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I. INTRODUCTION

Resistive switching memory (RRAM) [1] and conductive
bridge RAM (CBRAM) [2]–[4] are based on the voltage-
controlled formation and dissolution of a conductive filament
(CF) across an insulating layer, usually a metal oxide. The 
device is in a low resistance state (LRS) when the CF connects
the top and bottom electrodes, otherwise the device is in a 
high resistance state (HRS). RRAM and CBRAM (RRAM
will be used to indicate both technologies in the following) 
have become promising technologies for future nonvolatile
memory applications, due to their fast switching, low power 
consumption and good endurance [5]. Among the open chal-
lenges for RRAM reliability, stochastic switching variability 
[6] and low-frequency current fluctuations such as 1/f noise
[7]–[9] and random telegraph noise (RTN) [10]–[17] need to be 
addressed and controlled. While statistical fluctuation of
set/reset processes, i.e. program noise and switching variabil-
ity, can be addressed by program/verify techniques, read noise
can hardly be predicted and corrected by system engineering, 
e.g., program/verify loops. Therefore, read noise represents the
primary reliability concern for RRAM.

RRAM noise arises due to atomistic fluctuations of defects
along the CF in LRS and the localized conductive path in HRS. 
It was shown that the relative amplitude of LRS noise increases
with resistance, as a result of size-dependent depletion within
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Fig. 1. Measured I-V curve for a RRAM device in a 1T1R structure with
a compliance current IC = 9 µA. The set and reset transitions appear for
positive and negative voltages respectively.

the CF [13]. The reliability impact of RTN can be reduced
in part by reading at relatively high voltage, where the noise
amplitude decreases and the fluctuation-frequency increases
due to thermally-activated kinetics of defect fluctuation [11].
However, a proper control of noise and noise-induced level
broadening is still a major challenge for RRAM [7].

This work addresses the impact of low frequency fluctu-
ations in intrinsic RRAM devices. We find that resistance
broadening with time is due to 1/f noise and RTN, and
derive an analytical formula to predict the resistance spread
as a function of time. The resistance-dependence of 1/f noise
in LRS and HRS is then studied and explained in terms of
multiple-defect fluctuations by finite element calculations.

A preliminary study on noise-induced broadening of RRAM
resistance was reported in [7]. Here we extend the analysis of
[7] by addressing the resistance-dependence of noise in LRS
and HRS by experiments and simulations. The statistics of
noise causing array distribution broadening will be addressed
in the companion paper [18].

II. RRAM DEVICES AND CHARACTERISTICS

We performed experiments on RRAM devices with a one-
transistor/one-resistor (1T1R) structure. The RRAM element
consisted of a stack of a Cu-containing amorphous alloy as an
active top electrode, a metal oxide layer of 6 nm thickness, and
an inert metal bottom electrode [7]. RRAM with Cu-containing
top electrode is believed to rely on the migration of Cu ions
for set and reset processes. This type of devices is sometimes



Fig. 2. Measured read current as a function of time for LRS with R = 10 kΩ (a), its corresponding relative standard deviation σI/I (b), calculated current
as a function of time (c) and its relative standard deviation (d), and PSD of experimental and calculated noise (e). The PSD indicates a 1/f behavior of noise
in the device. The results of the analytical model are also reported in (b,d,e), showing a good agreement with experimental and numerical results.

Fig. 3. Measured Iread distributions for increasing times t1 = 10−1 s,
t2 = 1 s, t3 = 101 s and t4 = 102 s shown in Fig. 2a. The gaussian fits
are also shown with normalized areas. The standard deviation σ increases for
increasing time due to 1/f noise as also shown in Fig. 2b.

referred to as conductive bridge RAM (CBRAM) [4], [19],
although the name RRAM will be used here for the sake of
generality. Two different RRAM stacks were used, namely
stacks A and B, differing by the metal oxide although showing
similar noise behavior. All measurements have been performed
on stack A, except where noted.

