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ABSTRACT In this study, the electrical characteristics of TiN/SiNx/TiN and TiN/Ag/SiNx/TiN RRAMs
were thoroughly investigated through I-V measurements. Our novel Ag-inserted silicon nitride-based resis-
tive switching memory (RRAM) achieved switching operation at lower voltages and lower current levels
compared to the conventional silicon nitride RRAM that does not have an Ag insertion layer. These enhanced
characteristics enable low power operation, one of the main goals of RRAM research. Gradual conductance
modulation is also possible in this device with constant voltage pulses being 50% lower than that seen
in conventional devices, this property fulfills an important requirement that makes our device suitable for
use as a neuromorphic synapse device. The conduction mechanism of our Ag-inserted device was further
analyzed through I-V measurements and compared with a control group. Based on these data, a 2D Monte
Carlo simulation was implemented to investigate the mechanism behind the new behavior displayed by our
Ag-inserted silicon nitride RRAM. A resistive network model was used to calculate the voltage and electric
field distribution, and then the motion of the particles was simulated by taking into account its relation to
the heat generated inside the device.

INDEX TERMS Memristors, Monte Carlo simulation, resistive RAM (RRAM), silver, silicon nitride,
synapse device.

I. INTRODUCTION
Resistive switching random access memory (RRAM) is an
emerging non-volatile memory (NVM) that stores informa-
tion by changing the conductance of a switching layer mate-
rial between top and bottom electrodes. RRAM has drawn
a great deal of interest owing to its low power operation,
high scalability, and long retention times [1]–[7]. In recent
years, a lot of research has been conducted to demonstrate the
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potential of RRAM as a neuromorphic synapse device
[8]–[14]. There have also been some interesting examples of
the RRAM’s application in chaotic systems and Pavlovian
experiments, both of which make excellent use of the vari-
able and dynamic behavior of RRAM [15]–[17]. It has been
reported that plenty of electrical insulating materials exhibit
resistive switching operation through various mechanisms
when an external voltage is applied. Silicon nitride (Si3N4) is
one of the known RRAM switching layer materials compat-
ible with conventional CMOS fabrication [18]–[25]. In addi-
tion, silicon nitride has been used as a hard mask or insulator
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in CMOS fabrication due to its excellent physical/chemical
selectivity and electrical insulating properties. Its role as an
electron trapping layer has been widely studied with a view
to its use as a charge trap flash (CTF) memory [26]–[28].
Since the resistive switching operation of silicon nitride has
been discovered, lots of research has been carried out on the
electrical properties of silicon nitride in the context of its use
in RRAM [23]–[25], [29]–[32]. Silicon nitride is capable of
gradual conductance modulation through a reset operation,
this gives it potential for use as a synapse device in neuromor-
phic systems [33], [34]. However, once a pure silicon nitride
RRAM undergoes resistive switching to a low-resistance
state, the flowing current level can rise to up to 10−2 A
and the operating voltage becomes very high for memory
applications. These characteristics threaten the low power
operation, as such, they do not match one of the main goals
of RRAM research. To implement RRAM-based synapses
in neuromorphic systems this problem must be tackled. It is
reasonable to conclude that we cannot achieve the desired
low power memory/neuromorphic characteristics without the
help of other materials.

In this work, we took a TiN/SiNx/TiN stack RRAM and
inserted an Ag layer between the top electrode and the
switching layer, then we observed any changes in resistive
switching characteristics. Silver is known to migrate inside
the dielectric under an applied external voltage, RRAM using
an active metal is known as conductive-bridging random
access memory (CBRAM). In particular, Ag has been studied
in synaptic applications because of its similarity to human
neurotransmitters found in neurons [35]–[38]. Silicon nitride
RRAM using doped silicon as a bottom electrode has been
presented before, but many RRAM studies prefer bottom
electrodes made out of metal to reduce line resistance in
cross-point arrays. We formed the electrode using TiN metal,
this is a CMOS fabrication friendly material thanks to it being
dry-etchable [39]–[41]. By comparing the differences in per-
formance between our device with an Ag insertion layer and
a standard TiN/SiNx/TiN device as a control group, we were
able to identify advances in power consumption and cur-
rent level controllability. The causes of these enhancements
were thoroughly analyzed to clarify the operating mechanism
using electrical measurements and observations taken at the
microscopic scale. We then implemented a 2D kinetic Monte
Carlo simulation that was informed by the measured experi-
mental I-V curves to gain a qualitative understanding of the
filament formation process in this new RRAM.

