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The switching time-voltage dependence of electronic resistive switching was studied for understanding the switching dynamics in Pt-dispersed SiO2 thin ﬁlm devices. Trapezoidal voltage pulses
with opposite polarities were consecutively introduced and thereby transient on-switching and oﬀswitching were examined. A prior on-switching voltage determines the oﬀ-switching voltage regardless of the sweeping rate of the pulse for the prior on-switching. However, the oﬀ-switching
voltage was sensitive to the sweeping rate of the subsequent pulses for oﬀ-switching. The frequencydependent impedance of both the device and the surrounding circuit element are thought to result
in the variation of the oﬀ-switching voltage; otherwise, the switching voltage is independent of time.
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I. INTRODUCTION
Resistive random access memories (ReRAMs) have attracted considerable interest on account of their simple structure, ultrafast write/read access, and high
write/erase cycle number. Resistive switching can originate from various physical or physicochemical phenomena such as ionic motion, electronic trapping and phase
change [1–3]. The underlying switching dynamics may
help clarify the switching mechanisms. Practically, the
switching dynamics can also enable circuit designers
to predict the switching behavior of the device under
an arbitrary voltage and current bias and to investigate the fundamental principles underneath [4]. Ionic
motion-based resistive switching shows strongly nonlinear switching dynamics; thus the switching speed depends strongly on the applied voltage or current [4–7].
For example, a 10-fold (0.5 V to 5 V) increase of voltage
could result in a 9 orders of magnitude (100 s to 100 ns)
decrease on the switching time [6]. Such a strong nonlinearity can be rationalized by the enhanced ionic drift
under an extremely high ﬁeld and temperature within a
range of a few nm range [6,7]. On the other hand, such a
thermo-chemical dependence of the switching speed may
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cause variations in the switching parameters (voltage and
resistance) from device to device because the environment of an individual memory cell can vary greatly in
highly-integrated memory chips [8,9].
Recently, purely electronic switching phenomena in
systems of random materials have been reported, which
were inspired by Anderson’s localization theory [10–13].
These thin-ﬁlm devices consist of a mixture of metal
atoms and metal nanoparticles dispersed in a dielectric
thin ﬁlm or an atomic mixture of conducting and insulating perovskite unit cells in single-crystal-like ﬁlms,
sandwiched between a bottom and a top electrode [10–
15]. An extremely uniform and reliable bipolar resistance switching behavior has been obtained with a fast
operation speed (100 ps), a large Rof f /Ron ratio (>
100), a long retention (> 10 years) and low programming/reading voltages [14, 15]. Another merit of electronic switching may lie in its much simpler switching
dynamics relying on the intrinsic electronic ballistic, collisional or tunneling motion, or the circuit delay characteristics, rather than on the extrinsic environment,
such as elevated temperature or neighboring memory
cell, which may inﬂuence ionic motion [10, 13]. In this
study, frequency-dependent resistive switching was investigated, and in this paper, the inﬂuence of the circuit’s delay characteristics on the switching dynamics is
discussed.
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Fig. 1. (Color online) (a) Typical current − voltage (IV) and resistance − voltage (R-V) curves of a 20-nm-thick
SiO2 :0.27Pt thin ﬁlm with metal electrodes. (b) Schematic
diagram of the electrical measurement system. (c) Pulse
waveforms of the voltage (Vcell and Vapp )- and the current
(Icell )-related sequential on- and oﬀ-switching acquired from
the oscilloscope.

II. EXPERIMENTS AND DISCUSSION
The test cell was fabricated on thermally-grown 200nm-thick SiO2 formed on a Si substrate. A 30-nm-thick
Mo bottom electrode was deposited by DC magnetron
sputtering, and a 20-nm-thick Pt dispersed SiO2 thin
ﬁlm was co-deposited by using RF magnetron sputtering with Mo, SiO2 and Pt targets, respectively. A Pt
top electrode was deposited by sputtering and was lithographically patterned (20 × 20 to 80 × 80 μm2 in area
for top electrode probing). A 4-nm-thick Al2 O3 capping layer was grown by using atomic layer deposition
(ALD) to prevent moisture-mediated degradation of the
memory switching [16,17]. The static (dc) current - voltage (I-V) and resistance - voltage (R-V) characteristics
were examined using a semiconductor parameter analyzer (SPA, Keithley 237). The dynamic on- and oﬀswitching characteristics were tested by using a pulse
measurement system consisting of an Agilent 81104A
pulse generator (PG) and an HP Inﬁnium 54825A oscilloscope (OSC). A bias voltage was applied to the top
Pt electrode while the bottom contact was grounded.
Typical dc I-V and R-V curves of the cell with 20

