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ABSTRACT: Brain-inspired computing is an emerging field, which intends
to extend the capabilities of information technology beyond digital logic. The
progress of the field relies on artificial synaptic devices as the building block
for brainlike computing systems. Here, we report an electronic synapse based
on a ferroelectric tunnel memristor, where its synaptic plasticity learning
property can be controlled by nanoscale interface engineering. The effect of
the interface engineering on the device performance was studied. Different
memristor interfaces lead to an opposite virgin resistance state of the devices.
More importantly, nanoscale interface engineering could tune the intrinsic
band alignment of the ferroelectric/metal−semiconductor heterostructure
over a large range of 1.28 eV, which eventually results in different memristive
and spike-timing-dependent plasticity (STDP) properties of the devices.
Bidirectional and unidirectional gradual resistance modulation of the devices
could therefore be controlled by tuning the band alignment. This study gives
useful insights on tuning device functionalities through nanoscale interface engineering. The diverse STDP forms of the
memristors with different interfaces may play different specific roles in various spike neural networks.
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■ INTRODUCTION

The quest for new computing technologies has triggered
intense research into new materials and novel device
architectures. In recent years, ferroelectric tunnel junctions
(FTJs) have been studied extensively because of their potentials
for nonvolatile binary data storage media.1−8 An FTJ is a tunnel
junction which has a simple structure with metal/ferroelectric
barrier/metal. The electrical resistance of an FTJ is strongly
dependent on the polarization orientation of the ultrathin
ferroelectric film, which is called the tunneling electroresistance
(TER) effect. Because the electrical resistance is coupled to
ferroelectric polarization, FTJ provides a simple nondestructive
reading method with relaxed constraint on the capacitor size,
which overcomes the disadvantages of conventional ferro-
electric random-access memory.5 In addition to these, very
recently, interesting memristive characteristics have been

reported in FTJs,9−13 which extend their great potentials of
being used in newly emerged brain-inspired computing devices.
As an emerging field, brain-inspired technologies aim to

extend the capabilities of information technology beyond the
digital logic. In this field, an artificial synaptic device is utilized
as the building block for brainlike computing systems to
modulate the changes of synaptic connection weight (or
strength).14−17 A synapse is essentially a two-terminal device
which resembles strikingly a memristor. Similar to the synaptic
plasticity of a biological synapse, the conductance of a
memristor could be tuned continuously based on the history
of applied voltage or current.18 Moreover, memristive devices
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can be scaled down to nanoscale and offer nonvolatile, fast, and
low-energy electrical switching.14 Because of all of these
properties, memristors are ideal building blocks for applications
of nonvolatile memories and artificial synapse. For synaptic
plasticity learning, spike-timing-dependent plasticity (STDP) is
a very important memorization mechanism, which is often
interpreted as the comprehensive learning rule for a synapse
the “first law” of synaptic plasticity.19,20 It refers to the
phenomenon that the precise control of the pre- and
postsynaptic spike timings could significantly affect the sign
and magnitude of long-term synaptic modification. As regarded
as one important memorization mechanism, STDP function has
been experimentally demonstrated in a wide variety of artificial
synaptic devices.21−25

As a new type of memristor, FTJ exhibits great potential for
the future electronic synapse because of its advantages, such as
having higher operation speed than the biological counterpart
and very low-energy consumption. Furthermore, unlike
conventional resistive random-access memory (RRAM) and
phase-change memory (PCM), electroforming process is not
needed for an FTJ-based memristor. This characteristic is
important because most of the forming processes results in a
discrete and abrupt resistive transition during the SET or/and
RESET process.26−29 However, despite the significant potential
of FTJs to be used as an electronic synapse device, progress to
date has been mainly focused on its memristive mecha-
nisms.9−13 STDP was recently reported in BiFeO3-based
FTJs30 and BaTiO3 (BTO)-based multiferroic tunnel junc-
tion.31 In their work, the memristive response of the junctions
was correlated to the nucleation-dominated reversal of
ferroelectric domains or induced by the coupling of the
ferroelectric domain reversal and the interfacial spin state. In
addition, the rich physical properties of oxide interfaces
governing the device properties are generally strongly depend-
ent on the interfacial band alignment. For example, interface
engineering can change the work function of (Nb:)SrTiO3
(NSTO)32 and the band alignment in perovskite metal−
semiconductor heterostructure, greatly.33 Moreover, it has
already been reported that the surface termination of the
ferroelectric barrier layer in contact with the metal electrode

critically affects the electroresistive properties of FTJs.34 We
therefore believe that the nanoscale interface engineering of
FTJ devices would also affect their memristive behavior and
thus their synaptic learning properties greatly, of which the
study is still lacking.
In this work, we report that the synaptic plasticity learning

