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Abstract

The extreme device-to-device variation of switching performance is one of the major
obstacles preventing the applications of metal oxide-based memristors in large-scale
memory storage and resistive neural networks. Recent experimental works have reported
that embedding metal nano-islands (NIs) in metal oxide can effectively improve the
uniformity of the memristors, but the underlying role of the NIs is not fully understood.
Here, to address this specific problem, we develop a physical model to understand the

origin of the variability and how the embedded NIs can improve the performances and

uniformity of memristors. We find that due to dimension confinement effect, embedding
metal NIs can modulate the electric field distribution and lead to a more deterministic
formation of the conductive filament (CF) from their vicinity, in contrast to random growth
of CFs without embedded NIs. This deterministic CF formation, via vacancy nucleation,
further reduces the forming, reset, and set voltages, and enhances the uniformity of the
operation voltages and current ON/OFF ratios. We further demonstrate that modifying the
shapes of the metal NIs can modulate the field strengths/distributions around the NIs, and
that choosing NI metal composition and shape that chemically facilitate vacancy
formations can further optimize the CF morphology, reduce operation voltages, and
improve switching performance. Our work thus provides a fundamental understanding of
how embedded metal NIs improve the resistive switching performance in oxide-based
memristors and could potentially guide the selection of embedded NIs to realize a more
uniform memristor that also operates at higher efficiency than present materials.

Keywords: embedded structure, resistive switching, conductive filament, uniformity,

phase-field simulation



1. Introduction

Metal oxide based resistive random-access memory (RRAM) exhibits a number of
appealing advantages including fast switching speed !, low power consumption 2, good
endurance of approximately 10'% cycles *, high scalability ¢, and good compatibility with
traditional complementary metal-oxide-semiconductor (CMOS) technology >, which is
considered as one of the most competitive candidates for next generation nonvolatile
memory °. Especially, the RRAM cell can be integrated into a passive crossbar array to
build a resistive neural network and implement neuromorphic computing ’. A typical
RRAM consists of an electrically insulating metal oxide layer, sandwiched by top and
bottom electrodes. In general, the fabricated RRAM device is in the insulating state and
requires an initial electroforming operation to form oxygen vacancy (V') rich conductive
filaments (CFs) in the oxide layer. The switching between a high resistance state (HRS)
and a low resistance state (LRS) stems from the rupture and reconnection of CFs, which
corresponds to the reset and set operations under the applied voltages . However, due to
the difficulty in fabricating high-quality thin film layer, the synthesized metal oxide devices
always suffer from stochasticity in operation voltages, current ON/OFF ratios, and
switching speed etc. among different devices, or in the same device among different

°. which is one of the critical challenges limiting the widespread

switching cycles
application in next generation memory and neuromorphic computing applications. These
stochasticity mainly stems from two major reasons: (a) the complex nature of
electrode/oxide interface '°, and (b) the variable chemical properties of the complicated
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microstructure of metal oxide layer !!. These stochastic properties influence both the

electroforming process and the subsequent resistive switching behavior. Extensive



experimental studies have been made to understand the stochasticity in RRAMs. For

example, Nandi et al. '

investigated the effect of roughness of electrodes on the
electroforming in HfO> memristor. They found that the roughness increases the variability
of CF position and composition. On the other hand, disorder structures such as grain
boundaries, defect clusters show various properties which strongly affect the CF growth
during electroforming !'® 2. Consequently, the large device-to-device and cycle-to-cycle
variations of the RRAMs induced by uncertainty, instability, and non-uniformity of CFs
has become the most critical challenge that inhibits the applications of RRAM in large

scale memory storage and neuromorphic computing '

. Therefore, to improve the
uniformity and stability of the RRAM devices, effectively controlling the CF formation

and rupture is of key importance.