nm of SiO2 :0.27Pt are plotted in Fig. 1(a). The ﬁgure shows bipolar-type resistive switching, i.e., switching from a low resistance state (LRS) to a high resistance state (HRS) at a positive bias and then reversing
at a negative bias. Trapping (detrapping) of electrons
to atomically-dispersed Pt atoms or to the Pt/SiO2 interface is considered to be responsible for the oﬀ- (on-)
switching [11].
Figure 1(b) shows a schematic diagram of the pulsed
signal measurement system. The pulse generator consists of a current source and an internal resistor, which
can provide a programmed voltage by splitting the current into the internal resistor and the external resistor,
the latter including the resistive switching device and
the internal resistance of the oscilloscope. The voltage
across the device (Vcell ) can be acquired by subtracting
the voltage across the series resistor (V2 ) from the one
across the parallel resistor of the oscilloscope (V1 ). The
current passing through the device (Icell ) can be considered to be the same as the one monitored by the series
resistor of the oscilloscope [18–20].
To determine the switching voltage and the time that
the resistance changes from the transient pulse waveform, we applied a trapezoidal shaped voltage pulse with
a voltage sweeping rate (υsweep ). Figure 1(c) shows the
waveforms of the voltage (Vcell = V1 − V2 ) and the current (Icell ) acquired from the separate channels of the
oscilloscope in the upper and the lower panels, respectively. A negative bias pulse for the transition from the
HRS to the LRS (on-switching) was followed by a positive pulse for the opposite transition (oﬀ-switching).
To validate this protocol, we examined the response
of oﬀ-switching when the LRS was set by the diﬀerent
on-switching voltage (Vcell,on ) and lead time, tlead (tlead
= Vcell /2υsweep ) used. Figure 2(a) show the pulse waveforms of Vcell and Icell with value of tlead from 200 ns
(purple curve) to 500 ns (orange curve) for the prior
on-switching. After that, the same magnitude of the
positive voltage pulse was applied for the oﬀ-switching.
Both waveforms showed an abrupt current drop at the
same time and thus the same voltage level. Figure 2(a)
also shows that decreasing Vcell,on from −3.5 to −2.5 V
(purple vs. green curve) gives rise to a shortened switching time and a decreased Vcell,of f . Figure 2(b) show
the Vcell,of f as a function of Vcell,on along with the lead
time, conﬁrming that Vcell,of f was indeed, proportional
to Vcell,on . This means the oﬀ-switching voltage is determined by amplitude of the voltage that enforced the
prior on-switching, regardless of the value of tlead of onswitching. Such a characteristic-that the oﬀ-switching
voltage is determined by the on-switching voltage-during
pulse switching is entirely consistent with the previouslyreported characteristic in dc switching [10,12].
Next, we examined oﬀ-switching for various value of
the sweep rate (υsweep ) while keeping the prior onswitching pulse condition ﬁxed (Vcell,on = −3.5 V, tlead
= 500 ns). The pulse height for oﬀ-switching was ﬁxed
at +4 V. Figure 3(a) presents the waveforms of Vcell and
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Fig. 2. (Color online) (a) Pulse waveforms of Vcell and
Icell with diﬀerent tlead (200 and 500 ns) and Vcell,on (−2.5
and −3.5 V) for the prior on-switching and following oﬀswitching. (b) Variation of Vcell,of f as a function of Vcell,on ,
where Vcell,of f depended linearly on Vcell,on irrespective of
tlead for on-switching.

