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Abstract In this paper, we report the effect of the write

voltage and frequency on memristor-based resistive ran-

dom access memory (RRAM). The above-said parameters

have been investigated on the linear drift model of the

memristor. With a variation of write voltage from 0.2 to

1.2 V and a subsequent frequency modulation from 1, 2, 4,

10, 100 and 200 Hz, the corresponding effects on memory

window, low resistance state (LRS) and high resistance

state (HRS) have been reported. Thus, the lifetime (s)

reliability analysis of memristor-based RRAM is carried

out using the above results. It is found that the HRS is

independent of the write voltage, whereas LRS shows

dependency on write voltage and frequency. The simula-

tion results showcase the fact that the memristor possesses

higher memory window and lifetime (s) in the higher

voltage with lower frequency region, which has been

attributed to less data losses in the memory architecture.
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Introduction

Traditionally, the passive circuit family in electrical engi-

neering consists of three lumped elements, viz., resistor,

inductor, and capacitor. In 2008, HP research group

reported the first physical realization of a fourth funda-

mental circuit element named as Memristor [1], which was

postulated mathematically four decades earlier by Chua

[2]. Memristor is a nonlinear circuit element and possesses

nonvolatile memory property, which is not observed in any

other circuit elements. The inherent memory property of

memristor is distinctly observed in the nanoscale and

therefore, it is considered as a strong candidate for the next

generation memories [3]. Along with its applications in

memory, there are many interesting applications explored

around memristors such as neuromorphic computations [4],

in-memory computing [5], biomedical application [6] and

much more.

Recently, Nickel et al. [7] developed the nonlinear,

bipolar memristor crossbar structures and demonstrated the

high scalability in the developed device. Emara et al. [8]

reported the 1T2 M differential memory cell for single and

multi-bit data storage. Ning et al. [9] proposed the non-

volatile threshold adaptive transistors model with embed-

ded RRAM for neuromorphic application. Dongale et al.

[10] reported the TiO2 thin film memristor with the low

symmetric voltage switching. Hoessbacher et al. [11]

reported a novel application of memristor in the plasmonic

domain. The reported plasmonic memristor can be used as

electrically activated optical switches with a memory

effect. Murali et al. reported the zinc–tin–oxide (ZTO)

based memristor. Good switching ratio, long retention

time, and good endurance have been observed in the

developed memory device [12]. Against the backdrop of

the international research scenario, our research group is

also striving hard to model and realize memristor using

different methods and come out with useful applications

[13–16]. Previously we have reported the effect of device

size as a function of frequency on memristor-based RRAM

[17]. We have also investigated the conduction mechanism

and frequency dependency of nanostructured memristor

device [18, 19].

In the present paper, we have reported the effect of write

voltage as a function of frequency on memristor-based

resistive random access memory (RRAM) and thereby

ensured the reliability of the device. The proposed inves-

tigation is based on linear drift model of memristor pro-

posed by HP research group [1]. The rest of the paper is as

follows: After a brief introduction in the first section, the

second section deals with the computational details, fol-

lowed by the effect of write voltage as a function of fre-

quency on memristor-based RRAM in the third

section. The fourth section investigates the effect of write

voltage as a function of frequency variation on lifetime (s)

reliability of memristor device. At the end, the conclusion

is portrayed.

Computational details

The memristor properties are simulated using linear drift

model [1]. For the present investigation, the drift velocity

of oxygen vacancies is considered as a state variable ‘w’.

The details of conduction mechanism and device structure

have been investigated thoroughly by many researchers

[14, 15, 20–22]. Considering the linear ionic drift with the

average drift velocity of oxygen vacancies lV leads us to

memristor current and voltage relation represented by the

following mathematical equations [1]:

V tð Þ ¼ RONW tð Þ
D

� �
þ ROFF 1 � W tð Þ

D

� �� �
i tð Þ; ð1Þ

where state variable ‘w’ can be represented as,

dw tð Þ
dt

¼ g
lvRON

D
i tð Þ; ð2Þ

where V(t) represents applied voltage, i(t) is the current

through the device, D is the device size, RON and ROFF are

considered as LRS and HRS of the device, respectively,

and g represents the polarity of the device. The present

simulation is carried out for a 10 nm memristor device in

which the doped region is about 2 nm and drift velocity of

oxygen vacancies is lV = 10-14 m2 V-1 s-1. The ampli-

tude is progressively increased in steps of 0.2 V and a

corresponding effect has been observed on LRS and HRS.

Similarly, effects of frequency on memory window and

lifetime (s) reliability are also investigated.

