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The effect of resistive switching in the yttria stabilized zirconia (YSZ) thin films on Si substrates has been studied by Conductive
Atomic Force Microscopy (CAFM). The resistive switching of the YSZ films from the low conductive state to the highly conductive
one has been found to be associated with the increasing of the noise with broad frequency spectrum related to the redistribution of
the oxygen vacancies in YSZ. The electrical oscillations in oscillation loop connected in series to the CAFM probe, the sample, and
the bias source related to the excitation of the oscillation loop by the noise in the probe-to-sample contact film have been observed.
The effect discovered is promising for application in the memristor devices of new generation.

1. Introduction
At present, the effect of resistive switching in the thin dielectric films has attracted increased interest of the researchers.
The effect consists in reversible bistable change of the electrical resistance of thin dielectric films sandwiched between
two conductive electrodes under the electric field induced by
the bias voltage applied between the electrodes [1, 2]. The
resistive switching effect is expected to find wide field of
application, particularly, in a new class of electronic devices
called memristors [3], including the nonvolatile memory
devices of the next generation [4].
Resistive switching effect has been observed in various
materials like the transition metal oxides [5], chalcogenides
[6], perovskites [7], and SiOx [8] as well as in some polymers
[9], and so forth. Yttria stabilized zirconia (YSZ) ZrO2 (Y)
is considered to be promising material for the memristors
due to high anion conductivity [10]. At present, the resistive
switching effect on the metal oxides is considered to originate
from the drift of the oxygen vacancies in the electric field
induced between the conductive electrodes (which could be

described also in terms of the drift of the oxygen ions via the
vacancies) [11].
In the present study, the resistive switching effects in
the thin (∼5 nm thick) YSZ films on the conductive 𝑛+ -Si
substrates have been studied by Conductive Atomic Force
Microscopy (CAFM) [12]. In this method, the surface of
dielectric film on conductive substrate is scanned across
by AFM probe with conductive coating. A bias voltage 𝑉𝑔
is applied between the AFM probe and the substrate, and
the electric current via the probe-to-sample contact 𝐼𝑡 is
measured as function of the probe coordinate on the sample
surfaces 𝑥 and 𝑦 at 𝑉𝑔 = const. Otherwise, the currentvoltage (𝐼-𝑉) curves of the probe-to-sample contact 𝐼𝑡 (𝑉𝑔 )
are measured either at 𝑥 and 𝑦 = const or in every point of
the AFM scan. Typical sizes of the contact area between the
AFM probe tip and the sample surface in the contact AFM
mode are 3 to 10 nm for typical loading forces 𝐹𝑛 = 1 to
2 nN [13], which matches the expected sizes of the memory
cells in future nonvolatile resistive memory (RRAM) devices
(∼10 nm) [14]. So far, CAFM appears to be a powerful tool
to study the resistive switching phenomena at the nanometer

2

Advances in Condensed Matter Physics

Fn

−

1

+

Rfb

2

3

It

−

+

Pt
4

ZrO2 (Y)
n+ -Si

Vg

L

C

Figure 1: The schematic representation of the experiment on the investigation of the resistive switching effect in the YSZ/n+ -Si films by
Conductive Atomic Force Microscopy. 1—AFM laser; 2—quadrant photodetector; 3—Pt-coated cantilever; 4—filament.
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scale. However, there were very few publications on studying
the noise characteristics of the resistive switching phenomena
using CAFM [15]. In these studies, the bandwidth of the
analyzed noise was limited to ∼ 30 kHz. The goal of the
present study was to investigate the noise characteristics of
the resistive switching process in the thin (∼5 nm thick) YSZ
films on Si substrates in a broader frequency band (0 to
2 MHz) using CAFM.
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2. Materials and Methods
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The YSZ films of 3 to 5 nm in thickness were deposited onto
the n+ -Si(001) substrates doped by arsenic with the specific
resistivity 0.005 Ohm⋅cm by Radio Frequency (RF) magnetron sputtering from composite ZrO2 -Y2 O3 compressed
powder target in the Ar-O2 gas mixture (1 : 1) using Torr
International 2g1-1g2-eb4-th1 vacuum system for thin film
deposition. The gas pressure in the deposition chamber was
∼10−2 Torr; the substrate temperature was ≈300∘ C. The Y2 O3
molar fraction in the target material was ≈0.12.
The CAFM investigations were carried out in ultrahigh
vacuum (UHV) environment at 300 K using UHV scanning
tunneling microscope/atomic force microscope (STM/AFM)
Omicron UHV STM/AFM LF1 installed into Omicron MultiProbe RM UHV system. The residual gas pressure in
the STM/AFM chamber was ∼10−10 Torr. The schematic
representation of the experiment is shown in Figure 1. The
local electrical conductivity of the YSZ films was studied
by measuring the electric current between the AFM probe
and the Si substrate 𝐼𝑡 while scanning the sample surface in
contact mode while applying the bias voltage 𝑉𝑔 between the
AFM probe and the substrate. NT MDT NSG-11 𝑝+ -Si AFM
probes coated by Pt were used.
The investigation of the resistive switching in the YSZ/Si
films was performed by recording the cyclic 𝐼-𝑉 curves of the
contact of the AFM probe to the YSZ film surface with the bias
voltage sweep amplitude 𝑉𝑚 > 𝑉th , where 𝑉th ≈ 4 to 5 V was
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Figure 2: A typical cyclic 𝐼-𝑉 curve of AFM probe contact to YSZ/Si
film measured at 𝑉𝑚 = 8 V. The arrows denote the direction of 𝑉𝑔
sweep.