II. EXPERIMENT
TiN/Ag/SiNx/TiN and TiN/SiNX/TiN RRAMs were fabri-
cated to investigate the role of Ag in the device. The
fabrication of the SiNx switching layer was tried in two
thicknesses, 6.5 nm and 11 nm, in order to analyze the
conduction mechanism. The thickness of each film was
measured by the Nanospec (ST4000-DLX) and the electri-
cal characteristics were measured by the Keithly 4200-SCS
semiconductor parameter analyzer and a 4225-RPM pulse

signal unit. The material composition of the fabricated
device was analyzed by high-resolution transmission electron
microscopy (HR-TEM) and an energy dispersive X-ray spec-
troscopy (EDS) profile was produced using 200 kV accel-
erating voltage. The silicon oxide was grown on a <100>
crystalline silicon wafer by dry oxidation. 100 nm of TiN was
deposited by sputtering on the buried oxide, 6.5 nm or 11 nm
of SiNx were then deposited by plasma enhanced CVD
(Chemical Vapor Deposition) using 5% SiH4 (800 sccm),
NH3 (10 sccm), and N2 (1200 sccm). We tested two groups
of RRAM: Ag was not deposited in the control group, and a
roughly 40 nm thick Ag layer was deposited in the test group
onto the SiNx film by a thermal evaporator. As the final part
of the fabrication process, a TiN capping layer about 100 nm
thick was deposited by sputtering. Each RRAM device was
patterned to have a 110 µm diameter using a shadow mask.

III. RESULTS AND DISCUSSION
The fabricated RRAM structure is illustrated in Fig. 1(a)
and 1(b). The thickness of the deposited 11 nm-SiNx layer
is confirmed in Fig. 1(c) and its x value is calculated to be
about 1.10 on average from the EDS profile in Fig. 1(d).
The RRAM stores information by switching between HRS
(High Resistance State) and LRS (Low Resistance State)
according to an external voltage signal, its electrical char-
acteristics are presented in Fig. 2. Fig. 2(a) and 2(b) show
DC sweep I-V characteristics of the RRAM devices with
and without an Ag insertion layer on top of the SiNx layer,
respectively. The thickness of the SiNx layer is 6.5 nm and
11 nm for Fig. 2(a) and 2(b) respectively. Both RRAM
devices with and without an Ag insertion layer over an 11 nm
SiNx layer show non-volatile memory operation with bipolar
resistive switching characteristics after the forming opera-
tion. The TiN/11 nm-SiNx/TiN RRAM has a forming voltage
around 8 V or 7.2 MV/cm, which nearly corresponds to the
dielectric strength of the silicon nitride deposited by plasma
enhanced CVD [42]. After the forming process, the set/reset
switching operations are performed with an On/Off switching
ratio of nearly 100, this is sufficient for normal memory
applications. However, the operating current level of the
TiN/11 nm-SiNx/TiN device far exceeds its Icc (compliance
current) of 10−6 A, showing high current overshoot in the
SiNx resistive switching layer. On the contrary, the Ag inser-
tion layer causes significant changes in the switching char-
acteristics of the TiN/SiNx/TiN device. The forming, set,
and reset voltages of the TiN/Ag/11 nm-SiNx/TiN RRAM
are significantly lowered with an Ag insertion layer between
the capping layer and the switching layer. The switching
voltages of the TiN/Ag/11 nm-SiNx/TiN RRAM device are
statistically shown in Fig. 2(c), these results indicate that
the Ag insertion layer plays a role in reducing the oper-
ating voltage by more than 50% compared to the RRAM
device without an Ag insertion layer. Furthermore, the LRS
of the TiN/Ag/SiNx/TiN RRAM device is able to return to
a HRS that is similar to its pristine resistance level after the
reset process, this shows the potential of flexible conductive
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FIGURE 1. Fabricated RRAM single cell (a) with an Ag insertion layer and (b) the control without Ag layer. Figure (c) and (d) are the transmission
electron microscopy (TEM) image and the EDS profile, respectively, for the TiN/Ag/11 nm-SiNx/TiN RRAM. The x value of the off-stoichiometric SiNx
film is 1.10 on average, showing a silicon rich nitride.