To date, a variety of strategies have been proposed to control the CFs, including the
electrode modifications ' and the switching layer optimizations '“® ® !5 It has been
reported that fabricating an electrode with pyramid tips rather than a flattened electrode
with random roughness could lower the operation voltages and improve the uniformity of
RRAM devices '°. On the other hand, in the switching layer optimization, doping
nanoparticles in the metal oxide switching layer have been reported to effectively improve
the performance of RRAM devices 15 ¢, Lee et al. ! reported that the current ON/OFF
ratio and uniformity were enhanced by dispersing Pt nanoparticles into TiO> thin film
memristor. Although doping nanoparticles can improve the performance of the RRAM
devices to a certain extent, the variable size and random distribution of nanoparticles inside
the switching layer inhibit further improvement in the uniformity of RRAM devices.

Recently, some researchers have proposed that embedding ordered metal nano-islands (NIs)



within the metal oxide switching layer could be an effective way to overcome the limitation
of random nanoparticle doping method. Wang et al. '® employed a template-assisted
fabrication approach to embed the ordered metal Nls into the metal oxide thin film, in
which the size, interspacing, and thickness of the NIs can be well controlled. The embedded
structure can reduce the operation voltages and improve the uniformity of resistance values
at HRS and LRS compared to the pristine oxide layer. However, the underlying mechanism
of the improvement of the device performance by the embedded structure, and the effects

of the composition and geometry of NIs have not been fully understood.

In this study, we develop a comprehensive physical model to study the
electroforming and resistive switching behaviors for NIs-embedded HfO> based memristor.
The current-voltage characteristic, CF morphology, and current ON/OFF ratio of both
random and embedded RRAM devices during electroforming and resistive switching
processes are systematically explored. Our model clearly reveals that the initial nonuniform
V5 defect distribution is responsible for the stochasticity of CFs formation during the
electroforming process, which leads to large variations in operation voltages and current
ON/OFF ratios. This nonuniformity can be significantly reduced by the embedded metal
NIs due to its confinement effect, i.e., the local field enhancement and promotion of local
oxygen vacancy formation. In addition, our model also demonstrates that the height, shape,
and composition of metal NIs profoundly influence the resistive switching behavior,
implying a materials selection and design strategy of the metal NIs for further improvement

of the RRAM uniformity and performance.



2. Experimental

Phase Field Model

In this work, we develop a phase field model to quantitatively describe the
electroforming and resistive switching behavior by using HfO,., as a prototypical model
system. During the electroforming process, the V5 are generated and eventually form the
CFs that connect the top and bottom electrodes. After electroforming process, the
subsequent reset and set processes are controlled by the V; transport in the oxide layer
driven by the local electric field and temperature '°. Due to the key role of V; in these

processes, we choose oxygen vacancy density (Ny;) as the order parameter in the phase-

field model. The total free energy of the system consists of a electric free energy (ferec)
and a chemical energy (fcnem), the latter of which is determined by the thermodynamic
equilibrium between oxygen vacancies and oxygen sites by considering the contribution of
enthalpy in a dilute solution model 2°. Based on this, we describe the transport of V; with

a Nernst-Planck equation for charge flux,

aNV-é
at

=V fy+G=V- (DVNVC.,. + ;‘;%;Nvdv(p) +G (1)

where D is the diffusivity of V5 which is described as D = Doe_i_?. Here Dy is the pre-
exponential factor of diffusivity, and Ex is the activation energy for V; migration, kg is the
Boltzmann constant, 7 is the temperature, ey is the elementary charge, ¢ is the electrical
potential, g and &; are the vacuum permittivity and relative permittivity, respectively. G is
the generation term during electroforming and set processes. In general, there are two main

sources of V5 generation. First, the V5 are likely to be created from the Frenkel pair inside



the bulk of the oxide layer when the electrodes are inert metals or compounds, such as TiN

and Pt 2!, The formation reaction is expressed in the Krdger-Vink notation as follows,
;o1

Second, the V5 can be induced at the active metal/oxide interface by extracting the oxygen
atoms from oxide based on the following chemical reaction, which is usually observed in
systems using an active metal with high oxygen affinity as the anode electrode, such as Ti,

Ta, Hf 2.
M,ctive + HFO, = MOg + HfO,_g5 + 8V; + 28e’ (3)

where OF denotes the lattice oxygen, Macive stands for the active metal. The bulk

generation rate of V at the interior of the oxide is determined by %,

Gpuk = Gy [exp (%)] 4)

