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Geometrical Variation of a Conductive Filament in
RRAM and Its Impact on a Single-Event Upset
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ABSTRACT

Resistive random access memory (RRAM) is a promis-
ing candidate for industry and academia from the re-
search and development perspective. The resistance of
RRAM depends on the geometrical dimensions, growth,
and rupture of the conductive filament. In this work,
the geometrical dimensions such as the length and width
of the filament are varied to analyze the resistance.
Moreover, the RRAM can be used in aerospace appli-
cations. Therefore, the impact of a single-event upset
on resistance of RRAM is investigated by means of a
double exponential current pulse. The performance of the
device is compared in terms of resistance before and after
irradiation. A decrease in its original resistance has been
observed after radiation.

Keywords: Conductive Filament, Single-Event Upset,
SEU, Resistive Random Access Memory, RRAM

1. INTRODUCTION

In the present and future world, the interaction
between people and devices is likely to increase, po-
tentially reaching approximately 4,800 times per day.
Hence, data will be acquired from sensors and processed,
which requires fast and voluminous data storage as
well as real-time processing [1]. To accelerate the
processing, emerging memory devices and technologies
are promising candidates for non-volatile, low-power,
high-speed, low-cost handling of big data [2]. The
MRAM, FRAM, Nano-RAM, Racetrack, and RRAM are
strong candidates from the family of memory devices
[3]. Resistive switching memories are the leading
solution for neuromorphic computing and upcoming
storage systems [4]. The growth and rupture of the
conductive filament modulate the RRAM’s effectiveness.
The formation and rupture of the conductive filament
leads to a low-resistance state (LRS) and a high-resistance
state (HRS), respectively [5].

Many researchers have extensively investigated the
formation and shape of the nano conductive filaments
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in the switching layer. Two main types of nano
filaments are mainly observed in RRAM: oxygen vacancy
nano and metal nano. Metal filaments are observed
in RRAM systems like Ag/GeS,/W [6], Ag/Agl/Pt [7],
Ag/Ta,05/Pt [8], and Nb/ZnO/Pt [9]. Oxygen vacancy
nano filament RRAM devices consist of Pt/HfO,/Pt [10],
W/CeO, /SiO,/NiSiy [11], and Ti/TiO,/SrTiOs/n+ Si [12].
The metal filaments are more distinct than the oxygen
vacancy filaments [13]. In the switching layer, the
lack of uniformity in the formation of nano conductive
filaments leads to instability in the RRAM switching
performance [14-15]. Many approaches have been
proposed to overcome the aforementioned problem such
as employing bilayer structures [16-17], the placement
of pyramid-shaped electrodes [18-19], implanting metal
nano particles in the switching/insulating layer [20-22],
and doping the switching layer [23-24]. Celano et al. [25]
visualized three-dimensional conductive nano filaments.
They employed an approach known as conductive atomic
force microscopy (CAFM) to acquire information on the
nano filaments, observing conical-shaped filaments and
noting that the narrow end of the filament was nearer to
the inert electrode. While Wu et al. [26] observed the
formation of single as well as multiple nano filaments in
the dielectric stack of Ni/HfO,/SiO,/Si RRAM device. In
the case of multiple filaments, there is a large variation
in the size of the nano filaments. The shape of the
filament is in the form of truncated cones. In practice, the
compliance current controls the growth of the conductive
nano filament [27]. However, all the research referred to
concentrates on controlling the nano filaments and their
number but this work mainly focuses on the variation in
geometrical dimensions of the nano filament to acquire
RRAM resistance.

In this work, Section 2 deals with a single-event upset
in RRAM. The simulation setup is described in Section 3
while Section 4 focuses on the results and discussion. The
conclusion is presented in Section 5.

2. EFFECT OF A SINGLE-EVENT UPSET ON RRAM

The ionizing particles passing through the semicon-
ductor memories induce soft errors or a single-event
upset (SEU) [28]. These ionizing particles sometimes
cause hard errors too. This is termed a single-event
latch-up (SEL) [29]. The damage caused is temporary
in the case of soft errors but permanent for hard errors.
A reliability problem arises in the memories due to the
influence of an SEU [30]. The factors governing the SEU
in memories are the sensitive region of the device and
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Fig. 2: Circuit setup for the simulation [37].

minimum jonization energy. The linear energy transfer
(LET) and the critical charge (Qc) are the parameters
which assist threshold measurement [31]. The x-rays,
heavy ions, particle accelerators, Cobalt-60, cyclotron,
alpha particles, and gamma rays can be bombarded to
study the SEU impact on memory devices [32].