FIGURE 2. DC sweep IV curves of (a) a 6.5 nm SiNx and (b) a 11 nm SiNx RRAM devices. (c) The operating voltage statistics of 11 nm
SiNx RRAM. The reset voltage is defined as the point at which conductance begins to decrease.

filaments in this device. Meanwhile, the devices in this stack
show higher operating voltages and LRS/HRS resistances
compared to the usual, commonly investigated Ag based
RRAMs that tend to operate below 1V [35], [43]–[47]. The
operating voltage varies greatly depending on the type and
thickness of the insulator [43], [44]. As such, although two
types of RRAM may contain some of the same material,
different structures or physical dimensions can lead to quite
different measured characteristics without contradiction. The
cause behind this sensitivity to the type and thickness of the
insulator is not clear and further research on silicon nitride
as a path for Ag ions is required. However, these higher
operating voltages and LRS/HRS resistances are actually
rather desirable from the perspective of neuromorphic sys-
tems. Spiking neural networks, a leading learning approach
in neuromorphic systems, are introducing integrate & fire
circuits to mimic biological neurons [48]. The value of the
spiking voltage is determined by the threshold voltage of the
MOSFETs in the inverter and this value is at least 1V [48].
Therefore, any RRAMs with an operating voltage lower than
1V are not suitable for use as synapses in such systems
because they are susceptible to their synaptic weights being
changed even during the inference step.

Fig. 3 shows the split of resistance levels according to
various Iccs in the 11 nm SiNx RRAMdevices with or without
an Ag insertion layer. In general, RRAM devices do not
show self-compliance, therefore, adding a selector material
layer or connecting a transistor to the device is required to
limit the current flow in the RRAM [49]–[51]. In this case, the
measurement equipment (4200-SCS) sets the Icc to limit the
current flow. The TiN/Ag/SiNx/TiN RRAM can be adjusted

to several resistance states using current compliance whereas
the device without an Ag insertion layer cannot do this. The
I-V curve corresponding to Icc of 10−6 A shows an abrupt set
behavior in the forward bias sweep, but the LRS is hidden
during the reset process in the reverse bias sweep, which
is a volatile memory operation. The conductive filament,
probably related to the Ag insertion layer, has ruptured by
the end of the forward bias sweep. A study on the electrical
factors that determine the volatility of the memory will be
performed in a later study, but it is clear that the Ag insertion
layer has the effect of reducing the current overshoot and
makes it possible to control the strength of the conductive
filament formed in the SiNx switching layer. The retention
data of the RRAM with the Ag insertion layer in Fig. 3(c)
supports this idea since the volatility of the LRS decreases
with increasing Icc. The presence of Ag layer is expected to
prevent sudden changes in conductance even during voltage
pulse operation. Fig. 4 compares the gradual set/reset opera-
tion under a voltage pulse train in the TiN/11 nm-SiNX/TiN
RRAM devices with and without an Ag insertion layer. The
devices are initially set to a HRS where a conductive path has
already been formed once. Fig. 4(a) shows their reaction to a
set and reset pulse scheme with a read voltage of 0.1 V. The
RRAM device with an Ag insertion layer exhibits a nearly
500% range of conductance at a lower programming voltage
of 1.5 V, this is in contrast to the programming voltage of
the device without an Ag insertion layer. The reproduction
of the continuous gradual switching in TiN/Ag/SiNx/TiN
RRAM is statistically shown in Fig. 4(c). Also, the much
lower conductance level during pulse operation makes it
efficient in terms of power consumption. Gradual resistive