Icell with varying υsweep from 2 × 106 (tlead = 1 μs) to
2 × 107 V/sec (tlead = 100 ns). With increasing υsweep ,
oﬀ-switching is noted to have occurred at a higher current and voltage level, as shown in Fig. 3(b), in which
both Vcell,of f and Icell,of f monotonically increased with
increasing υsweep . Thus, at diﬀerent υsweep , Vcell,of f is
not just determined by the magnitude of Vcell,on [10,15].
These results can be explained from the viewpoint of the
circuit response as discussed below.
First, the equivalent circuit of the memory device
shown in Fig. 4(a) is considered as a series combination
of the parallel resistor and capacitor of the memory element (Rm and Cm ), the parallel resistor and capacitor of
the interface element (Ri and Ci ), and the resistor of the
electrode (Re ). Rm and Cm of the memory element are
responsible for the resistive switching, where the generation of conducting paths largely modulates Rm whereas
Cm comes from the background dielectric materials. Re
mostly comes from the resistance of the Mo bottom electrode; particularly in this device, ∼350 Ω was measured
[10]. Ri and Ci are considered to originate from the interface surrounding the electrode, such as the interfacial
layer between the Mo electrode and the dielectric materials [16, 17]. The combination of parallel resistors and
capacitors could be simpliﬁed to the impedance of the
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Fig. 3. (Color online) (a) Pulse waveforms of Vcell and
Icell for various of sweep rates (υsweep ) from (tlead = 1 μs)
to (tlead = 100 ns) for oﬀ-switching while ﬁxing prior onswitching pulse condition (Vcell,on = −3.5 V, tlead = 500 ns).
(b) Vcell,of f (left) and Icell,of f (right) as functions of υsweep .

test device, Zcell .
Second, the equivalent circuit of the measurement system, which is the same as in Fig. 1(b), is shown in
Fig. 4(b). All impedances from the measurement instruments, for instance, the internal resistor, of ZP G and
internal resistors of the oscilloscope (Z1 and Z2 ) can be
expressed as a simple resistor due to their negligible parasitic capacitances [19]. Now, we can express Icell and
Vcell in terms of the impedance of the circuit elements
and applied voltage (Vapp = V1 ) as
V1 = Vcell + Icell Z2 ,
V1
V1
Vcell
IP G =
+
+
.
ZP G
Z1
Zcell

(1)
(2)

From Eqs. (1) and (2), we can obtain the following relationships between Vcell , Icell and Zcell :
Zp
Zcell = Icell Zcell ,
Zcell + Z2 + Zp
Zp
= IP G
.
Zcell + Z2 + Zp

Vcell = IP G

(3)

Icell

(4)

Here PG provides a current, which is to generate a
voltage diﬀerence, to the external impedance (50 Ω declared) with an internal resistor (ZP G = 50 Ω); thus,
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Fig. 4. (Color online) (a) The equivalent circuit of the memory device considered as the series combination of the parallel
resistor and capacitor of the memory element (Rm and Cm ), the parallel resistor and capacitor of the interface element (Ri and
Ci ), and resistor of the electrode (Re ). (b) The equivalent circuit of the pulse measurement system. (c) Zcell,of f calculated
from the measured Vcell,of f and Icell,of f (squares) and calculated from Eq. (4) (circles). The ﬁtting results were obtained by
using Eq. (5). (d) Vcell,of f ﬁtted with Zcell,of f as a function of υsweep , where the threshold voltage for oﬀ-switching, Vth ∼ 2.55
± 0.02 V (straight line below), was comparable to Vm+i,of f (red circles) estimated from Icell,of f × (Zcell,of f − Re ).
Table 1. Fitting parameters for Eq. (5) for satisfying the frequency-dependent impedance of the memory cell, Zcell (υ).
Vcell,of f /Icell,of f
From Eq. (4)

Z0 (Ω)
1130.5
1024.8

A1 (Ω)
7423.6
9866.3

IP G can be simply calculated (i.e. IP G = V1 /25). Zp
consists of parallel ZP G (50 Ω) and Z1 (50 Ω) and is
thus, 25 Ω. Z2 is also ﬁxed to 50 Ω. Accordingly, Zcell
can be eﬀectively estimated by using the Vcell and the
Icell measured by the instrument. Figure 4(c) shows
Zcell,of f (square) acquired from the measured Vcell,of f
and Icell,of f (shown in Fig. 3(b)) as functions of υsweep .
It also shows Zcell,of f (circle) directly acquired from
Icell according to Eq. (4), where both values decrease
abruptly with increasing υsweep and then saturate. Such
a frequency-dependent variation of the impedance can