The interface generation rate has a similar form 4,

Ginter = G2 ° [exp (%)] (5)

where G| and G are the pre-exponential factors for bulk and interface generation rates,
respectively, y is the bond polarization factor, £ is the local electrical field. The bulk
vacancy formation barrier Er represents the capacity of the Frenkel pair generation inside
the oxide. The interface vacancy formation barrier Ey indicates the ability of a metal to
extract oxygen atoms from the HfO., which is determined by the properties of metal

materials. For simplicity, we ignore the V5 generation at the electrode/oxide interface



assuming that Pt electrodes are inert. The detailed procedure for the derivation of Eq. (1)

from free energy density can be found in Supporting Information Note 1.

The current continuity equation and Fourier heat-flow equation have been solved

to determine the local electric potential and temperature,
V-aVp =0 (6)
=V key VT = a|Ve|? (7)

where o and & are the electrical and thermal conductivity. The total current (1) is

calculated by a cross-section integral,

I=[oVepds ®)

Therefore, we solve three self-consistent partial differential equations (PDEs)
including 1) the time-dependent Nernst-Planck equation for V; formation and migration,
2) the current continuity equation for electronic conduction, and 3) the Fourier equation
for Joule heating using a numerical solver (COMSOL Multiphysics) to calculate the
oxygen vacancy density (Ny; ), electrical potential (¢), and temperature (T), respectively.
Furthermore, with this model we can precisely capture the current-voltage characteristics
during the electroforming and resistive switching processing in HfO»-based memristors
under voltage sweep pulse operation mode. The simulation geometry with radial
coordinate » and axial coordinate z, as shown in Figure S1a. The total simulation size is
60x60 nm? and the extremely fine physical controlled mesh size is chosen for simulation.

The 10-nm-thick HfO; film is sandwiched between two 25-nm-thick Pt electrodes. The



external electric voltage (Vapp) 1s applied to the top electrode, while the bottom electrode
is grounded. The temperature at the outmost surfaces of two electrodes is defined with
the boundary conditions 7'= 300 K. Zero migration flux Jy, and generation flux G are
assumed at the oxide/electrode interfaces. The detailed equations can be found in

Supporting Information Note 1 and the input parameters used in the model are listed in

Table S1.



3. Results and discussions
3.1 Resistive switching behaviors for random and embedded RRAMs

To understand the influence of metal NIs on the performance of the device, we
simulate the electroforming and switching behaviors in HfO> memristors with both random
structure and embedded structure. We assume that a small number of Vj; clusters are
randomly dispersed in the HfO, layer, which is designated as the initial random structure.

The local density of the pre-existing V; in the defect cluster region is assumed to be

1.2x10%" m™, whereas the stoichiometric HfO» region has a lower density of 1.0x 10" m?3,

The embedded structure is designated by embedding Pt NIs (d = 6 nm, 2 =3 nm) into the
HfO; thin film with the same initial V5 distribution, as shown in Figure 1b. Then, a negative
electric voltage is applied to the top electrode (TE) to perform the electroforming operation
and stopped when the current (/sop) reaches 200 pA. After that, a triangular voltage sweep

with rate dV/dt = 1 V/s is applied to realize the resistive switching process.

Figure lc shows the calculated current-voltage characteristics of HfO» RRAMs
based on the phase field model. During the electroforming process, the total currents of
both random and embedded structures gradually increase until the applied voltage reaches
the forming voltage (V7), followed by a sudden increase of current for more than one order
of magnitude, indicating the completion of the electroforming process. After that, the
devices are switched from LRS to HRS under the application of a positive bias on TE (the
reset process) and switched back to LRS under negative bias (the set process). It is noted
that the embedded metal NIs effectively reduces the Vrfrom 1.82 V to 1.53 V and Vet from