Fig. 1 shows the measured I-V curve where the set transition
from HRS to LRS occurs by applying a positive voltage to
the top electrode, leading to the formation or connection of a
conductive filament (CF) across the oxide layer. The current
increase is limited by the select transistor to a compliance
current IC which is about 9 µA in Fig. 1. Reset transition
from LRS to HRS is instead obtained by a negative voltage
inducing partial dissolution of the CF by ion migration toward

Fig. 4. Calculated 6σ broadening of resistance levels with time due to 1/f
noise, according to Eq. (2).

the top electrode [20], [21].

III. 1/f NOISE BEHAVIOR AND MODELING

Fig. 2a shows the measured read current Iread obtained for
a 10 kΩ set state with a read voltage Vread = 10 mV. Current
fluctuations are due to 1/f noise, which is evidenced by the
power spectral density (PSD) SI in Fig. 2e, revealing a clear
-1 slope. All measurements were performed in the steady state
of noise fluctuations, namely, the PSD did not depend on the
time of the measurement of Iread. We neglected the noise
contribution of the transistor which is much smaller compared
to the resistive switching device noise in the 1T1R structure.
In fact, we observed that the measured noise characteristics
changes from cycle to cycle, e.g., from 1/f noise to RTN,
which clearly indicates that the RRAM element dominates the
device noise characteristic. To understand the impact of 1/f
noise on cell readout, we extracted the Iread distributions at



increasing times t1 = 0.1 s, t2 = 1 s, t3 = 10 s and t4 = 100 s, as
indicated in Fig. 2a. Here, the distribution at a generic time ti
contains all Iread samples collected before ti with a sampling
frequency of 125 Hz. The results normalized by the overall
area of the distribution are reported in Fig. 3 together with
their respective gaussian fits. The standard deviation σI of
Iread increases with time due to the increasing contribution
of fluctuations at low frequency, which are characterized by
a higher PSD. Fig. 2b shows the relative standard deviation
σI/I , where I is the median value of Iread from zero to time
t. Results in the figure confirm that σI/I increases with time
due to the increasing noise contributions at low frequency.

To better understand the impact of 1/f noise on resistance
broadening, we simulated 1/f noise in Iread by a numerical
Monte Carlo model. Fig. 2c shows the calculated Iread as
a function of time, while Fig. 2e shows the corresponding
PSD demonstrating 1/f dependence of noise in the frequency
domain. Fig. 2d shows the corresponding relative spread σI/I
as a function of time, which accounts for the experimental
data in Fig 2b. These results support our interpretation of the
distribution broadening with time, which affects the resistance
distribution of RRAM.

A. Analytical modeling

We developed an analytical model to predict the time-
dependent broadening of Iread distributions. The variance σI

2

can be calculated by integrating the SI spectrum from a
minimum frequency fmin to a maximum frequency fmax [22]
according to:

σI
2 =

∫ fmax

fmin

SIdf, (1)

where fmin = t−1, fmax = (2ts)
−1 and ts is the sampling

time, of 8 ms in Fig. 2. By substituting SI=A/f in Eq. (1),
where the parameter A is the PSD SI at a frequency f = 1 Hz,
the relative ratio σI/I can be analytically obtained by:

σI

I
=

√
Aln(fmaxt)

I
. (2)

The calculated results are plotted in Fig. 2b and d, show-
ing a good agreement with data and numerical calcula-
tions. The corresponding SI is reported in Fig. 2e. From
Eqs. (1) and (2), the broadening of Iread distribution with
time can be understood by the integration range extending
to decreasing fmin, where the PSD largely increases due
to the 1/f dependence of the PSD. Eq. (2) provides a
useful tool for easily evaluating the broadening of a current
level (or, equivalently, a resistance level due to the rela-
tionship σI/I = σR/R) with time. For instance, the ana-
lytical model straightforwardly allows for a rapid feasibility
study of multilevel cell operation as shown in Fig. 4. Here,
four different resistance levels R1 = 10 kΩ, R2 = 30 kΩ,
R3 = 100 kΩ, R4 = 500 kΩ are considered as an example,
together with their six-σ broadening with time according to
Eq. (2), where A10kΩ = 10−18 A2, A30kΩ = 3.3x10−18 A2,
A100kΩ = 10−18 A2 and A500kΩ = 4x10−20 A2 were assumed.
Note that the 100 kΩ and 500 kΩ resistance levels in Fig. 4
display a similar spread on the log-scale, which corresponds
to similar σR/R. The extension to 10 years reveals feasibility
of multilevel cell operation. Note that calculations were per-
formed considering the median values of noise and not the
entire noise distribution. In fact, high noise cells lead to the
failure of multilevel cell due to excessive fluctuations.