τ1 (V/sec.)
1.18020 × 105
1.31100 × 105

A2 (Ω)
600.03
933.50

τ2 (V/sec.)
7.2736 × 106
1.10612 × 107

be understood from the relaxation or recovery transient
upon the sudden application and removal of an external
stress, herein the voltage pulse with the high-frequency
modulating [21].
The frequency-dependent impedance of the device,
Zcell,of f (υsweep ), namely, Zcell (υ), can be successfully
ﬁtted by using the equation for double exponential decay
as shown in Fig. 4(c):
Z(υ) = Z0 + A1 exp(−υ/τ1 ) + A2 exp(−υ/τ2 ), (5)
where τ1 and τ2 can be considered as the inverses of the
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time constants (1/RC) in the parallel RC circuits of the
memory element (Rm and Cm ) and the interface element
(Ri and Ci ), respectively. The ﬁtting results for both
values of Zcell,of f are presented in Table 1. The slower or
smaller τ1 (∼ 105 V/sec) originated from the capacitive
element of the interface that is reasonable because it is
responsible for charging and discharging a wide area of
the device and its vicinity whereas the faster or larger
τ2 (∼ 107 V/sec.) come from the capacitive element of
the memory in which the transient times of switching
follow a dispersion relationship with the device area at
high υsweep (data not shown).
Now, Zcell (υ) can be used for representing Vcell,of f
(υ) by reconstructing Eq. (3):
Vcell (υ) = Icell Zcell = Icell {(Zm + Zi ) + Re }


Re
= Vth 1 +
,
Zcell (υ) − Re

(6)

where Vth is the threshold voltage for the oﬀ-switching
solely applied to the memory and interface, which can
be calculated from Icell × (Zm + Zi ). As shown in
Fig. 4(d), Eq. (6), with a single best-ﬁt Vth of 2.55 ±
0.02 V (noted as the straight line at the bottom), can
be successfully used to ﬁt the data and obtain Vcell,of f
(same as Fig. 3(b)). Note that a single value of Vth means
the true voltage for the oﬀ-switching is identical irrespective of υsweep , which is expected for an electronic switching nanometallic memory. The threshold voltage for oﬀswitching could be estimated from Icell,of f × (Zcell,of f
− Re ) noted as Vm+i,of f (red circles), which was, indeed,
comparable to the ﬁtted value (straight line) and almost
insensitive to υsweep in Fig. 4(d).
Previous work on voltage pulse-induced switching of
nanometallic memory revealed that the switching voltages for both on- and oﬀ-switching were invariant to
the pulse width, temperature or device area [11,12,15].
The major diﬀerence between this work and the previous
work is how to apply the time-varying voltage pulse in a
diﬀerent manner. When pulse widths were varied from
100 ns to several ms for varying the switching time in
the previous work, tlead was set to 2 ns; thereby, υsweep
was actually high enough, such as ∼ 108 V/sec. Therefore, Zcell (υ) had already decreased and saturated to a
small value. On the other hand, when υsweep was varied from 105 to 5 × 107 V/sec as in this work, then
Zcell (υ) showed a υsweep dependence, which resulted
in the weak time-dependent switching behavior. Note
that a typical memristor or ionic switching memory demands at least twice the voltage to achieve ∼10 times
Rof f /Ron switching in the pulse duration range from
100 ns to 1 ms [6]. Therefore, the nonlinear switching
dynamics of a memristor can explain neither the pulsewidth-independent nor weak υsweep -dependent switching
voltage, which again implies that an electronic switching
mechanism dominates the nanometallic memory.
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III. CONCLUSION
In conclusion, an ReRAM cell was fabricated using a
20-nm of SiO2 :0.27Pt ﬁlm between the Mo bottom and
the Pt top electrodes. When a trapezoidal-shaped voltage pulse was introduced, the oﬀ-switching parameters
were determined by the previous on-switching voltage.
Meanwhile, Vcell,of f also depended on the υsweep of the
voltage pulse for oﬀ-switching: a higher υsweep lead to
a higher Vcell,of f . This time dependence of Vcell,of f was
caused by the circuit distortion of the excitation voltage,
where left a smaller voltage for the switching device (cell)
than the nominal applied voltage. From the view point
of the circuit, the impedance of the cell, Zcell (υ), can be
considered as a combination of the parallel RC circuits
of the memory, the interface and the electrode. When
υsweep is increased, Zcell (υ) is decreased; thus, the cells
supports a smaller voltage, which, in turn, demands a
higher Vcell,of f to reach the same threshold voltage at
the cell for triggering the oﬀ-switching of the memory.
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