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Abstract: Low-frequency 1/f voltage noise has been employed to probe stochastic charge dynamics
in AlOx-based non-volatile resistive memory devices exhibiting both resistive switching (RS) and
magneto-resistive (MR) effects. A 1/fγ noise power spectral density is observed in a wide range
of applied voltage biases. By analyzing the experimental data within the framework of Hooge’s
empirical relation, we found that the Hooge’s parameter α and the exponent γ exhibit a distinct
variation upon the resistance transition from the low resistance state (LRS) to the high resistance
state (HRS), providing strong evidence that the electron trapping/de-trapping process, along with
the electric field-driven oxygen vacancy migration in the AlOx barrier, plays an essential role in the
charge transport dynamics of AlOx-based RS memory devices.

Keywords: low-frequency 1/f noise; resistive switching; magnetic tunnel junction (MTJ); magneto-
resistance (MR); Hooge’s parameter

1. Introduction

Intensive research interest has been focused on resistive switching (RS) memory
devices due to the advantages of non-volatility, high scalability, high integration, and
low power consumption, which could be attributed to the simple metal-insulator-metal
(MIM) configuration and to their compatibility with the existing complementary metal-
oxide-semiconductor (CMOS) technology [1–5]. Despite the fact that RS between the
high resistance state (HRS) and low resistance state (LRS) in a variety of insulators, such
as perovskite and organics [6,7], realizes the basic function of memory devices, binary
metal oxides including TiO2, Al2O3, NiO, and ZnO, among others, have advantages over
other complex materials in terms of simplifying the manufacturing process and compat-
ibility of semiconductor processing [1,8,9]. Additionally, binary metal oxides, such as
aluminum oxides, due to their low-cost fabrication process, self-rectifying properties, and
relative wide band gap, have been considered as promising materials for RS memory,
exhibiting both bipolar and unipolar RS behaviors [10–12]. Moreover, exploration and
manipulation of the transport properties of spin-polarized electrons in Al2O3-based fer-
romagnet (FM)/insulator/ferromagnet (FM) magnetic tunnel junctions (MTJs; identical
to RS memories, except for the use of ferromagnetic metals as electrodes) [13,14] offer
versatile possibilities for developing novel spintronic applications in information storage
and memory devices, which is highly desirable to meet the increasing demand for faster,
smaller, and lower energy consumption in the relevant technologies.
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To date, numerous studies on MTJs with a thin oxide tunnel barrier have demon-
strated that both RS and MR effects can be achieved via electrical control of the resistance
states [15–17]. In our recent work [18], devices with ultra-thin (1.5 nm thick) AlOx barriers
showed bipolar resistive switching between HRS and LRS, and simultaneous TMR at HRS
and LRS, respectively, making the device a promising candidate for multi-bit memory ap-
plications. However, the detailed charge transport dynamics of the AlOx-based RS memory
device is still lacking. Note that different types of an alumina barrier, i.e., an oxygen-
deficient AlOx and nearly stoichiometric Al2O3 layers, can be prepared by magnetron
sputtering and atomic layer deposition (ALD), respectively. It has been reported that the
nearly stoichiometric Al2O3 layer could act as a diffusion barrier for oxygen ions, whereas
the oxygen-deficient AlOx layer displays characteristics of charge trapping/de-trapping
properties similar to perovskite-type complex oxides [19,20]. The low-frequency noise
(LFN) measurement has been widely applied to characterize various disordered systems,
which could provide deep insights into the inherent charge transport dynamics related
to charge trapping/de-trapping phenomena with randomly distributed trap sites [21,22].
Here, we report an extensive study on the 1/f LFN characteristics of the AlOx-based RS
memory devices to address the charge transport dynamics by analyzing the noise power
spectrum density (PSD) through Hooge’s empirical model [23,24].

2. Materials and Methods

The structure of the AlOx-based RS memory device, patterned in a cross-bar configu-
ration with a junction area of 150 µm × 150 µm, was stacked on the glass substrate in the
sequence of NiFe (15 nm)/CoFe (10 nm)/AlOx (1.5 nm)/CoFe (35 nm), as shown in the
inset of Figure 1a. The bottom NiFe/CoFe layer and top CoFe layer served as the electrode.
Since the structure of this device is identical to a MTJ, the bottom NiFe/CoFe also acted as
the soft ferromagnetic (FM) electrode and the top CoFe as the hard FM electrode. The entire
fabrication process was performed in an ultra-high vacuum (UHV) sputtering chamber
with a base pressure of 1 × 10−8 mbar. All metallic layers were made with shadow masks
by sputtering with an Ar working pressure of 5 × 10−3 mbar. The AlOx layer was prepared
by nature oxidation of Al, followed by an O2 plasma treatment at 3 mbar for 20 s. A batch
of 19 samples were fabricated, which possessed stable sample qualities with similar RS
and MR behaviors to our previous work [18]. The current–voltage (I–V) characteristics
were measured at various voltages and the magnetoresistance was measured in the current-
perpendicular-to-the-plane (CPP) configuration by using the four-probe method with the
bias voltage applied on the top electrode while the bottom electrode was grounded. The
data acquisition program for the I–V measurements was set to a waiting time of 0.5 s
between each voltage step. It requires approximately 2 min to measure an I–V curve.