the threshold voltage for the resistive switching in the YSZ/Si
films under study. The bias voltage between the probe and
the substrate 𝑉𝑔 was increased linearly with increasing time
𝑡 from −𝑉𝑚 up to +𝑉𝑚 and then decreased back from +𝑉𝑚
down to −𝑉𝑚 , and so on. The waveforms 𝐼𝑡 (t) were recorded
using Agilent 3000 A oscilloscope connected to “𝐼𝑡 ” output of
Omicron SCALA STM/AFM control electronics (Figure 1).
More details on the sample preparation procedures as well as
on the CAFM measurements ones can be found in [13].

3. Results and Discussion
The cyclic I-V curves of the probe-to-sample contact measured on the YSZ/Si films have demonstrated well-expressed
hysteresis of the bipolar type (Figure 2) due to the resistive
switching in YSZ. The resistive switching behavior of the
AFM tip contact to the YSZ/Si film was well reproducible.
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Figure 3: Typical probe current waveform 𝐼𝑡 (𝑡) measured during
the recording of 𝐼-𝑉 curve of AFM probe contact to the YSZ/Si film
surface at the linear sweep of 𝑉𝑔 in time from 0 V to +8 V.

Earlier, in a dedicated study of the resistive switching in
the YSZ/Si films by CAFM [13] we have observed the
reproducible cyclic I-V curves with hysteresis like the one
presented in Figure 2 when up to several hundred cyclic 𝐼𝑉 curves were measured in one point of the sample surface.
A typical probe current waveform 𝐼𝑡 (𝑡) recorded during
the measurement of I-V curve when sweeping 𝑉𝑔 from 0 V
up to +8 V is presented in Figure 3. The increase of 𝐼𝑡 at
𝑉𝑔 ≈ 𝑉th ≈ 4 V was related to the switching of the YSZ
film from the initial low-conductive (“OFF”) state into the
highly conductive (“ON”) one. One can see in Figure 3 that
the increase of 𝐼𝑡 due to the resistive switching in the YSZ film
is associated with the increased noise at 𝑉𝑔 > 𝑉th ≈ 4 V. The
noise generation has been observed in all points of the sample
surface. Earlier, we have studied the electron tunneling via
the tunnel transparent SiO2 /Si films with the embedded Au
nanoparticles [16, 17], via the In(Ga)As/GaAs(001) quantum
dots and rings [18, 19], and via the GeSi/Si(001) self-assembled
nanoislands [19, 20] by CAFM. We have not observed such
noise generation in the objects listed above as in the YSZ/Si
films. On the other hand, the SiO2 :nc-Au films have not
exhibited the resistive switching (no hysteresis has been
observed in the I-V curves). Therefrom, we have concluded
the noise generation in the YSZ/Si films to be related directly
to the resistive switching property of these ones and suggested
both phenomena to have the same physical origin.
As it was already mentioned above, today’s understanding
of the resistive switching mechanism in the transition metal
oxides with high anion mobility is based on the concept of
the oxygen ion drift via the oxygen vacancies in the external
electric field (which could be also treated as the drift of the
vacancies in the opposite direction) [11]. During the forming
process, the oxygen vacancies arrange in the chains (so-called
filaments) growing through almost whole dielectric film
under the external electric field [21]. The oxygen vacancies
in YSZ generate the deep donor energy levels with the excitation energy ≈0.3 eV [10]. The electron conductivity via the
filaments originates from the hopping of electrons between