1.22 V t0 0.90 V, and slightly lower the Vieset from 0.81 V to 0.67 V.
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The different switching behaviors between the random and embedded structures
are likely due to the nature of CF formed during the electroforming process. Therefore, we
study the distributions of oxygen vacancy density Ny, electrical field E, and temperature
T for both random and embedded devices at the forming state (points A and B marked in
Figure 1¢). When a negative voltage is applied on the random device, the electric field
distribution becomes inhomogeneous (snapshot 3 in Figure 1a). It is seen that the electric
field above and below the initial oxygen vacancy cluster is enhanced, while the electric
field inside the oxygen vacancy clusters is much smaller than that in the vicinity of clusters.
This is because the defect cluster has higher electric conductivity than the stoichiometric
HfO> region. Especially, the electric field is even larger in the local region with closely
spaced V; defects. The electric field enhancement further leads to the localized heat
generation based on Joule heating (snapshot 4 in Figure 1a). Higher local electric field and
temperature promote the V5 generation rate, resulting in many Frenkel pairs formation here.
Thus, while multiple initial V; clusters are distributed in the HfO; layer, a main CF growth
is formed at the position where the initial oxygen vacancies are vertically concentrated
(snapshot 2 in Figure 1a). After embedding the Pt NIs with higher electric conductivity
(1 x 107 S m™") into the HfO> layer with random oxygen vacancies, a higher electrical field
concentration at the top and bottom edges of metal Nls is generated (snapshot 3 in Figure
1b). It is interesting to note that CFs form in specific regions pre-determined by the NI
position. Additionally, it is also demonstrated that the V; density is enhanced almost six
orders of magnitude higher than the initial state after the electroforming process. However,
in comparison to the embedded device, the oxygen vacancy distribution inside the CF in

the random device is inhomogeneous, as shown in Figure S2. The temperature in the
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vicinity of the metal NIs is also enhanced (snapshot 4 in Figure 1b). Therefore, the CFs are
only formed and aligned in the vicinity of the embedded Pt NIs, due to higher local electric
field and temperature than the surrounding area (snapshot 2 in Figure 1b). We further
compare the 1D profiles of electrical field and temperature along z direction across the
center of NIs and the closely spaced V; defects cluster in the embedded device (Line 1,2
in snapshot 3 in Figure 1b). It is seen that the electric field and temperature near the metal
NIs are even larger than those around the initial V; defect clusters, which favors the Vj
generation in these regions. Eventually, the CFs with uniform morphology preferentially
grow along the metal NIs instead of along the initial V5 clusters. In addition, due to the
enhanced electric field by embedding the Pt NIs within the oxide layer, the CF can be
formed at a lower voltage, leading to a reduced temperature (~600K) near the CFs in
comparison to the random structure (~1200K) (snapshots 4 in Figure 1a and b). Since the
high operation voltages and the temperature can cause undesirable crosstalk effects in the
memristor crossbar, the reduction in the operation voltages and the temperature with

inclusion of NIs benefits the application of memristor based electronic devices 2°.
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Figure 1 (a, b) The initial structure, 2D maps of oxygen vacancy density (Ny;), electric field (£), and

temperature (7) at forming state for the HfO, thin film memristors with (a) random structure and (b)
embedded structure. (c) Current-voltage curves. (d, e) 1D profiles of (d) £ and (e) 7 across the center of
defect cluster (Line 1) and embedded NI (Line 2) marked as the dot lines in snapshot 3 in (b) at the forming
state for the embedded structure.

After the electroforming process, a positive triangle voltage is applied on the TE to
perform the reset process. Under the applied voltage, the V5 in the CF migrate from the TE
to BE and the CF ruptures near TE for both random and embedded structures, as shown in
Figure 2a and b. The 1D electric field and local temperature distributions along the center
of the CFs at the final reset states (Vapp = 1 V) in both random structure (Line 1 in Figure
2a) and embedded structure (Line 2 in Figure 2b) are shown in Figure 2¢ and d. Compared
with the random case, we observe a local electric field enhancement in the embedded
device, which thereby increases the driving force for V; migration towards BE, lowering
the reset voltage and increasing the current ON/OFF ratio. Details can be found in Table
S2. After reset switching, the CF is broken above the Nls, while some residual oxygen-rich

regions remain. Therefore, the subsequent set process requires a lower voltage than the