IV. ANALYTICAL MODEL OF RTN

RTN was also studied similar to 1/f noise. Fig. 5a shows
the measured Iread as a function of time, for a RRAM
device in the LRS with a resistance R = 15 kΩ measured
at Vread = 10 mV. Note that we used the same experimental
conditions for measuring both 1/f noise (Fig. 2) and RTN
(Fig. 5). RTN and 1/f noise can appear on the same device
for different cycles, depending on the number of defects and
on the impact of the charge fluctuation on the CF current.
The measured current clearly displays RTN with a relative
amplitude of almost a factor 2. The extracted σI/I ratio is
reported in Fig. 5b. Interestingly, σI/I is initially negligible,
until the first current step occurs at 0.7 s, at which point
σI/I sharply increases due to the increased spread caused

Fig. 5. Measured read current as a function of time for LRS with R = 15 kΩ (a), its corresponding relative standard deviation σI/I (b), calculated current
as a function of time (c) and its relative standard deviation (d), and PSD of experimental and calculated noise (e). The PSD indicates an RTN behavior of
noise in the device. The results of the analytical model are also reported in (b,d,e), showing a good agreement with experimental and numerical results.



Fig. 6. Measured Iread as a function of time (a) for different resistances from
10 kΩ to 2.6 MΩ and corresponding PSD (b). Data show a 1/f behavior in
the frequency domain, where PSD increases with R, then saturates at relatively
high R.

by the change in the current level. In contrast to the 1/f
case, the σI/I ratio does not continuously increase, rather it
saturates to a constant value of about 0.2 due to the presence
of only 2 levels in the current distribution. From a frequency-
domain perspective, the saturation of σI/I at long times can
be understood by the saturated PSD of the Lorentzian shape
of RTN at decreasing fmin, hence increasing times.

To derive an analytical formula for σI/I , we first introduce
the characteristic time constant τP of RTN given by:

τP =
τonτoff

τon + τoff
, (3)

where τon and τoff are the average times for the current to
switch from high to low value, and from low to high value,
respectively. From Eq. (3), τP defines the pole of the current
fluctuation. It can be shown that SI is a Lorentzian function
given by [23]:

SI = 4∆I2
1

τon + τoff

τ2P
1 + (2πf)2τ2P

, (4)

where ∆I represents the difference between the 2 current
levels in the RTN. Following the same procedure adopted for
1/f noise in Eq. (1), the variance σ2

I is obtained by integrating
SI from fmin to fmax thus leading to:

σ2
I =

2∆I2τP
π(τon + τoff )

(atan(2πτP fmax)− atan(
2πτP
t

)). (5)

Eq. (5) can be simplified as:

σI

I
=

√
α− βatan( 2πτPt )

I
, (6)

where α is given by:

Fig. 7. Measured SI/I
2 at 1 Hz as a function of R for stacks A and B.

The regimes below and above R = 80 kΩ reveal the transition from partial to
full depletion in the CF. Data from RRAM with stack A and B do not show
significant difference.

Fig. 8. Scatter plot of σI/I at 520 s as a function of SI/I
2 at 1 Hz.

The slope = 0.5 is consistent with the analytical model of Eq. (2). Data from
RRAM with stack A and B do not show significant difference.