228722 VOLUME 8, 2020



Y.-J. Choi et al.: Insertion of Ag Layer in TiN/SiNx/TiN RRAM and Its Effect on Filament Formation Modeled by Monte Carlo Simulation

FIGURE 3. Compliance current controlled I-V characteristics in 11 nm SiNx RRAM devices (a) with and (b) without Ag layer. The retention data of the
(c) TiN/Ag/11 nm-SiNx/TiN shows the ICC-controlled non-volatile operation and also shows a wider range of expressible conductance compared to the
retention data of the (d) TiN/11 nm-SiNX/TiN RRAM.

FIGURE 4. Non-volatile gradual switching characteristics of 11 nm-SiNx RRAM (a) with and without an Ag insertion
layer and (b) the corresponding voltage pulse scheme. (c) The continuous gradual switching characteristics of the
RRAM with an Ag insertion layer are statistically shown.

switching characteristics in both set and reset processes are
advantageous for fine conductance tuning and are essential
for neuromorphic application where RRAM is used as a
synapse device [52]–[54]. The pure silicon nitride RRAM
also exhibits a gradual reset operation, but due to its relatively
low linearity, it is difficult to expect high recognition rates
in a spiking neural network. In addition, RRAM with an Ag
insertion layer shows gradual resistive switching without the
Increasing Step Pulse Program (ISPP) scheme, that is opti-
mized for application to simple neuron circuits where con-
stant spiking voltages are produced as an output [55]–[58].
The low programming voltage and conductance of the
RRAM with an Ag insertion layer result in more than 90%
power efficiency for the gradual set/reset process as shown
in Fig. 5(a) and 5(b).

FIGURE 5. Cumulative energy consumed during (a) set and (b) reset
process. σ denotes the conductance and σVPGM represents the current.

The reduction in the operating voltage of RRAM is due
to some sort of new switching mechanism that differs from
that in pure silicon nitride. Ag has been reported to form
Ag clusters inside dielectric materials when deposited and

can extend in the direction of the electric field [35], [38].
The TiN/Ag/SiNx/TiN RRAM shows several signs of Ag
clusters being formed in the thin SiNx film. Evidence of
these Ag clusters is shown in the TEM images of Fig. 6(a)
and 6(b). Some Ag can be seen to penetrate into the inter-
face between the Ag and 11 nm-SiNx layers, resulting in
an uneven Ag layer surface. Some Ag became separated
from the Ag layer surface and formed clusters with a size
of 2 to 6 nm. Assuming the internal diagram of the 11 nm
SiNx switching layer as shown in Fig. 6(c), the conduc-
tion mechanism can be explained by Fig. 6(d) and 6(e).
The silicon nitride follows P-F (Poole-Frenkel) conduction
where a leakage current is generated by electrons hopping
between conduction level traps asmentioned in previous stud-
ies [59]–[61]. The Ag clusters dissolved in the SiNx shorten
the effective hopping distance, making it closer to ohmic
conduction through the Ag material. This tendency is more
evident in a thinner film as the Ag clusters occupy a higher
proportion of the space between electrodes as indicated
in Fig. 2(a). The pristine TiN/Ag/6.5 nm-SiNx/TiN RRAM
device shows short-circuited resistance despite the absence of
a forming process whereas the pristine TiN/6.5 nm-SiNx/TiN
RRAM device just shows higher leakage current compared
to TiN/11 nm-SiNx/TiN RRAM due to a thinner SiNx layer.
Fig. 7 describes our hypothesis for how Ag contributes to
the conduction mechanism. The conduction mechanism of
the pristine TiN/SiNx/TiN RRAM is analyzed by fitting
its I-V measurement data using both P-F conduction and
Ohmic conduction plots in Fig. 7(a). Although both P-F and
Ohmic plots show a linear curve, the slope of the line in
the Ohmic plot far exceeds 1, proving that the leakage current

VOLUME 8, 2020 228723



Y.-J. Choi et al.: Insertion of Ag Layer in TiN/SiNx/TiN RRAM and Its Effect on Filament Formation Modeled by Monte Carlo Simulation