Effect of write voltage and frequency
on memristor-based RRAM

The write voltage plays a key role in the resistive switching

of memristor device. The properties of memristor are dis-

tinctly observed in the nanoscale regions and at this region,

small bias can produce large electric field across the device

which accelerates the drift velocity of charge carriers. In

other words, this kind of effect can be understood by

nanoscopic drift–diffusion model and not by macroscopic

drift–diffusion model. In this scenario, an application of a

small bias (few volts) on the nanoscale device results in the

generation of the extremely strong electric field in the
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active region of a device (*1 MV cm-1) [22]. This strong

electric field reduces the activation barrier which results in

an increase in the drift velocity of charge carriers or

nanoscopic nonlinear ionic transport [22]. Furthermore,

this strong electric field produces nonlinear drifting of

vacancies near the boundary interfaces [20–22].

In view of this, the Fig. 1a–f represents the effect of

write voltage on the pinched hysteresis loop (PHL) of

memristor device. The bipolar resistive switching is

observed for each case. The area under bipolar resistive

switching (pinched hysteresis loop) seems to be increasing

with the corresponding increase in write voltage, i.e., from

0.2 to 1.0 V; subsequently, the loop area tends to decrease.

Generally, the PHL is considered as a memory property of

memristor. The results clearly show that memristor

requires appropriate bias for bipolar resistive switching. In

the present investigation, the highest bipolar resistive

switching is observed in the order of 0.8–1.0 V. This typ-

ical loop area of the memristor is termed as memristance

and the value thereof is one of the performance metrics of

resistive random access memory (RRAM). The increase in

the memristance is due to the fact that the concentration

and motilities of vacancies are increased in the range of

particular bias [21–23]. The loop area is degraded above

1 V and shows highly nonlinear behavior at 1.2 V. The

nonlinear behavior at this range is attributed to the large

electric field across the 10 nm device. This large electric

field produces nonlinear drifting of vacancies near the

boundary interfaces, which further results in high nonlin-

earity in the I–V characteristics. The increase in the loop

area with an increase in the bias is in good agreement with

the experimental result reported in the literature for dif-

ferent active layer materials and device structures [24, 25].

The results indicate that 1 V is an upper threshold for

memristor when it is used for RRAM applications at 10 nm

device dimension. The change in the bias also alters the

response of the charge-magnetic flux plot. The charge-

magnetic flux plot is linear at the lower value of write

Fig. 1 Pinched hysteresis loop (PHL) of memristor for different write voltages. a PHL for 0.2 V and the remaining results are for 0.4, 0.6, 0.8. 1

and 1.2 V (b–f respectively)
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voltage (0.2–0.4 V) and it becomes nonlinear at a higher

value of write voltage (0.6–1.2 V), which is shown in the

Fig. 2a–f. The symmetric nature of I–V also gets altered

when the bias of the device is changed, which is shown in

the Fig. 3a–f. These results indicate that the memristor

possesses bias-dependent resistive switching property.

The results of the present simulations suggest that the

current multiplier factor plays an important role in resistive

switching and is found to be 10-5 A for 0.2–0.6 V. The

same becomes 10-4, 10-3 A for the 0.8–1.0, and 1.2 V,

respectively. At the nanoscale, current threshold for resis-

tive switching seems to be operational and the rate of

drifting of oxygen vacancies (state variable of memristor)

is higher at a particular range of bias and lower for other

bias. The simulation results are clearly evident that mem-

ristor is a very apt fundamental building block of the

nonvolatile memory with a high degree of symmetry. The

lower resistive switching voltage makes it a promising

candidate for future low power consumption memories.

The effect of write voltage on LRS and HRS is also

shown in Figs. 4 and 5. It is found that the LRS increases

as the applied write voltage increases and there is no effect

observed on HRS. The increase in the LRS value may be

due to the oxidation at electrodes during the resistive

switching process and it is in good agreement with the

experimental result reported in the literature [26]. The

memory window is high only at lower frequencies (1 and

2 Hz) and tends to diminish at higher frequencies. The very

small change in the LRS is observed at higher frequencies.

In actual practice, memory window should be high to

detect the two resistance states easily by read/write circuits.

The memory window is one of the performance metrics of

high-performance RRAM and it is associated with cor-

rection of data reading. The small memory window leads to

read/write errors in the memory architecture [17, 27]. The

results associated with the LRS are in good agreement with

the result reported by Nili et al. [28]. However, the HRS

results are not matching with the results in Ref. [28]. This

is due to fact that the different physical mechanisms such

as ionic [29], electrochemical [30], Joule heating [31],

raising and lowering Schottky barriers [32] etc are getting

associated with the memristor device. The detailed dis-

cussion of various conduction mechanisms can be found in

[20, 33, 34].

Thus, the results clearly depict the existence of higher

memory window only at higher write voltage with lower

frequency. This results in fewer read/write errors in the

memristor-based RRAM. The results also suggested that

the memory window becomes very small at higher fre-

quency; therefore, read/write errors become dominant and,

Fig. 2 Effect of write voltage on charge (q)–flux (u) relation
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hence, memristor-based RRAM cannot be used in this

region.

