−3) shows semiconductor-like behavior, where

EAC is assumed to linearly increase from 0.0 to 0.05 eV with decreasing
oxygen vacancies56. EAC = 0.05 eV is consistent with the activation energy
in reset state HfOx

56. For a high oxygen vacancy density (NV ::
o
> 0.2 × 1027

m−3), the activation energy EAC is chosen to be 0.0 eV, which means that
the Fermi level is pinned in the conduction band, corresponding to the
metallic CF nature18. On the other hand, a linear relationship between kth
and NV ::

o
with a slope of K2 = 1.875 for HfO2−x materials is assumed due to

the Joule heating effect, which is related to the ratio of electrical and
thermal conductivity based on the Wiedemann–Franz Law55,56, as shown
in Fig. 6b. The minimum kth = 0.5 Wm−1K−1 for NV ::

o
= 0 is selected that

corresponds to the thermal conductivity of the insulating HfO2 material60.
The maximum kth value at high NV ::

o
corresponds to the metallic CF, which

is equal to the thermal conductivity of metal hafnium (23Wm−1K−1)61.
Based on the assumptions that σ and kth are linearly proportional to the
oxygen vacancy density NV ::

o
, the electrical/thermal conductivity of different

metal oxides can simply be represented by tuning the magnitudes of K1
and K2. This enables us to easily investigate the effects of the electrical and
thermal conductivity of different metal oxides on the CF growth behavior.
The simulation involves the self-consistent solutions of the

Nernst–Planck equation (Eq. 4) for V ::
o migration with a flux boundary

condition defined by Eq. 8 at anode/oxide interface, the current continuity
equation (Eq. 5) for electronic conduction, and the thermal transport
equation (Eq. 7) for Joule heating. These equations are solved using finite
element method based on the platform of COMSOL Multiphysics. The
model reduces the 3D problem to 2D axisymmetric representation with a
radial coordinate x and axial coordinate z, as illustrated in Fig. 6a. The total
simulation size is 20 × 80 nm2 and the mesh size is selected as 0.5 nm. The
time step Δt in numerical simulation is chosen to be 0.01 s, allowing
sufficient time for the oxygen vacancy transport to reach equilibrium at
each time step, and ensures that the simulation results are independent of
Δt. The metal oxide layer is connected with a top electrode (x = 0–20, z =
10–30 nm) where an external voltage is applied, and a bottom electrode
(x = 0–20, z = −50–0 nm) which is grounded. The temperature at the
surfaces of the two electrodes are fixed at 300 K.
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