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There are high demands for research of new device with greater accessing speed and stability to replace the current SRAM storage
cell. The resistive random access memory (ReRAM) is a metal oxide which is based on nonvolatile memory device possessing the
characteristics of high read/write speed, high storage density, low power, low cost, very small cell, being nonvolatile, and unlimited
writing endurance.The device has extreme short erasing time and the stored charge cannot be destroyed after power-off.Therefore,
the ReRAM device is a significant storage device for many applications in the next generation. In this paper, we first explored
the mechanism of the ReRAM device based on ion mobility model and then applied this device to optimize the design of FPGA
switching matrix. The results show that it is beneficial to enhance the FPGA performance to replace traditional SRAM cells with
ReRAM cells for the switching matrix.

1. Introduction

As the development of the advanced electronics, a number
of fundamental and practical problems start to emerge for
traditional devices (such as field effect transistor) due to
electrostatic limitations and other inherent constraints in
nanometer level fabrication. New devices and architectures
are expected to propel the development of semiconductor
industry for the next several years. Two-terminal resistive
random access memory (ReRAM, also called memristive
device or memristor) has attracted increasing attention as
a suitable alternative to traditional devices [1–4]. In such
a device, a conduction path which has large nonvolatile
resistance change is sandwiched between top and bottom
electrode. Such device has very simple structure and can
be scaled to be less than 10 nm in size. ReRAM device has
two basic operations: SET and RESET, which represent low
resistance state and high resistance state, respectively. The
resistive change can be obtained by applying continuous
sweeping pulse. This device has high integration density,
random access, and nonvolatile characteristics. Therefore,
the advantages of ReRAM give implications to make it a
candidate of storage cell for FPGA (field-programmable gate

array) switchmatrix, which requires both high speed and low
threshold voltage.

In this paper, we explore the mechanism of the ReRAM
device and put forward a physical model based on ionmobil-
ity for this device. The I-V characteristics are investigated
to describe the device electrical behavior. Furthermore, we
propose a novel application of the nonvolatile ReRAM used
in the FPGA switch matrix. The results show that the logic
function with the ReRAM-based FPGA is quite appropriate.

2. ReRAM Model and Characteristics

Chua first presented themissing circuit element that he called
a memristor [5, 6] (memory + resistor) which is deduced
from the six possible combinations of the four fundamental
circuit variables: 𝑖, V, 𝑞, and 𝜑. Five combinations have been
well known: resistor (𝑅 = 𝑑V/𝑑𝑡), inductor (𝐿 = 𝑑𝜑/𝑑𝑖),
capacitor (𝐶 = 𝑑𝑞/𝑑V), voltage (𝑉 = 𝑑𝜑/𝑑𝑡), and current (𝑖 =
𝑑𝑞/𝑑𝑡). Considering the mathematical symmetry, he claimed
that there should be a forth fundamental element called
memristor which is defined by the relationship between
charge and magnetic flux. Although he predicted the mem-
ristor’s existence in the form of the combination of the exist
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Figure 1:The ReRAMon/off switch is first formed in themedia films after a virgin voltage bias.The thin filaments rupture in the reset process
and the current is hard to flow between TE (top electrode) and BE (bottom electrode), and the ReRAM shows HRS (high resistance state)
characteristics. The thin filaments reconduct under the electric field in the set process. The current is easily flowing through TE and BE, and
the ReRAM exhibits LRS (low resistance state). (a) No filament exists in the initial state. (b) Filament is formed by ion mobility.

circuits, discovery of a memristor in the form of a physical
device has not been discovered before May 2008 [3].

The memristor is actually a nonlinear resistor with mem-
ory function, described through relationship between flux
and charge according to Chua. Like that a resistor is defined
by the voltage and current, capacitance is described by the
charge and voltage, and the inductance is defined by the
relationship of flux and current. According to the definition,
the memristor is expressed by

𝑔 (𝜑, 𝑞) = 0. (1)

If (1) is transformed to single value function of charge 𝑞,
then the charge controlled voltage equation can be defined as

𝑀[𝑞 (𝑡)] =

𝑑𝜑𝑞/𝑑𝑡

𝑑𝑞/𝑑𝑡
=

𝑑𝜑𝑞

𝑑𝑞
. (2)

We translate charge 𝑞 into the form of integral calculus;
then (2) is

𝑀(𝑞) = 𝑀[∫

𝑡0

−∞

𝑖 (𝑡) 𝑑𝑡] . (3)

We can conclude from (3) that thememristance is decided
by the integral calculus of the current from 𝑡 = −∞ to
𝑡 = 𝑡0 for the arbitrary time. Therefore, despite the fact that
the memristor exhibits the same characteristics as normal
resistor for arbitrary time 𝑡0, the resistance depends on the
moment when the current flows through the memristor.
Therefore, the device can be viewed as both memory and
resistor. Once the current or voltage is designated, the
memristor is just a linear time-varying resistor, where the
form is ohmic characteristics.