Liu et al. [33] considered the 1T1R and the crossbar
array in the investigation of single as well as multi-bit
upsets. The susceptibility analysis is performed by
means of simulations at the circuit level. In this work,
it is evident that the maximum radiation tolerance is
demonstrated by the crossbar array. The sensitive nodes
are the driver circuits. Bennett et al. [34] employed
TCAD for the modeling, incorporating the 1T1R array.
The changes are induced in the array by modeling the
irradiation. Changes in the RRAM performance can
be observed to have an exponential relationship with
the potential applied across the device. They also
proposed that the radiation hardened the RRAM in space
applications. Liu et al. [35] considered both the crossbar
and 1T1R array for irradiation due to the heavy ions
involved. The rate of upset, vulnerable time window,
and the sensitive region are the factors imbibed in the
susceptibility analysis. The minimum bit-error rate is
observed in the crossbar structure. Bi et al. [36] carried
out a total ionizing dose and single-event effects analysis
on the HfO,- based 1T1R RRAM structure. The pulsed
laser and Cobalt-60 are used in this work. The read

Table 1: Parameters used for the simulation [37].

RRAM Model Parameters
Gap length (x0) 0-3 nm
Width of the filament (w0) 0.5-5nm
Input voltage (V;,) 2V
Switching layer width (W¢r) 5nm
Electrode contact resistance (R;) 20Q
Electrode parasitic capacitance (Cp) | 20fF
Oxide parasitic resistance (Ry) 200 MQ
Initial switching layer length (L,) 3nm
Effective thermal resistance (R;;) 5x 10° kQ
Effective width (Wes ) 0.5nm

DECP Parameters

Minimum value 0A
Maximum value 1mA/1pA
Rise time start 20 ps
Rise time constant 500 ns
Fall time start 22 s
Fall time constant 250 ns

failures and bit errors are caused by irradiation. For space
application, this analysis places greater emphasis on
developing radiation-hardened RRAM. It can be observed
that all the aforementioned works focus on either the
crossbar or 1T1R arrays. Moreover, in our previous work,
the SEU in RRAM was analyzed with respect to either
the length or width of the conductive nano filament [37].
In the present work, the SEU on the RRAM device is
analyzed with respect to the geometrical dimensions of
the conductive nano filament, namely length and width.

3. SIMULATION SETUP

The RRAM structure used for analysis is shown
in Fig. 1. It consists of a top electrode, switching
material, and a bottom electrode. The filament width is
represented by w0. If the w0 increases, the filament will
grow in the lateral direction. The length of the filament
is modeled as an initial gap (x0). If the filament length is
longer then x0 will be less and vice versa. If the x0 is less,
the filament grows in the vertical direction [37].

Fig. 2 shows the simulation setup to study the
influence of an SEU on the RRAM. The circuit setup
comprises mainly the RRAM device, the resistor (Ry)
which models the parasitic resistance of the switching
layer, and the capacitance between the bottom and the
top contacts modeled by the capacitor (Cp). The resistor
(Ry) represents the contact resistance of both the bottom
and top electrodes. The double exponential current
pulse (DECP) is injected at the junction of the top and
switching layer to analyze the SEU. Table 1 presents the
RRAM and DECP parameters incorporated in this work
[37].

For the purpose of simulation, the Peking University-
Stanford University RRAM spice model version 2.0-beta
is being incorporated [38-41]. The single-event upset
is modeled as a double exponential current pulse [42].
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Fig. 3: Double exponential current pulse of 10 pA.

Table2: Relationship between the DECP value and its
equivalent charge [37].

DECP l Equivalent Charge

1pA 1.469 pC

10 gA 14.69 pC

50 pA 73.5 pC

100 A 146.9 pC

250 pA 367.2 pC

500 pA 734.5 pC

Fig. 3 shows the typical double exponential current pulse
of 10 pA. All simulations are performed using Cadence
EDA. In all our simulation work, the x0 is varied from
3 to 0nm whereas the w0 is varied from 0.5 to 5nm.
Table 2 shows the DECP values and their equivalent
charge [37]. For DECP values of less than 1pA, the
SEU has no influence on the RRAM resistance. Hence, a
DECP range of 1 A to 500 pA is considered for analysis
purposes.

4. RESULTS AND DISCUSSION

Initially, without injecting the DECP, the resistance
of the RRAM is evaluated with respect to x0 and wo0.
Fig. 4 shows the variation in RRAM resistance versus x0
and w0. As the value of x0 reduces from 3 to O0nm, a
gradual increase occurs in the filament length. The width
of the filament widens as w0 increases from 0.5 to 5 nm.
Therefore, the filament grows in both vertical and lateral
directions. Hence, the resistance of the device shows
a gradual decrement as depicted in Fig. 4. The device
offers a resistance of 248 kQ when x0 is 3 nm while w0
is 0.5 nm, representing its HRS. The resistance drops to
3.03kQ when x0 is 2nm and w0 is 2nm, representing
the LRS of the device. The device remains in LRS when
x0 < 2nm, while w0 > 2nm. When x0 < 2nm, while
w0 > 2nm both lateral and vertical growth occurs in
the switching layer. This leads to an increase in current.
Therefore, the resistance will drop to 3.03kQ. The HRS
to LRS ratio is 81.87, representing the ratio of 248.08 kQ
to 3.03kQ.