Effect of bias or write voltage and frequency
on memristor lifetime (s) reliability

The data-handling capacity of a memory device, in general,

is characterized by its data retention property. The data are

supposed to be retained for a very long period of time and

it is one of the primary requirements for any memory

device. The external or internal malfunction or faults can

be responsible for data losses [17, 27]. Furthermore, this

fault also affects the lifetime (s) reliability of the memory

device. The lifetime of the memristor, as well as data

retention, can be increased by taking proper care of faults

and malfunctions. Against this backdrop, we have inves-

tigated the effect of write voltage and frequency on the

reliability of memristor-based RRAM. The results

Fig. 3 Effect of write voltage on semi-log current (I)–voltage (V) property
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Fig. 4 Effect of write voltage on memory window of memristor with

change in frequency. The results clearly indicate that the memory

window decreases as the frequency of applied signal increases
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described in the previous sections confirm the important

role of write voltage in the memristor-based RRAM. With

reference to the write voltage scenario, the value of LRS is

very low for lower voltage region, and it becomes high for

higher voltage region. At the same time, the value of LRS

increases as the frequency of applied signal increases

which is shown in Fig. 5.

The low value of LRS is responsible for higher peak

current. If peak current gets decreased by any malfunction

or process variation, then the lifetime of memristor-based

RRAM too worsens. If the peak current is reduced to its

minimum threshold value, then the sense amplifier cannot

distinguish the difference between data and noise. The

random-telegraph noise is often considered as the reason to

0.2 0.4 0.6 0.8 1.0 1.2

100

1000

10000

100000

M
em

ris
ta

nc
e 

(O
hm

)

Applied Bias (V)

LRS
HRS

a

0.2 0.4 0.6 0.8 1.0 1.2

100

1000

10000

100000

M
em

ris
ta

nc
e 

(O
hm

)

Applied Bias (V)

LRS
HRS

b

0.2 0.4 0.6 0.8 1.0 1.2

100

1000

10000

100000

LRS
HRS

Applied Bias (V)

M
em

ris
ta

nc
e 

(O
hm

)

c

0.2 0.4 0.6 0.8 1.0 1.2

100

1000

10000

100000

LRS
HRS

Applied Bias (V)

M
em

ris
ta

nc
e 

(O
hm

)

d

0.2 0.4 0.6 0.8 1.0 1.2

100

1000

10000

100000

M
em

ris
ta

nc
e 

(O
hm

)

Applied Bias (V)

LRS
HRS

e

0.2 0.4 0.6 0.8 1.0 1.2

100

1000

10000

100000

LRS
HRS

M
em

ris
ta

nc
e 

(O
hm

)

Applied Bias (V)

f

Fig. 5 Effect of write voltage on low resistance state (LRS) and high

resistance state (HRS) with a change in frequency. a Change in LRS

and HRS with a change in write voltage at 1 Hz. b–f Change in LRS

and HRS with a change in frequency such as 2, 4, 10, 100, and

200 Hz respectively. The results clearly indicate that the LRS is

decreased for low frequencies up to 10 Hz and HRS remains same for

all voltages and frequencies. The memory window is found to higher

at low frequencies
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lower the reliability of memristor devices [35, 36]. The

lower magnitude of current and noise are responsible for

the data loss in the memory architecture [17, 27]. In gen-

eral, the data correspond to the resistance states (LRS and

HRS) of the memristor. The results of our investigation

clearly show that the memristor possesses higher lifetime

(s) in the higher voltage region with a lower frequency of

applied signal, which is depicted in Fig. 6. It is also seen

that the lifetime (s) is degraded at higher frequencies. The

lower voltage region of RRAM shows the lower value of

peak current; hence, sense amplifier does not distinguish

between data and noise. Therefore, any process variation,

which leads to lower peak current values, is responsible for

the lower lifetime (s) of memristor-based RRAM. The

results also confirm that the higher bias with lower fre-

quency region could be the best possible domain to get a

higher lifetime (s) of memristor-based RRAM.

Conclusion

The present paper portrayed the effect of the write voltage

and frequency on memristor-based resistive random access

memory (RRAM). It is found that the LRS is a function of

write voltage and frequency but HRS is independent of

write voltage and frequency. It is further revealed that

memory window tends to increase with an increase in the

write voltage. Furthermore, the memory window is found

to be the function of frequency and higher memory window

is achieved at the lower frequency region. In the present

investigation, memory window is found to be *200 for

frequency value B2 Hz and it decreases after 4 Hz. The

lifetime (s) reliability analysis of memristor-based RRAM

is carried out using LRS results. It is observed that

memristor possesses higher lifetime (s) at higher voltage

with lower frequency region, i.e., the magnitude of the

current is found to be *0.01 A for frequency value B2 Hz

and it decreases for higher frequencies. The simulation

results confirm that the higher frequency region is

responsible for the lower memory window and higher

errors in the memory architecture.
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