the adjacent vacancy deep levels; in the ultimate limit, the
overlap of the envelope wavefunctions of the deep level states
related to the oxygen vacancies in the nearest neighbor sites
arranged in a chain generates a one-dimensional electron
miniband [22]. Within the framework of this concept, the
resistive switching in the metal-dielectric-metal (MDM)
stacks as well as in the metal-oxide-semiconductor (MOS)
ones from the “ON” state to the “OFF” one is related to the
destruction of the filament near one of the metal/dielectric
interfaces with formation of a vacancy-free blocking dielectric layer between the filament tip and the metal-dielectric
interface because of the drift of the oxygen ions towards
the interface. There, these ones fill the oxygen vacancies
thus blocking the electron conductivity via the vacancyrelated deep levels [23]. The reverse switching is related to
the destruction of the blocking layer because of attraction of
the oxygen vacancies to the tip of the filament (or, in other
words, because of the drift of the oxygen ions away from the
blocking layer) that restores the filaments until the blocking
layer becomes a tunnel transparent one [24].
As it has been already mentioned above, typical size of
the contact area between the AFM probe tip and the sample
surface is < 10 nm [13]. On the other hand, the highest surface
density of the filaments in the MDM memory cells reported
in the literature was < 1012 cm−2 [25]. So far, the maximum
number of filaments to appear under the contact of the AFM
probe tip to the sample surface makes 1 to 2. At the same
time, the thickness of the blocking layer is also rather small:
in order to restore the low-conductive (“OFF”) state, the
blocking layer is enough to become a tunnel nontransparent
one. When increasing the thickness of the blocking layer in
≈0.25 nm the tunnel current through this one decreases by
order of magnitude [26]. So far, when the blocking layer
thickness is ∼1 nm, the conductivity of the filament is reduced
by a factor of ∼104 as compared to the case when the filament
grows through the film completely.
Thus, within the framework of this concept, the electromigration processes of the oxygen ions responsible for the
resistive switching in the contact of AFM probe to the YSZ
film surface take place in a very small volume that could be
estimated as ∼10 × 10 × 1 nm3 . In this case, when the ion drift
path becomes comparable to the YSZ lattice constant, a discrete character of the oxygen ion electromigration becomes
an essential one. Namely, a single jump of an oxygen ion to the
neighbor vacancy located near the tip of a filament can affect
the probe current 𝐼𝑡 considerably. Thus, as it has been shown
in [22], the filling of a single vacancy in a one-dimensional
chain by an oxygen ion results in the decrease of the filament
conductivity by more than an order of magnitude. So far,
the above speculations allow relating the increased noise in
the resistive switching of the contact of AFM probe to the
YSZ/Si film surface to a discrete essentially, on one hand,
and, on the other hand, a stochastic nature of the oxygen ion
electromigration via the vacancies under the AFM tip contact
to the YSZ film surface. In other words, the nature of the
observed noise is similar to the one of the shot noise.
In Figure 4, a typical waveform of the noise signal
recorded in the process of the resistive switching with
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the YSZ thin films at low temperatures (𝑇 < 900∘ C) reported
in the literature (0.8 to 1.1 eV, subject to Y fraction and to the
thin film preparation method [28, 29]).
This discrepancy can be attributed to the following two
factors. The first one is the thermal heating of the filament
[23]. Indeed, according to (1), the value of 𝐸𝑎 = 0.8 eV for
𝜏 = 10−6 s and 𝜏0 = 10−13 s corresponds to 𝑇 ≈ 600 K
which seems reasonable. Another factor is the decrease of the
activation energy in the external electric field. According to
Poole-Frenkel formula [30], the decrease of 𝐸𝑎 in the electric
field of the strength 𝐹 can be estimated as
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Figure 4: A waveform (a) and the power spectrum (b) of noise
signal generated during the resistive switching in AFM probe
contact to the YSZ/Si film.

increased time resolution (the sampling time was set to
250 ns) after the trend subtraction (a) as well as its normalized
power spectrum calculated by fast Fourier transform (b) is
presented. The flicker noise band with the spectral power
density 𝑆(𝑓) decreasing rapidly with increasing frequency
𝑓 has been observed in the lower frequency part of the
spectrum. Earlier, 1/𝑓 noise in the MDM stacks based on the
bilayer ZrOx /HfOx films has been reported [27]. The authors
of [27] attributed this 1/𝑓 noise to the trap-assisted tunneling
of the electrons in the electron transport via the filaments.
Besides the flicker noise band, one can see a nearly uniform band typical for the shot noise in the higher frequency
part of the spectrum. In addition, one can see several peaks in
the noise spectrum near f ≈ 1 and 2 MHz, which can be related
to some characteristic lifetime of oxygen ion with respect to
jump onto adjacent vacancy 𝜏. Assuming the temperature
dependence of 𝜏 to obey Arrhenius law
𝜏 = 𝜏0 exp (−