13



initial electroforming process (Figure 1c). Also, the embedded NI serves as an electric
concentrator and facilitates the V; generation similar to the electroforming process, in

which the Ve for embedded structure is smaller than that for random structure (Figure 1c¢).
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Figure 2 (a, b) 2D maps of oxygen vacancy density Ny, electric field (E) and temperature (7) at reset state
(Vapp=1 V) in the (a) random structure and (b) embedded structure. (¢, d) 1D profiles of (c) £ and (d) T at

reset state across the center of CF in the random structure and embedded structure marked as the dot lines in
(a) and (b).

3.2 The improvement of the uniformity of embedded RRAMs

Our simulation results indicate that the initial oxygen vacancy density and
distribution strongly affect the CF growth, however, the initial defect within the deposited
HfO, thin film is unpredictable and uncontrollable due to the limitations of the synthesis

process. To understand the effects of the embedded NIs on confining the CF formation, we
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simulate the forming and switching behavior of both random and embedded devices. For
simplicity, we only simulate three different random devices which contain different initial
distributions of the V; clusters while keeping the total number of V; constant in the HfO,
film (snapshots Init rm 1-3 in Figure 3a-c). The corresponding embedded devices are
obtained by embedding Pt NIs into each random device (snapshots Init emb 1-3 in Figure
3a-c). After the electroforming process, we find that the CFs are formed in different
morphologies and at various positions. In some cases, a secondary sub-filament connected
to TE and BE electrodes is formed within the HfO, layer (snapshot rm2 in Figure 3b). The
complexity of the morphologies and locations of the CFs due to the initial random
microstructure could well explain the instability and variability in RRAMs for both
forming, reset, and set processes. In contrast to the stochastic formation of CFs in random
devices, the CFs generated in the embedded devices show much better uniformity. As
snapshot embl-3 shown in Figure 3a-c, three separately ordered CFs with uniform
morphology and specific locations are formed in the vicinity of metal NIs, regardless of
the initial random structure of Vj clusters. In addition, embedding NIs also significantly
reduces the device-to-device variability. As shown in Figure 3d, various operation voltages
are found in different random HfO; devices. Especially, the forming/set voltages often
experience higher variability than the reset voltages, which are usually observed in many
experimental works ** °°_ In contrast, for the three embedded devices, the I-V curves and
the operation voltages are almost identical (Figure 3e). Figure 3f compares the variations
of operation voltages and the corresponding current ON/OFF ratios for both random and
embedded devices. From Figure 3f and Table S2, two distinct trends are observed. First,

the embedded metal NIs can reduce the Vi, Vieset, Vset by 16%, 17%, and 28% on average,
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and enhance the /on/Iofr by an average of 30.8%, compared to the random structure. Second,
the introduction of NIs effectively reduces the variations in operation voltages and lon//oft,
as the red dots shown in Figure 3f. To quantify these changes, we introduce a coefficient
of variation (CV, defined as the ratio of the standard deviation (6) to the mean value (u)),
and the detailed statistical data is shown in Table S2 in the SI. The embedded devices show
a significant uniformity in comparison with random structures, in which the CV of V¢, Vieset,
and Vet are reduced by 97%, 63%, and 80%, respectively. Moreover, the embedded NIs
significantly reduce the CV of Ion/lofr from 17.8% for random devices to 3.8%. The large

device-to-device variation in device characteristics can significantly impact the accuracy and
efficiency of machine learning applications by using a resistive switching based neural network?®.
In particular, voltage variation in resistive switching devices is fatal to programming accuracy, and

it should be well controlled *. Our findings highlight that embedding metal NIs inside the stochastic
HfO, thin film can achieve highly controllable CF formation, and especially enhance the

uniformity of both operation voltages and current ON/OfT ratio in metal oxide-based RRAM:s.
These embedded devices with high uniformity show great potential in the application of artificial

neural networks 3223,
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Figure 3 (a-c) Three different initial random structure (Init_rm 1-3) and the embedded structure (Init_emb 1-
3) and the corresponding 2D maps of Ny at forming state. (d, €) Current-voltage curves for (d) the random

structures (rm 1-3) and (e) embedded structures (emb 1-3). (f) The variations of the voltage and current
ONV/OFF ratio (Ion/Iofr) for the random and embedded structures.