The current flowing through the RRAM cell (L) is
given by

Leell = Lub—oxide + IcF + Ipristine (1)

where Iop denotes the conduction caused by the nano

248.0
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150.0
125.5
101.0
76.50
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27.50
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Fig.4: 3D graph of resistance of the RRAM without
injecting the DECP.

filament, Ipigine represents the conduction due to
unswitched pristine oxide, and I;_,yi4. the conduction
through switchable sub-oxide [42]. Since the growth of
the nano conductive filament takes place both vertically
and laterally, the I-p term contributes significantly.
Hence, the overall Icell increases and the RRAM perfor-
mance decreases.

The various currents in Eq. (1) can be elaborated as
shown in Egs. (2), (3), and (4), respectively.

Ier = Frocprr (2)
2 2
Lyp—oxide = Fopx (rCF max rCF) (3)
—B
2
Ipristine = Scell AF* exp (T) (4)
where s
meq
A = —
81 hmf?X ¢b
v
F electric field = < cell >;
X
B _ Sﬂ\IZmQX ¢1'5.
3hg b’
h Planck constant;
Seell section of the device;
oy metal-oxide barrier height;
ICF radius of the conductive filament;
YcFmax Tradius of the switchable oxide;
o electrical conductivity;
m, effective electron masses into the cathode;
m9X  effective electron masses into the oxide [43].

Firstly, to analyze the impact of an SEU on the RRAM,
a DECP of 1 A is injected. The initial gap length (x0) and
the width of the filament (w0) are varied simultaneously.
The current flowing through the RRAM is measured.
The resistance of the device is evaluated by the ratio of
the applied input voltage (V;,) to the current flowing.
The graph of RRAM resistance is plotted with respect
to x0 and w0 as shown in Fig. 5 when a DECP of 1 uA
is injected. The injected current pulse causes more
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Fig. 5: 3D graph of an SEU on RRAM when the DECP =
1puA.

Fig.6: 3D graph of an SEU on RRAM when the DECP =
10 pA.

redox reactions inside the switching material of the
device. Hence, an outgrowth of the filament will occur
in both lateral and vertical directions. Therefore, there
will be a drop in resistance compared to the state of
RRAM without injecting the DECP. In this case, 222kQ
corresponds to x0 = 3nm and w0 = 0.5nm. This
can be considered as the HRS, while the LRS of 3.03kQ
corresponds to x0 < 2nm and w0 > 2nm. The HRS to
LRS ratio is 73.26 which is the ratio of 222 kQ to 3.03kQ.

The physical mechanism of the SEU on the RRAM
can be explained as follows: excess holes and oxygen
vacancies are generated due to irradiation. The space
charge area within the switching layer is altered due
to these excess charge carriers. These carriers tend to
accumulate at the interface of the switching layer as well
as near the top contact. This leads to the Shottky barrier
bending and the height being lowered. The Shottky
barrier height (®) and the current density (J) due to
irradiation is given by

Fig.7: 3D graph of an SEU on RRAM when the DECP =
50 pA.

gJqE/4re — q®
7 (5)

J=A"T?exp (

where A” is the Richardson constant, g is the electron
charge, ¢ is the insulator permittivity, k is the Boltzmann
constant, T is the absolute temperature, and E is the
applied electric field [44-45].

The development of the conductive nano filament in
both the lateral and vertical direction is contributed by
the newly generated oxygen vacancies due to irradiation.
As well as the aforementioned process, there is also an
increase in the number of conductive nano filaments.
Therefore, a reduction in the RRAM resistance can be
observed [44].

Secondly, a DECP of 10 yA is injected. Compared
to the previous case (DECP = 1 pA), the injected DECP
further enhances the rate of redox reactions. This leads
to the development of the length and width in the
conductive filament. The graph of RRAM resistance
versus x0 and w0 is presented in Fig. 6. The variation
of the resistance is in terms of kiloohms for x0 > 2nm
and w0 < 2nm. It can be observed that the resistance
offered is 113.6 kQ when x0 = 3nm and w0 = 0.5nm.
As the filament grows, the resistance drops to 2.99 kQ for
x0 < 2nm, while w0 > 2nm. The HRS to LRS ratio is
37.99 for which the ratio is 113.6 kQ to 2.99 kQ.