FIGURE 6. (a), (b) TEM images of silver clusters that are dissolved in the 11 nm-SiNx interface, resulting in higher leakage in the pristine
RRAM and (c) a plausible 3D-diagram of the RRAM device. The energy band diagram is compared between SiNx switching layers (d) without
and (e) with an Ag insertion layer to understand the conduction mechanism.

in the pure SiNx follows P-F conduction. In Fig. 7(b), both
RRAM devices with and without an Ag insertion layer show
clear Ohmic conduction in LRS, and space charge limited
current (SCLC) conduction in HRS. However, the SCLC
conduction of the TiN/SiNx/TiN RRAM device in HRS has a
steep rising region around 4 V whereas the TiN/Ag/SiNx/TiN
RRAM in HRS does not. The rising part in the SCLC region
is related to the trap filled limited current that occurs when
the conduction is influenced by a large number of traps in the
insulator [62], [63]. This shows that a trap-related conduc-
tion mechanism is predominant in the pure SiNx whereas
this is masked in Ag-containing insulator, indicating that
conducting filaments in TiN/SiNx/TiN and TiN/Ag/SiNx/TiN
RRAMs are mainly composed of pure silicon nitride traps
and Ag atoms, respectively, as illustrated in Fig. 7(c)
and 7(d). Ag is known to be ionized and to migrate intersti-
tially along the direction of the electric field distributed in
dielectrics [35], [38]. If so, the initial forming voltage of the
TiN/Ag/SiNx/TiN device will differ depending on the direc-
tion of the voltage applied to the anode and cathode due to the
asymmetric structure. In Fig. 8(a), the forming voltage of the
TiN/Ag/11 nm-SiNx/TiN under reverse bias is obviously
higher than that under forward bias operation and the sta-
tistical distributions of forward and reverse forming voltages
are shown in Fig. 8(b). The increase of the forming voltage
during the reverse bias sweep implies that the effect of Ag
on filament formation is reduced and the high dielectric
breakdown characteristics of SiNx are revealed, like is seen
in the illustration Fig. 8(c). From the above analysis, it can
be inferred that the filament formed under the forward bias
sweep is obviously due to the movement of Ag atoms rather
than due to trap generation. In addition, the Ag atoms tend to

move in the direction from the positive towards the negative
potential as depicted in Fig. 8(d). From the analysis so far,
it is clear that the various changes observed in the SiNx
RRAM switching operation are derived from the Ag insertion
layer. The principle of the operation of our TiN/Ag/SiNx/TiN
RRAM does not seem to differ from other general redox
memories, however, the presence of the Ag clusters and traps
due to the use of off-stoichiometric silicon nitride as an
insulator gives rise to a difference between the mechanism
we propose and that proposed in previous works.

IV. MONTE CARLO SIMULATION
It is important to understand the filament formation and its
corresponding I-V curves in order to improve the performance
of the RRAM. The following simulation shows how the Ag
atoms move inside the device and how they influence the
formation of conducting filament inside the insulator. We
here make three assumptions: (i) there is a certain probability
Agwill be ionized andmigrate along the direction of the inter-
nal electric field distribution. Conventional electro-chemical
studies on CBRAM have shown that the oxidation of active
metals such as Ag, Cu, Ni and Co occurs given sufficient
amount of positive voltage [37], [64]–[67]. (ii) The current
flows by Ohmic conduction, but the conduction amount
varies exponentially with the distance from Ag atoms due
to the tunneling effect. (iii) Ionized Ag cations are more
likely to be reduced back to metal atoms when they touch
the cathode or virtual Ag ground. Assumptions (ii) and (iii)
can be scarcely found in previous studies and help make
our simulation and analysis unique. Several calculations and
graph extractions were performed with Python 3.6.3. The
mesh was implemented as a rectangular shape using the FDM
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FIGURE 7. (a) A P-F/SCLC fitting graph of a pristine TiN/11 nm-SiNx/TiN RRAM, and (b) a SCLC fitting graph of both RRAM devices with and
without an Ag insertion layer. Traps and Ag atoms distributed in (c) TiN/SiNx/TiN and (d) TiN/Ag/SiNx/TiN RRAM devices after filament
forming process. Each of them mainly contributes to the electrical conduction of the RRAM device.