A schematic circuit diagram for the room-temperature I–V and noise measurements is
displayed in Figure 2a. The I–V measurements was taken by using a Keithley 2400 source
measure unit (SMU) and a Data Translation DT322 PCI data acquisition (DAQ) board. For
the noise measurements, the DC bias was supplied by a Keithley 2400 SMU and the signal
associated with the current and noise was amplified by two home-made preamplifiers and
then was sent to two commercial SR 560 amplifiers for further amplifications. The noise
spectrum was measured with an SR 780 spectrum analyzer. A more detailed description
of the circuit design can be found elsewhere [25]. The voltage sweep was designated to
stop for the PSD measurement such that the system can relax to an equilibrium state and
the desired current/voltage was applied for 10 s before the spectrum analyzer started to
take each measurement. It requires about 60 s for one measured PSD (with 200 times of
spectrum-averaging). In total, the I–V curve along with the noise measurements requires
approximately 40 min. The instrumental set-up was calibrated prior to the noise measure-
ment by measuring the equilibrium Johnson–Nyquist voltage noise, in which SV = 4kBRT
at room temperature with a series of commercial resistances, where kB is the Boltzmann
constant and R is the sample resistance.
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netic field measured at 2 mV for HRS and LRS, respectively. The inset shows the scheme of the 

device structure. 

Figure 1. (a) Current–voltage (I–V) curve of a NiFe/CoFe/AlOx/CoFe RS memory device with
arrows indicating the directions of the voltage sweep. Note that the threshold setting and resetting
voltage was about 0.6 V and −0.6 V, respectively. (b) The room-temperature TMR as a function of the
magnetic field measured at 2 mV for HRS and LRS, respectively. The inset shows the scheme of the
device structure.
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Figure 2. (a) Experimental setup for LFN measurements. The device and home-made preamplifiers were placed in a
shielding box. (b) The I–V characteristics of the device with bias voltage in the range of −650 mV to 360 mV. (c) Normalized
junction resistance of a resistive memory device as a function of the applied bias voltage. In order to better understand the
noise characteristics (see Figures 3 and 4), the device was intentionally controlled in the LRS by applying a positive voltage
lower than the threshold setting voltage of ~0.6 V. The arrow shows the direction of the voltage sweep.
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Figure 3. The PSD of the devices measured at the (a) LRS in step 2, (b) reset process in step 3, and
(c) HRS in step 4. As the device underwent a transition from LRS to HRS in step 3, the exponent
of 1/f increased dramatically from 1.4 to 2.0, which shows a significant discrepancy as compared
to (a,b).
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Figure 4. The bias voltage dependence of (a) Hooge’s parameter α and (b) the exponent γ extracted
from noise PSD based on Hooge’s empirical relation.

3. Results and Discussion

The I–V curve of the device investigated is shown in Figure 1 and exhibited reversible,
non-volatile bipolar resistive switching characteristics. After the electro-forming process,
the voltage was swept between +1.0 and −1.0 V in a cyclic manner, with the arrows
indicating the direction of the voltage sweep. When the voltage increased gradually from
0 to +1.0 V (step 1), the current increased abruptly at ~0.6 V, which transited the device to
LRS, followed by a constant current trace limited by setting the compliance current of 13 mA.
On the negative bias side (step 3), a current jump was observed at ~−0.32 V, which switched
the device from LRS to HRS. Here, we designated LRS as the “ON” or “1” state and HRS
as the “OFF” or “0” state. The I–V curve clearly shows the RS memory characteristics.
Low-switching voltage characteristics with 7.32 mW of set power (12 mA @ 0.61 V) and
4.20 mW of reset power (−12 mA @ −0.35 V) were obtained in this device. Note that the
value of the switching voltage was the same order of magnitude as that of devices with a
large junction area. As compared to our previous study [18], the low set and reset voltages
in this device could be attributed to the material and interfacial properties associated with
the higher level of the compliance current, which in turn shifts the switching threshold
voltage [26]. Previous studies have reported that a smooth switching of the I–V curve could
be interpreted as a modification of the Schottky barrier height at the metal–oxide interface,
which is responsible for the trapping/de-trapping of electrons in the interfacial-type RS
memory devices [27,28].