α =
2∆I2τP

π(τon + τoff )
atan(2πτP fmax), (7)

and β is given by:

β =
2∆I2τP

π(τon + τoff )
. (8)

Calculation results from the analytical model are shown in
Fig. 5b, showing an initial increase corresponding to the onset
of RTN fluctuations followed by a saturation at longer times.
Note that, contrary to data in Fig. 5b, the analytical model
predicts a smooth broadening with time, which corresponds to
averaging all possible onset times of RTN. A numerical sim-
ulation of RTN was performed, resulting in the time-domain
evolution in Fig. 5c, and the relative standard deviation σI/I



Fig. 9. Calculated carrier density at the CF surface in presence of 5 bistable fluctuating defects for diameters ϕ = 7 nm (a) and 1.6 nm (b), calculated
Iread for ϕ = 7 nm (c) and 1.6 nm (d), and calculated SI/I

2 (e). Note that the 1/f slope originates from the envelope of individual RTN components with
different characteristic times τP .

in Fig. 5d. The analytical calculation is also reported here for
comparison, confirming the validity of our analytical model.
Finally, Fig. 5e shows the measured PSD and calculations
from the numerical model and the analytical model of Eq.
(4). Note the Lorentzian shape of the PSD which accounts for
the saturating broadening at long times in Fig. 5b and d.

V. RESISTANCE DEPENDENCE OF NOISE

The analytical model allows to predict the resistance dis-
tribution broadening based on parameter A, namely the PSD
at 1 Hz for 1/f noise in Eq. (2). To assess the resistance
dependence of broadening, we studied the PSD for different
programmed HRS and LRS. Current noise was measured in a
range of resistance of more than 3 decades from about 3 kΩ to
about 5 MΩ. Fig. 6 shows the measured Iread as a function of
time (a) and the corresponding SI/I

2 (b) for increasing initial
resistances, namely R1 = 10 kΩ R2 = 40 kΩ, R3 = 320 kΩ
and R4 = 2.6 MΩ. All data show a 1/f spectrum of noise
(RTN was found only in a minority of cases), where SI/I

2

increases for increasing resistance, then saturates for HRS with
relatively large resistance. To confirm the results in Fig. 6,
data were collected for several samples, each programmed
in various HRS and LRS, and SI/I

2 was evaluated. Fig. 7
shows the resulting SI/I

2 measured at 1 Hz as a function of
the resistance. Two different stacks A and B were measured,
differing for the metal oxide in the switching layer although no
differences arise from the two different materials. Data show
an increase of noise with resistance for R < 80 kΩ, followed
by a saturation for R > 80 kΩ. Note the relatively large spread
in the values of SI/I

2 reported in the figure at any given R.
To support the role of 1/f noise in the broadening of the

resistance distribution, Fig. 8 shows the scatter plot which
correlates the measured relative spread σI/I taken at 520 s and
the corresponding SI/I

2 taken at 1 Hz. All data in the figure
indicate a slope 0.5 on the loglog plot, which corresponds to a

power law σI/I∝
√

SI/I2. This power law can be understood
by the relationship between 1/f PSD and the time-dependent
broadening in Eq. (2). In fact, SI at 1 Hz corresponds to
parameter A in Eq. (2) for 1/f noise, thus accounting for the
slope 0.5 in Fig. 8 according to Eq. (2) where σI/I∝

√
SI/I2.

The calculated line from Eq. (2) is also shown in the figure,
which further supports the validity of Eq. (2) at variable
resistance levels. Data from 2 RRAM devices with different
stacks, namely stack A and B, are compared in Figs. 7 and 8:
the 2 stacks show similar behavior, suggesting that noise and
broadening cannot be easily suppressed by changing the oxide
composition in the switching layer. Due to the large statistical
spread in Figs. 7 and 8, it is not possible to rule out a minor
difference due to the different oxide stacks A and B [24].
Previously, it was shown that the set operation with the same
compliance current and different oxides resulted in different
CF size [24], [25]. On the other hand, our previous works have
shown that the relative noise amplitude of RTN only depends
on R [11], therefore different CF sizes still result in the same
’universal’ noise-resistance characteristics of Figs. 7 and 8.
This explains the independence of noise characteristics on the
details of the RRAM stack in our data.