3.3 Effect of the height, geometry, and materials properties of the metal NIs

According to the previous results, the Nls act as the electric field concentrator and
play an important role in the formation and rupture of CFs. Here, we further investigate the
effect of the height, geometry, and material properties of the metal NIs on the CF growth
and the switching behaviors. For simplicity, we ignore the initial pre-existing V5 defects
within the HfO; layer and introduce only one embedded NI. Figure 4a and b illustrate the
effect of NI’s height on the CF morphology and /-V characteristics. It is found that Vs, Vieset,
and Vet all decrease when 4 increases. That is because the effective thickness of HfO; along
the vertical region of the NI decreases accordingly as /4 increases. Therefore, the local
electric field above and below the NI is further enhanced. As shown in Figure 4c, the
maximum electric field has doubled when / increases from 1 nm to 5 nm under the same
applied voltage (Vapp = -1 V) during the electroforming process (point A in Figure 4b). The
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enhancement of local electric field promotes the V; generation in the vicinity of NI which
eventually decreases the forming and set voltages. During the reset process, the maximum
local electric field and temperature near TE gradually increase when the height of NI
increases, which promotes the V; migration from TE to BE (see Figure S3b and ¢ in SI).
Therefore, embedding NI with increasing height in the HfO, switching layer leads to an
effective reduction in reset voltages and a significant increase in the lon/lofr ratio, as shown

in Figure 4a and Table S3.

We also investigate the effect of the NI’s geometry on the switching performance
by changing the shapes of NIs (rectangle, semicircle, and triangle, Figure 4d), while
keeping both the area size and height of NIs to be constant. As shown in Figure 4e and
Table S3, different geometry of Nls has almost no effect on the forming and set voltages,
although the triangle NIs can reduce the reset voltage and enhance the Ion/lofr ratio
compared to others, due to its sharp corners that naturally host higher electric fields. Fig.
4f compares the electric field distributions along the center of CF for different geometry of
NIs during electroforming (Vapp = -0.5V). It is found that the electric field enhancement
above and below the NI are symmetric for rectangle NI, while it is highly asymmetric for
triangle NIs with a local field concentration on top of the triangle tip. This locally enhanced
field accelerates the V; generation and causes a local V; enhancement at the tip of the
triangle NI compared with semicircle and rectangle NIs (Figure 4g). The formed CF with
higher V; density at the tip of the triangle NI exhibits a higher electric conductivity. Thus,
the locally enhanced electric field and temperature above the triangle NI tip are higher than

those in other NI geometries during the reset operation (Figure S4b and c), which promotes
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the V; migration from TE to BE. Therefore, the corresponding Vreset 1s decreased and the

Lon/Iofr ratio is enhanced by embedding triangle NI (Figure 4e and Table S3).

Finally, we investigate the effect of material types of embedded metallic NIs on the
resistive switching behavior. In the previous simulation, we ignored the V; exchange at the
electrode/oxide and oxide/NI interfaces (i.e., Pt/HfO; interfaces) due to the low oxygen
affinity of the inert Pt, and we assume that the V; are generated only from the Frenkel pairs
inside the bulk of HfO; oxide (Eq. (2)). However, many recent works demonstrate that
some active metals can also extract the oxygen atom from the oxide switching layer '% 22,
which provides an additional V; generation source (Eq. (3)). The V; generation rate at the
interface of metal/oxide is strongly dependent on the metal properties, i.e., the ability to
extract oxygen atoms from HfO> indicated by the interface vacancy formation energy Eb.
To fully understand the role of different metal NIs in the electroforming and switching
processes, we select the metal Ti, Ta, and Pt as candidates of the embedded metal NIs with
increasing Ey of 0.6, 2.5, and 8.5 eV, respectively ?*¢, and incorporate the V; generation
from both bulk Frenkel pair and replacement reaction at the metal oxide/NI interface, with
corresponding generation rates determined by Eq. (4) and Eq. (5). Figures 4h and S5
demonstrate the 2D map and the 1D profile of V;; density distribution across the center of
CF at the forming state for different oxide NIs devices. The I-V curves are shown in Figure
41. Figure 4) compares the V; generation rates at different HfO2/NIs interfaces during the
electroforming process. As the active Ti_NI exhibits a very large interface V; generation
rate, a significant number of V; can be generated at the Ti/HfO; interface. Consequently,