Figure 1b shows the magneto-transport characterization of the AlOx-based RS device,
in which the cycling of the junction resistance is plotted with the applied in-plane magnetic
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field. The resistance curves display the typical MTJ characteristics at room temperature
with a tunneling magneto-resistive (TMR) ratio defined as

TMR% =
∆R
RP

× 100% =
RAP − RP

RP
× 100% (1)

where RP and RAP depict the resistances when the magnetizations of the FM electrodes
are in the parallel and anti-parallel configurations, respectively. To better understand the
TMR ratio associated with the HRS and LRS as a function of the magnetic field in the AlOx
based MTJ, the device was set from one resistive state to another by applying voltages of
1.0 V (set) and −1.0 V (reset), and the magnetoresistance measurements were performed
subsequently at 2 mV. Figure 1b shows the MR loop of the MTJ at both HRS and LRS with
a TMR ratio of 5.8% at HRS and 2.7% at LRS, indicating that both the RS and MR effects
were present in a single device, manifesting as four electrically and magnetically tunable
resistance states. The consistent behavior was observed in a number of MTJs made under
identical conditions, albeit with some variations in the resistance value. Compared to our
previous study [18], the setting of a higher compliance current in this work reduced the
junction resistance and thereby lowered the tunneling probability, which resulted in a lower
TMR ratio in both HRS and LRS. Notably, the ability to control the RS and MR performance
is desirable for future applications of the electrical control of magnetism and emerging
spintronic devices, such as spin-orbit-toque-induced magnetization switching [29,30].

As for the noise characteristics, the same device was carried to the LFN measurement
system to measure the noise PSD as a function of the applied voltage. The device was
intentionally kept at LRS (steps 1 and 2) in the initial state, as shown in Figure 2b. As
the voltage increased from 0 to +360 mV (step 1) and then swept back to 0 V (step 2), the
hysteresis-free I–V curve was observed, as shown in Figure 2b. This indicates that the
device remained in the LRS and the Joule heating effect was negligible when the voltage
was swept between 0 and 360 mV. Further investigations showed that as long as the applied
voltage did not go beyond the threshold set voltage of 0.6 V, the device consistently remains
in the LRS. However, when the negative bias voltage was applied, the resistance of the
device gradually increased up to V ~ −300 mV and then underwent a transition to the HRS
at V ~ −600 mV, indicated as the reset process (step 3) in Figure 2b. As the voltage was
swept back to zero, the device then remained in the HRS. Figure 2c presents the normalized
resistance as a function of the applied voltage, which evidently shows the “ON” (LRS, step
1) and “OFF” (HRS, step 4) states upon sweeping the voltage.

Figure 3 displays the representative PSD recorded in the frequency range of 8–1600 Hz
for different resistance states during the voltage sweep in Figure 2b. The 1/f-like low-
frequency noise PSD can be characterized by Hooge’s empirical expression [23,24]

SV = α
V2

A·fγ (2)

where A is the cross-sectional area of the junction, V is the voltage across the junction,
γ is the exponent of the 1/f noise spectrum, and α is the Hooge’s parameter, which is a
measure of noise amplitude. Both the Hooge’s parameter α and the 1/f exponent γ could
be extracted from the linear fitting to log(S)-versus-log(f) curves. Figure 3a shows the
PSD recorded in the LRS (step 2) at various bias voltages. It was seen that for the device
in the LRS, the exponent index γ was between 1.4 and 1.0 as the voltage ranged from
361 mV to 142 mV. Similar LFN features with the exponent γ changing with the applied
voltage have been observed in other RS memory devices [31,32]. As the voltage further
swept to the negative region (step 3) across the reset process ~ −384 mV, the exponent γ
exhibited a significant increase up to 2.0, as illustrated in Figure 3b. The higher exponent
value in the reset process could have been caused by the Brownian motion or the diffusion
of oxygen ions during the strong trapping/de-trapping processes, which induce charge
number fluctuations [33]. Moreover, the device was set to the HRS and the magnitude of
the applied voltage decreased from −386 mV to a lower level of −162 mV (step 4), while
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the value of exponent γ progressively reduced from 1.4 to 1.0 and therefore showed a
typical 1/f dependence in the PSD (see Figure 3c).