FIGURE 8. (a) The I-V curves of the TiN/Ag/11 nm-SiNx/TiN RRAM device depending on the initial forming bias direction, and (b) the statistics on
the forming voltage. The expected switching model depending on (c) the reverse bias and (d) the forward bias forming processes.

(Finite Difference Method) and the vertices of the meshes
generated in the RRAM represents the location of each SiNx
molecule. The distance a between the vertices was deter-
mined to be 0.419 nm, which corresponds to the intrinsic
density of Si3N4, this was derived from:

a = ( 3

√
ρ

M
NA)
−1

(1)

where ρ,M ,NA denote the density, molecular weight, and
Avogadro constant of the SiNx. The physical and chemical
transitions of all molecules or atoms in the switching layer
occur according to the rules of simple Transition State The-
ory (TST) with a rate of [68]:

0 = υexp(−
Ea −1V
kbT

) (2)

for a two-dimensional area, where υ,kb,T denote the lat-
tice vibration frequency, Boltzmann constant, and temper-
ature [69]–[72]. 1V is the chemical potential difference
between two neighboring vertices in a mesh. Instead of the
Poisson equation, a new resistance network system is intro-
duced to obtain the chemical voltage distribution inside the
switching layer using Kirchhoff’s equation:

Vpoint=(Rleft ||Rright ||Rup||Rdown)
∑4

i=1

Vi
Ri

(3)

as depicted in Fig. 9(a). The activation energies formigrations
and chemical reactions in (2) are modeled in the Monte Carlo
simulation as shown in Fig. 9(b). A decrease in resistance due
to the tunneling transmission coefficient betweenmetal atoms
was applied in order to simulate the increase in RRAM con-
ductance that occurs even when Ag atoms are not completely

connected to each other as a conducting bridge.

1σ
′

= σ0exp(−
2L
}

√
2meff1Efermi) (4)

L, meff , 1Efermi denote the distance from a metal atom,
effective electron mass in Si3N4, and the conduction level
difference between Ag and Si3N4. Ea1,2 are energies related
to the emission and desorption of Ag atoms at the boundary
of the Ag redundant source. The emitted Ag cations migrate
through the SiNx switching layer with Ea9 activation energy.
The Ag cations tend to be reduced to metal atoms with Ea3∼5
activation energies when adjacent to the bottom electrode,
and ionized back to the cations with Ea6∼8 activation ener-
gies. Each of the three activation energies is defined by the
number of surrounding Ag atoms. The calculated current
distribution from the resistor network scheme induces power
to be generated at each vertex of the mesh, then the heat
distribution inside the RRAM is calculated using (5), which
is also known as the heat transfer equation.

cρ
∂T
∂t
= k∇2T +

I2R1t
dV

(= QH ) (5)

c, ρ,T , k, dV , I R,1t denote the specific heat capacity, den-
sity, temperature, thermal conductivity, minimal volume, cur-
rent, resistance, and minimal time step in the simulation.
1t is defined by the speed of the DC sweep given in the
simulation. The heat term QH represents the internal heat
generated by joule heating, its dimension is J/m3. The explicit
FDM method cannot ensure stable and fast calculations over
time when the distance between vertices is extremely small
[73], [74]. Therefore, the implicit FDM method was used to
solve the second order partial differential equations without
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FIGURE 9. (a) A resistor network scheme for calculation of chemical
potential. (b) The definition of physical and chemical transition activation
energies for Ag atoms.

divergence of the solution over time. The specific heat capac-
ity, resistivity, density, and molecular weight are all applied
according to the intrinsic values of Ag, Si3N4 and TiN,
the simulation parameters are summarized in Table 1 and 2.
A DC sweep Monte Carlo simulation was conducted accord-
ing to the flowchart depicted in Fig. 10.

TABLE 1. Material parameters used in the simulation.