In this paper, we present a simplified physical model
for memristor (ReRAM) based on the ion mobility model.

This model is deduced from a generalized memristive system
framework and can explain the dynamic resistive switching
phenomena observed in a broad range of devices. Further-
more, by constructing a simple model of the ReRAM, we can
apply it for subcircuit simulator.

2.1. The Mechanism of the ReRAM. Most of the ReRAM
function models are based on HP dopant metal oxide TiO2
structure [3, 7, 8] which presents the on/off conductance
ratios of more than 1 × 103.There is a thin semiconductor film
that has two regions, one with a high concentration of dopant
that behaves like a low resistance called 𝑅on and the other
with a low dopant concentrationwith higher resistance called
𝑅off . The basic idea is that a dielectric, which is normally
insulating, can be made to conduct through a filament or
conduction path formed after application of a sufficiently
high voltage. The conduction path formation can arise from
differentmechanisms, including defectsmetalmigration, and
so forth. Once the filament is formed, it may be reset (broken,
resulting in high resistance) or set (reformed, resulting in
lower resistance) by an appropriately applied voltage. Recent
data suggest that many current paths, rather than a single
filament, are probably involved [9, 10]. Figure 1 shows the
initial state, forming, reset, and set process between the TE
and BE in the ReRAM cell.

2.2. Silvaco Doping Model for ReRAM Switch On/Off. First,
we need to determine the I-V relationship of the ReRAM
device. According to the analysis above, the resistance is
dominated by the doping material between the tip of the
filament and the opposing electrode with a distance expected
to be a few nanometers in the ReRAM where the filament
has not bridged the top and the bottom electrode. At such
distances, it is reasonable to assume that the current is
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Figure 2: Ion mobility and conduction formation process of the ReRAM device. (a) Initial state, data from ReRAM 00 log.str. (b) Set state,
data from ReRAM 01 log.str. The conduction path is formed by applying a lower and longer pulse to obtain a low resistance.
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Figure 3: Illustration of ions density distribution between top elec-
trode and bottom electrode in the ReRAM device when implanting
ions by different energy.

dominated by tunneling [7]. Using the expressions for a
square barrier [4], the current can be expressed as

𝐼 = 𝐴
4𝑞𝜋𝑚 (𝑘𝑇)

2

ℎ0
3

⋅ exp (−𝑏1)
1

(𝑐1𝑘𝑇)
2
⋅
𝜋𝑐1𝑘𝑇

sin (𝜋𝑐1𝑘𝑇)
× (1 − exp (𝑐1𝑞𝑉)) ,

(4)

where

𝑏1 =

{{{

{{{

{

2𝛼 (ℎ − 𝑙)√𝑞

3𝑉
(𝜙
3/2

0
− (𝜙0 − 𝑉)

3/2
) , if 𝑉 < 𝜙0,

2𝛼 (ℎ − 𝑙)√𝑞

3𝑉
𝜙
3/2

0
, if 𝑉 > 𝜙0,

𝑐1 =

{{{{

{{{{

{

𝛼 (ℎ − 𝑙)

𝑉√𝑞
(𝜙
1/2

0
− (𝜙0 − 𝑉)

1/2
) , if 𝑉 < 𝜙0,

𝛼 (ℎ − 𝑙)

3𝑉√𝑞
𝜙
1/2

0
, if 𝑉 > 𝜙0,

(5)

where 𝐴 is the filament area,𝑚 is the effective electron mass,
ℎ0 is Planck’s constant, and 𝜑0 is the barrier height at zero
applied bias.𝐻 is the film thickness and 𝑙 is the length of the
conductive filament region, 𝑞 is the charge on one electron,
and 𝑇 is the operating temperature in Kelvin metrics.

The detailed mechanisms of the resistive switching espe-
cially for ReRAM material are still under further investiga-
tion, so developing bettermodels can account for experimen-
tal I-V curves of these devices which are useful for compre-
hending the operation and optimizing both the operation and
structure of the device.

To this end, we use Silvaco (a mathematical resolver) to
simulate the ReRAM device. The Atlas module is a device
simulation framework to simulate the electrical, optical, and
thermal behavior of semiconductor devices and it enables the
user to create their own models in order to investigate the
material and device characteristics. Considering that destruc-
tion or reformation of the conduction path is dependent
on the material’s temperature and the variation of device
resistivity can be expressed as ion mobility change between
the TE and BE, a user-definable ion mobility model can
be used to simulate the resistive change process. According
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Figure 4: (a) Experimental test for ReRAM device. The test circuit contains a current source generating sinusoidal signals with frequency
2 kHz, a virtual voltage source measuring the circuit current, a rectifier resistance 𝑅

𝑠
to keep the circuit stable, and a ReRAM cell to get the

I-V characteristics. (b) Continuous simulated sinusoidal sweeping bias and the corresponding output current of the ReRAM device. (c) The
simulated switching loop of the ReRAM device is traversed as figure-of-eight shape.

to this simulation, we can predict electrical behavior of the
ReRAM device.