𝐸𝑎
),
𝑘𝑇

(1)

where 𝜏0 ∼ 1/]0 , ]0 ∼ 1013 Hz, is the phonon frequency, 𝑘
is Boltzmann constant, 𝑇 is the temperature, and 𝐸𝑎 is the
activation energy for the oxygen ion jump, for 𝑓 = 1 MHz one
gets 𝜏 ∼ 1/𝑓 ∼ 10−6 s, and for 𝑇 = 300 K one gets 𝐸𝑎 ≈ 0.4 eV.
This estimate is more than 2 times lower than the typical
values of the activation energy for the ion conductivity in

𝑒𝐹
,
4𝜋𝜀𝜀0

(2)

where 𝑒 is the elementary charge, 𝜀 is the relative dielectric
permittivity of YSZ, and 𝜀0 is the electric constant. According
to (2), for Δ𝐸 = 0.4 eV and 𝜀 = 20 for YSZ [10] one gets an
estimate of the electric field strength in the blocking layer
between the filament tip and the contact of the AFM tip
coating to the YSZ film surface 𝐹 ≈ 2 × 107 V/cm. Therefrom,
assuming the electric potential of the filament core to be close
to the one of the n+ -Si substrate along the whole filament
length, one gets an estimate of the blocking layer thickness
𝑑 ∼ 𝑉th /𝐹 ≈ 2 nm for 𝑉th = 4 V that is of the same order
of magnitude as the estimate of the blocking layer thickness
given above.
The hypothesis on the origin of the noise generation
during the resistive switching in the contact of the AFM
probe to the YSZ film surface presented above allows also
explaining why such noise has not been observed earlier
in the MDM cells with the macroscopic electrode sizes. In
such cells, the macroscopic electrodes cover a considerable
number of filaments as a rule. For example, assuming the
surface density of filaments 𝑁𝑠 ∼ 1012 cm−2 [25] one has ∼104
filaments under an electrode of 1 × 1 𝜇m in size, so that the
shot noise is eliminated because of averaging of the electric
current flowing through different filaments. On the contrary,
in the case of the nanometer size of the electrodes (which
takes place in the CAFM experiments) when the AFM probe
covers a few filaments, the discrete character of the oxygen
ion electromigration becomes essential. Therefore, the noise
generation during the resistive switching could affect the
operation of the future memristor devices with the expected
electrode dimensions of the order of ∼10 nm [14] essentially
that should be taken into account in the design of these ones.
On the other hand, the discovered effect of the noise
generation can be applied to various novel memristor devices.
In Figure 5, a probe current waveform 𝐼𝑡 (𝑡) recorded at 𝑉𝑔 =
6 V, that is, at the maximum noise amplitude, is presented. At
that, an oscillating loop consisting of a coil 𝐿 and a capacitor
𝐶 was connected to the bias source, the sample, the AFM
probe, and the STM preamplifier (current-voltage converter)
in series (Figure 1). The resonant frequency of the oscillating
loop was selected to be ≈24 kHz. The observed sinusoidal
oscillations were attributed to the excitation of the oscillating
loop by the noise in the AFM probe-to-sample contact during
the resistive switching of the YSZ film. The effect of the
sinusoidal oscillations generation on the oscillating loop
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Figure 5: A waveform of the probe current oscillations measured
when oscillating loop is connected into the AFM probe-YSZ/Si filmbias source circuit (Figure 1).

can find various applications in the memristor devices, for
example, to detect the moment of the resistance switching in
the MDM cells.

4. Conclusion
In the present study, the effect of the noise generation during
the resistive switching on the contact of a conductive AFM
probe to YSZ/Si films has been observed. The noise was
attributed to the essentially discrete nature of the oxygen
ion electromigration in the YSZ films under the external
electric field between the AFM probe and the conductive Si
substrate. The discovered effect can find various applications
in the future memristor devices. Particularly, the generation
of the sinusoidal electrical oscillations in the oscillating loop
connected to the AFM probe and the YSZ/Si structure in
series has been observed in the present study. The oscillations
were attributed to the excitation of the oscillating loop by the
noise in the probe-to-sample contact.
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