The two regimes in Fig. 7 can be explained by the size
dependence of noise as in the RTN case [11], [13]. Here,
bistable defects, namely charged/uncharged point defects such
as oxygen vacancies [26], [27] or Cu impurities [28], close
to the CF surface in LRS fluctuate between two different
charge states, hence resulting in an intermittent depletion
of carriers within the CF. As R increases, the CF becomes
smaller, thus resulting in a transition from partial depletion
at low R to full depletion at large R [11]. For HRS, a
similar explanation applies, except that the CF is replaced by
a percolation conductive path with PF conduction. To provide
a quantitative explanation of size dependent noise in Figs.
6 and 7, we calculated 1/f noise as the superposition of



several RTN contributions [11]. Noise was thus simulated in
the time and frequency domain by a numerical calculation
performed with a 3D numerical model for RTN noise [11].
In the calculations, we assumed that 5 bistable defects were
located in random position near the surface of each CF. Fig. 9
shows the contour map of the carrier concentration at the CF
surface for a relatively large CF with diameter ϕ = 7 nm (a)
and a relatively small CF with ϕ = 1.6 nm (b), assuming that
all 5 defects are in a negatively-charged state, thus resulting
in a local depletion of carriers. In the figure, depleted regions
with low carrier concentration can be recognized by the blue
color. For the thick CF in Fig. 9a, only a limited portion of
the CF cross-section is depleted, while the thin CF in Fig.
9b is fully depleted due to the CF diameter being smaller
than the Debye length for carrier screening. To calculate the
noise current as a function of time, we assumed independent,
random switching of each bistable defect between a negative
and a neutral state. Defects were assumed to have different
characteristic times τP = 2 ms, 20 ms, 200 ms, 2 s, 20 s.
Individual times τon and τoff in Eq. (3) where assumed equal
(τon = τoff = 2τP ) for each defect. We adopted equal time
constants τon = τoff for the sake of generality. However,
similar results could be obtained with different τon/τoff ratio,
corresponding to different stability for neutral and charged
states. All defects were assumed to be located at the surface
of the CF, which resulted in the fluctuation amplitude ∆I
being approximately the same for all defects. The calculated
current measured at Vread = 50 mV as a function of time is
reported in Fig. 9 for ϕ = 7 nm (c) and 1.6 nm (d). The CFs
display resistance values of 11 kΩ (ϕ = 7 nm) and 200 kΩ
(ϕ = 1.6 nm). Note that the bistable switching of the 5 defects
results in 25 different current levels in the fluctuations, where
each level is barely recognizable. Fig. 9e shows the SI/I

2

of the calculated currents in Figs. 9c and d: SI/I
2 is larger

for the thinner CF than for the thicker CF, which is consistent
with the experimental findings of Fig. 7 and is due to the size-
dependent depletion in Fig. 9a and b. Fig. 9e also shows the
SI/I

2 of the RTN contributions due to the individual bistable
fluctuations, revealing the typical Lorentzian behavior with a
1/f2 trend. By summing all RTN contributions one gets the
overall 1/f distribution of noise power, which is consistent
with data in Figs. 2 and 6. The 1/f fluctuation of current in our
device can thus be interpreted as the superposition of several
individual defects switching at distributed characteristic times.
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VII. CONCLUSIONS

This work addresses low-frequency noise in resistive switch-
ing devices by a detailed study of the 2 main contributions to
current fluctuations, namely 1/f noise and RTN. We show that
the broadening of the distributions of current and resistance
can be predicted by an analytical model for the relationship
between distribution broadening and noise PSD. Analytical
models for 1/f noise and RTN are presented and confirmed by

data and numerical Monte Carlo simulations of noise. Finally
we studied the resistance dependence of the noise spectral
density and broadening providing evidence for 2 different
regimes at relatively low and high resistance, corresponding
to partial and complete depletion of carriers in the CF by the
fluctuating defect. A numerical finite-element model for noise
with multiple fluctuation defects has been used in support of
our interpretation.
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