the CF with higher V;; concentration and wider width is formed at a small voltage for the

HfO,_Ti device (Figure S5 and 4i). Furthermore, the interface I generation rate is
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suppressed as Ep increases (Figure 4j). Especially for inert embedding Pt NIs with a large
vacancy formation barrier (Ep = 8.5 V), almost no Vj; are generated near the oxide/Pt NI
interface, and the embedded Pt NI only displays the electric field concentration effect.
Figure 4k shows the average V; density along the center of the CF (r=10,z= 0~ 10 nm)
at the forming state. It is also found that the average V; density along the center of CF of
Ti NI embedded device reaches 2.32 x 10% m™, which is almost ten times of that in Pt NI
embedded device (Figure 4k). Due to the high density of V; in the Ti_ NI embedded devices,
the formed CF exhibits a higher electric conductivity. Therefore, for the subsequent reset
process, the maximum local electric field and temperature for Ti_NI embedded device are
larger than the others (Figure S6b and c), which further promotes the V5 drift to BE to form
a wider V; depletion gap near TE, and lowering the reset voltages and enhancing the Ion/losr
ratio (Table S3). Therefore, selecting metallic NIs of lower V; formation barrier within the

host oxide is ideal to realize controllable CF growth at a much smaller operation voltage.
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Figure 4 The effect of the height, geometry, and materials properties of the embedded metal NIs on switching
performance. (a) 2D maps of Ny at forming state and (b) Current-voltage curves for devices embedding
metal NIs with different height. (c¢) The electric field along the center of CF (» = 10 nm, z = 0 ~ 10 nm) at
Vapp = -1.0 V during the forming process, corresponding to the state A in (b); (d) 2D maps of Ny at forming
state and (e) Current-voltage curves for devices embedding metal NIs with different geometry. (f) The electric
field and along the center of CF at Vypp = -0.5 V during the forming process, corresponding to the state A in
(e). (g) 1D profiles of Ny along the center of CF at forming state; (h) 2D maps of Ny,; at forming state and
(1) Current-voltage curves for devices embedding metal NIs with different materials. (j) The interface
generation rate at different metal Nls/oxide interfaces during electroforming process. (k) The average Ny
along the center of CF at the forming state.
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4. Conclusions

In this study, a physical model is developed to understand the dynamic switching
process including electroforming, reset, and set cycle in RRAM devices. It is found that
the stochasticity in the CF growth during the electroforming process arises from the
unpredictable and uncontrollable initial V; defect clusters, which act as the CF formation
seeds. Embedding NIs could enhance the electrical field above and below the NIs, which
promotes the V' generation and accumulation in the vicinity of NIs rather than surrounding
the initial defect clusters, and realizes the controllable CF growth. This effect can be
sufficiently enhanced by embedding triangular NIs that have a higher field at its corners.
This results in the embedded metal NIs reducing the operation voltages and enhancing the
device-to-device uniformity in terms of operation voltages and Zon/lofr ratio. In addition to
enhancing the fields by altering the shape, increasing the height of Nls, or using active
metal NlIs with smaller Ey, could also further reduce the operation voltages and enhance the
Lon/Iotr ratio. Our work provides a comprehensive understanding of the effect of embedding
NIs on the CF formation and rupture during switching, and how it can be utilized to
optimize the RRAM device variability, which can be employed to guide the experimental

design of future memristors with high uniformity.
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