Thirdly, a DECP of 50 pA is injected, which is equiv-
alent to depositing a charge of 73.5 pC. Fig. 7 shows the
plot of RRAM resistance versus x0 and w0 when a DECP
of 50 yA is injected. Compared to the DECP of 10 pA,
the rate of redox reactions is enhanced by almost five
times. Hence, for x0 = 3nm and w0 = 0.5 nm itself, the
device demonstrates a resistance of 35.88 kQ2. This shows
the impact of a DECP in the formation of a conductive
filament to some extent. The resistance variation is only
a few hundred ohms for x0 > 2nm and w0 < 2nm.
This contributes to a decrease in the resistance of the
device. Finally, the device offers a resistance of 2.83kQ
for x0 < 2 nm, while w0 > 2nm. The HRS to LRS ratio is



36 ECTI TRANSACTIONS ON ELECTRICAL ENGINEERING, ELECTRONICS, AND COMMUNICATIONS VOL.20, NO.1 FEBRUARY 2022

Fig. 8: 3D graph of an SEU on RRAM when the DECP
100 pA.

Fig. 9: 3D graph of an SEU on RRAM when the DECP =
250 pA.

12.67 which is the ratio of 35.88 kQ to 2.83 kQ.

Furthermore, a DECP of 100 pA is injected to observe
the influence of an SEU on RRAM resistance. The 100 pA
corresponds to an equivalent charge of 146.9 pC. Fig. 8
shows the plot of RRAM resistance versus x0 and w0. It
can be observed that the filament has grown by 90% both
in lateral and vertical directions. Hence, there is a greater
reduction in resistance. Therefore, 19.34 kQ of resistance
is observed when x0 = 3nm and w0 = 0.5nm. As the
x0 decreases and w0 increments, the resistance drops in
terms of a few hundred ohms. Finally, the least resistance
state of 2.65kQ is observed for x0 < 2nm while w0 >
2nm. The ratio of HRS to LRS is 7.3 which is the ratio of
19.34 kQ to 2.65kQ.

In this case, a DECP of 250 pA is injected. Fig. 9 shows
the variation of RRAM resistance versus x0 and w0 with
a DECP of 250 pA. The 250 pA corresponds to a charge
of 367.2 pC. From the simulations, it can be observed that
the resistance variation is limited to a few tens of ohms
compared to the previous cases. The resistance observed
is 8.114kQ for x0 = 3nm and w0 = 0.5nm. The device
remains in a resistance of 2.23kQ for x0 < 2 nm, while

4.130
3.893
3.656
3.419
3.182
2,945
2.708
247
2.234
1.997

1.760

Fig. 10:
500 pA.

3D graph of an SEU on RRAM when the DECP =

Table 3: Comparison of resistance of RRAM with respect
to the dimensions of a conductive nano filament under
different DECPs.

RRAM Resistance (kQ)

x0 | wO0 | Without | DECP | DECP | DECP | DECP | DECP | DECP

(nm) | (nm) | DECP | 1pA |10 A | 50 pA | 100 pA | 250 pA | 500 pA
3 0.5 | 248.08 222 | 113.6 | 35.88 | 19.34 | 8.114 | 4.130
2.5 | 1.25 | 215.76 195 106 | 35.11 | 19.11 8.07 4.115

2 2 3.03 3.03 | 299 | 2.83 2.65 2.23 1.76

1.5 | 275 3.03 3.03 | 299 | 2383 2.65 2.23 1.76

1 3.5 3.03 3.03 | 299 | 2.83 2.65 2.23 1.76

05 | 425 3.03 3.03 | 299 | 2383 2.65 2.23 1.76

0 5 3.03 3.03 | 299 | 2.83 2.65 2.23 1.76

w0 > 2 nm. The ratio of HRS to LRS will be 3.64 which is
the ratio of 8.114kQ to 2.23 kQ.

Lastly, a DECP of 500 pA is injected. The 500 pA
corresponds to an equivalent charge of 734.5 pC. Fig. 10
shows the variation in RRAM resistance versus x0 and
w0 when 500 A is injected. From the simulations, it
can be observed that the filament has grown by 98%.
Hence, the resistance is 4.130 kQ when x0 = 3nm and
w0 = 0.5nm, whereas the device offers resistance of
1.76 kQ for x0 < 2nm, while w0 > 2nm. Therefore,
the ratio of HRS to LRS still further reduces to 2.34. The
resistance variations are limited to a few ohms for every
decrement in x0 and increment in w0. Table 3 presents
an overall comparison of the entire work.

5. CONCLUSION

In this work, the impact of an SEU on RRAM is
analyzed with respect to the dimensions of the conduc-
tive filament. The impact represents the resistance of
the device changes from HRS to LRS. As well as the
resistance, the HRS to LRS ratio has also been reduced
from 81.87 to 2.34. The memory window size will be the
lowest. Suitable hardening techniques are proposed to
mitigate the SEU effects on the RRAM. Further analysis
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can be carried out on multi-nano conductive filaments.
Apart from the length and width variations, the thickness
variation of the filament can also be considered in future
work.
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