To obtain a clearer picture of the LFN characteristics, the trajectory of the Hooge’s
parameter α and the exponent γ, obtained from fitting Equation (2) to the experimental
data of the 1/f noise spectrum measured at different bias voltages, is presented in Figure 4.
The arrows indicate the voltage sweeping direction. Figure 4a outlines the bias voltage
dependence of the Hooge’s parameter of the device, which qualitatively elucidates how
noise amplitude varies with bias voltage when the device was in different resistance states.
The α remains approximately at the same value for a fixed bias voltage in steps 1 and 2,
which in turn demonstrates that the device was well kept at the LRS, in good agreement
with the hysteresis-free I–V curve with a voltage sweep between 150 mV and 360 mV,
as displayed in Figure 2b. Furthermore, as the voltage further decreased to the lower
bias region (~150 mV to −250 mV), the value of α increased with lowering bias, which
is a typical behavior observed in the MTJs [34]. While the device underwent the reset
process (step 3) at ∼=−300 mV, the α increased dramatically. Followed by the reset process,
the value of α decreased and remained at the same value up to −600 mV. By comparing
the extracted Hooge’s parameter α in LRS and HRS, we can see that α was one order of
magnitude higher in LRS than that in HRS. In the reset region, unlike the LRS and HRS, α
was relatively high along with the observed 1/f2.0 noise characteristics, suggesting that
the main noise source in the reset region was different from that of the HRS or LRS, which
could be attributed to the Brownian motion or the diffusion of oxygen ions in a process
dominated by Joule heating as the device undergoes the resistance state transition [33].

Figure 4b summarizes the exponent γ of the 1/fγ-like noise spectrum for the device,
making a transition from LRS (step 1 and 2) to reset (step 3) and then to HRS (step 4). The
PSD of the device in the LRS exhibited an exponent of 1.0 ≤ γ ≤ 1.4 until the device was
biased through the reset process at V ∼= −300 mV (in step 3), where the exponent γ revealed
a noticeable increase. The increase of the exponent from the LRS to the reset process could
be attributed to the onset of the trapping/de-trapping of charges in deep trap levels [31].
When bias voltage was slightly less than −300 mV, the exponent γ gradually decreased
and remained in the range of 1.8 to 2.2 when the bias was less than −350 mV. When the
device was switched to HRS (step 4) at V ≥ −600 mV, the exponent was in the range of
1.5 to 1.9, possibly arising from the non-vanishing trapping/de-trapping of charges. As the
applied voltage further increased to a value higher than −400 mV, the exponent gradually
decreased to the range of 1.0 to 1.4, exhibiting normal 1/f characteristics.

Previous studies have shown that the sputtered AlOx barrier contains inevitable oxygen
deficiencies, giving rise to intrinsic oxygen-vacancy-rich amorphous structures [20,35–37].
In our device, the active layer with the ultra-thin AlOx barrier could be modeled as a
quasi-two-dimensional system, in which an artificial gradient of the oxygen vacancy
concentration is established during the process of the plasma oxidation of the Al layer. As
a result, the concentration of the oxygen vacancies in the AlOx layer would be higher near
the bottom electrode, which could contribute to the smooth switching I–V characteristics of
an interfacial-type RS memory, as illustrated in Figure 1a. By applying an electric field, the
oxygen vacancy migration and the trapping/de-trapping process of the injected electrons
would play an important role in the resistive switching behavior of devices, which is
consistent with previous reports [20,35–38]. Based on this scenario, it is more probable
that in the LRS, the vacancies were densely distributed near the conductive path formed
by oxygen vacancies inside the AlOx barrier and therefore the PSD exhibited 1/f-like
dependence. However, an enhancement of the Hooge’s parameter α and exponent γ in
the reset process could be attributed to the strong trapping/de-trapping of the injected
electrons, along with the electric field-driven oxygen vacancy migration [32,33]. Upon the
reset process, there were more dominant vacancies near the conductive path, resulting
in the PSD being inversely proportional to the square of the frequency. As the device
was switched to HRS, the number of vacancies near the conductive path reduced and
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distributed more uniformly, leading to an envelope of 1/f dependence in the frequency
domain in the lower bias region.

4. Conclusions

In summary, we have investigated LFN characteristics in AlOx-based memory devices
with both RS and MR effects. By analyzing the noise PSD within the framework of
Hooge’s empirical relation, we find that the Hooge’s parameter α and the exponent γ
exhibit a distinct variation upon resistance transition from the LRS to the HRS, providing
strong evidence that the electron trapping/de-trapping process, along with the electric
field-driven oxygen vacancy migration in the AlOx barrier, plays an essential role in the
charge-transport dynamics of AlOx-based RS memory devices.
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