TABLE 2. Simulation parameters.

Several silver clusters were placed near the top electrode
at the initial simulation step as shown in Fig. 11. It was con-
firmed that these silver clusters were ionized and migrates to
the bottom electrode, serving as the foundation for a filament
to grow. The Monte Carlo simulation results of conductive
filament formation process with different compliance cur-
rents (10−7 A, 10−6 A, 10−5 A, and 10−4 A) are depicted
in Fig. 12(a)-(d). The filaments are generally formed in the
1.5∼1.7 V range of external voltage, and the corresponding
Ag oxidation activation energy applied in this simulation
is 0.69 eV as shown in Table 2. This value is similar to
the difference between the work function and the absolute
oxidation potential (WF-AOP) of silver, i.e., 0.62 eV [67],
which is the energy barrier for the oxidation. As an external
voltage is applied, the silver cations that are ionized from

FIGURE 10. Flowchart for DC sweep in Monte Carlo simulation.

FIGURE 11. (a) The silver clusters are placed near the top electrode in the
initial step of the Monte Carlo simulation. As the voltage increases,
(b) the silver clusters and the silver atoms in the top electrode are ionized
into cations and (c) extend to the bottom electrode to form a foundation
for a filament to grow.

the silver clusters and the top electrode gain electrons at the
bottom electrode and are reduced to a local virtual ground.
This virtual ground acts as a lightning rod, forming a localized
filament which prevents the extensive and powerful break-
down of the silicon nitride. In addition, the lateral effective
thickness of the conductive filament becomes controllable
with compliance currents, this explains the effect of the
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FIGURE 12. Monte Carlo simulation results for conductive filament formation process in TiN/Ag/11 nm-SiNx/TiN RRAM according to compliance currents
of (a) 10−7 A, (b) 10−6A, (c) 10−5A, and (d) 10−4A. A filament is composed of Ag atoms that were supplied from the silver clusters and the top electrode.

current overshoot reduction seen in Fig. 3. The controllable
effective filament thickness without further current overshoot
is important as it leads to the gradual set/reset operations
capability. In the cases where the compliance current is set
below 10−6 A, the current path is formed that is thin enough to
specify the main current path within the filament. The current
is concentrated in this main current path, making the filament
vulnerable to spontaneous disruption like a volatile mem-
ory operation as shown in Fig. 3(a). The background color
indicates the kelvin temperature generated by joule heating,
which is calculated from (5). The higher compliance current
over 10−6 A allows the flowing current to generate more heat
in the switching layer and increase the internal temperature.
The increased temperature consequently accelerates the sup-
ply of Ag atoms from the top electrode. These supplied Ag
atoms fiercely vibrate due to the elevated heat, and the atoms
try to migrate and occupy spaces between each other, leading
them to settle into a thick filament. As the conductive filament
thickens, the concentrated current is dispersed through the
widened filament and the internal heat finds a convergence
point. This thickened filament formed through the preceding
series of processes is no longer susceptible to external stimuli,
and a non-volatile operation takes place. Since this simulation
is constrained to 2-dimensions, its use for fully quantitative
analysis is limited. Nevertheless, this approach works nicely
as a qualitative analysis since it is sufficient to demonstrate
the trends shown in electrical measurements and gives corre-
sponding filament shapes that are quite reasonable.

V. CONCLUSION
The effect of an Ag insertion layer on the electrical charac-
teristics of TiN/SiNx/TiN RRAM was investigated using I-V
measurements. The Ag layer was found to significantly lower
the operating voltage and current of the device while sup-
pressing current overshoot. This device shows great potential
for use as a neuromorphic synapse due to its gradual switch-
ing operation. The conduction and switching mechanism was
closely analyzed and a Monte Carlo simulation was con-
ducted. Through this we were able to understand the filament
formation process occurring in the TiN/Ag/SiNx/TiN RRAM

and how it relates to the compliance current and I-Vmeasure-
ment results. This work is expected to provide some guidance
for follow-up RRAM studies pursuing the fabrication of the
kind of devices that can achieve low power operation through
the use of an Ag insertion layer.
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