Figure 2 illustrates the formation of conduction path
based on ion mobility. To obtain sufficient ion mobility, 8 ×
1012 cm−2 dose of boron is implanted into oxide and diffused
under the temperature of 950∘C for about 2 hours.The initial
state of device is formed. And if applying a continuous pulse,
the conduction path forms from top electrode to bottom elec-
trode and the device resistivity is low as mobility increases.
The ion mobility which determines electrical behavior of
the device is dependent on the energy when implanting the
dopants. Higher implanting energy causes lower ions density
and leads to diversified ions distribution. Figure 3 shows ions
density distribution versus different implanting energy.

To obtain the I-V characteristics of the ReRAM device,
we designed a simple contour model consisting of a current
source which generates sinusoidal signals with frequency
of 2 kHz, a virtual voltage source measuring the circuit
current, and a rectifier resistance 𝑅𝑠 (1 kΩ) to keep the
circuit stable. Our model gives the simulated I-V loop in

Figures 4(b) and 4(c), compared with the experimental
results in Figure 4(a). The loops describe the switching
behavior of the device. When applying sweeping bias, the
device begins with a high resistance, and as the voltage
increases, the current slowly increases. As charge flows
through the device, the resistance drops, and the current
increases more rapidly with increasing voltage until the peak
anode current is reached. Then, as the voltage decreases, the
current decreases but more slowly, because charge is flowing
through the device and the resistance is still dropping. The
result is Lissajous-switching loop.

2.3. FPGA Switching Matrix. FPGA [11–13] is popular for its
ability to design any circuit conveniently by being appropri-
ately programmed.

Using FPGA rather than implementing custom circuit
technologies is much lower for consideration of engineer-
ing costs and much faster for developing. FPGA typically
includes control circuit, switching matrix based on SRAM,
configurable logic block (CLB), IO block, and programmable
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Figure 5: A generic FPGA consisted of CLB, IOB, and IR. The SRAM cells of FPGA switch matrix are replaced with ReRAM cells.
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Figure 6: Logic function test for ReRAM-based FPGA. The test is comprised of clock, data control, and input data signals.

interresources (PI). The switching matrix occupies most of
the die area, so we use SRAM cells as controller, use mul-
tiplexer and tristate buffers to configure the programmable
routing and logic blocks. Therefore, SRAM is a significant
area to be improved. Figure 5 illustrates the FPGA architec-
ture, and the traditional SRAM cells switching matrix are
replaced with ReRAM devices. ReRAM devices used in an
FPGA strongly influence the FPGA speed, area efficiency,
and power consumption, because of its simple structure
and nonvolatile characteristic. ReRAM devices can store bits
whenever the power is on or off; on the contrary, SRAM
cannot store information when power is off and FPGA
must fetch the configurable information from the outside
ROM. Therefore it is much faster to use ReRAM cell in the
switch matrix. Therefore, the ReRAM device is an important
application as programmable switch used in FPGAs. We
tested the logic function with the ReRAM-based FPGA and
the test script is described as follows:

. . .

Always @(posedge clk)
. . .

for i = 0 to size
if data signal is valid
sum = sum + 1; data accumulation

if sum is odd then the output signal is valid
else the output signal is invalid
. . .

As shown in Figure 6, the test is comprised of clock, data
control, and data input signals. The results suggest that logic
function of the ReRAM-based FPGA is appropriate.

3. Conclusion

This paper presented the missing electric element ReRAM
(known asmemristor) and deduced the definition expression
of this device, which is a fundamental nonlinear circuit
element with the linkage of charge and magnetic flux.
Furthermore, we explored the mechanism and put forward
a model based on ion mobility for the ReRAM device.
To validate the model of this device, we proposed using
such device as a storage cell for the FPGA switch matrix.
This application has more advantages than the traditional
SRAM cells because it can store bits when the power is
off, instead of reading configurable information when the
system is initializing, due to its nonvolatile characteristics.
Besides, there are many other applications of ReRAM to
be investigated for the further work. Note that the ReRAM
is a feasible material for manufacturing solid state storage
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devices, the electrical characteristics, read/write circuit, and
data arrangement should be explored. And the memristor
has the same tiny structural as the synapse, which gives
implications to apply this device in artificial intelligence.
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