properties of Pt/BaTiO3/Nb:SrTiO3 ferroelectric memristors
can be controlled by the nanoscale interface engineering. Two
different top and bottom interfaces were deliberately controlled
in this study by using TiO2-terminated NSTO substrate (BO2-
type) or SrO-terminated NSTO substrate (AO-type) and unit
cell (uc) by uc epitaxial growth. The switching of BTO
polarization generates two conductance states: low-resistance
(ON) state when the polarization of BTO points down and
high-resistance (OFF) state when the polarization of BTO
points up.35 Four STDP forms were demonstrated in both
types of memristors. The FTJ interfaces have a significant
influence on their performance. Different interfaces cause
opposite virgin-resistance states of the memristive devices.
Besides, nanoscale interface engineering could tune the intrinsic
band alignment of the ferroelectric/metal−semiconductor
heterostructure over a large range of 1.28 eV. The different
band alignments eventually result in different resistive-switching
processes. Bidirectional or unidirectional gradual resistance
modulation behaviors could be controlled through the
nanoscale device interface engineering.

■ RESULTS AND DISCUSSION

Single crystalline 0.5 wt % NSTO was used as the substrate as
well as the bottom electrode in this study. BTO ultrathin films
with a thickness of 5 uc (2 nm) were deposited on (001)-
oriented NSTO substrate using a pulsed laser-deposition
(PLD) technique. Two different types of top and bottom
interfaces can be created in the heterostructure by tailoring the
termination of NSTO substrates and uc by uc epitaxial growth
of BTO. TiO2-terminated NSTO substrate can be obtained
through HF etching and thermal treatment, whereas SrO
termination can be achieved by depositing 1 uc of SRO on
TiO2-terminated NSTO substrate. SRO (1 uc) will result in
SrO termination automatically.36,37 The schematics of 5 uc

Figure 1. Schematic drawing of five uc BTO thin films grown on (a) TiO2-terminated (BO2-type) and (b) SrO-terminated (AO-type) NSTO
substrates. (c) Schematic drawing of the ferroelectric tunnel memristor structure. (d) Structural diagram of a two-terminal ferroelectric tunnel
memristor and a schematic illustration of the concept of using a memristor as a synapse.
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BTO grown on NSTO with different terminations are shown in
Figure 1a,b. Reflection high-energy electron diffraction
(RHEED) patterns before and after film growth as well as
the intensity oscillations of the specular reflected beam during
depositions are shown in Figure S1. The clear intensity
oscillations of the BTO film indicate its layer-by-layer growth
mode, providing the atomic-scale control of the top and bottom
interfaces. After the deposition of BTO thin film, an array of 10
μm × 10 μm Pt top electrodes (15 nm thick) were patterned
using the lift-off technique. Figure 1c shows the schematic of
the Pt/BTO/NSTO devices, and Figure 1d illustrates of the
concept of using a memristor as a synapse. To verify the
different interfaces of the two types of ferroelectric tunnel
memristors, electron energy loss spectroscopy (EELS)
spectrum imaging in scanning transmission electron micros-
copy (STEM) mode was performed, as shown in Figure 2. Ba

and Ti atoms are clearly resolved in EELS mapping. From Ti
L3,2 (Figure 2e) and Ba M5,4 (Figure 2g) signal intensity for
BO2-type device, there are five layers of BaO and TiO2 as
indicated by red and green arrows with the TiO2 layer right
below the Pt layer, indicating it is TiO2-terminated on the
surface. For the AO-type device, it is BaO layer right below Pt,
indicating that it is BaO-terminated on the surface. Trans-

mission electron microscopy results confirm the different top
and bottom interfaces of the ferroelectric tunnel memristor
devices grown on different terminated NSTO substrates. To
test the ferroelectricity of the BTO barrier layer, piezoresponse
force microscopy (PFM) and local hysteresis loops were
measured, and the results are shown in Figure S2. BTO thin
films grown on TiO2- and SrO-terminated NSTO substrates
have virgin states of downward and upward polarization,
respectively, consistent with our earlier work.38

To compare the basic electron transport properties of the
two types of ferroelectric tunneling memristors, their current−
voltage (I−V) curves were measured at room temperature.
Figure 3a,b shows the typical I−V curves of BO2- and AO-type
memristors in the low-bias regime (−0.3−0.3 V), respectively.
Because of the downward and upward virgin polarization states
of BTO, the virgin state I−V curves (pink color) of BO2- and
AO-type memristors reveal a tunneling ON and OFF state,
respectively. Therefore, unlike conventional resistive switching
based on redox reaction of metal oxides, electroforming process
is not needed to achieve a stable resistive switching in two types
of devices. After applying a bias of +4 or −7 V (1 ms) to the
devices, the BTO polarization of the device was switched
downward or upward regardless of its virgin state, and its
corresponding I−V curve displays a tunneling ON (purple) and
OFF (yellow) state, respectively. It was found that the OFF-
state I−V curves of BO2-type memristors always display an
obvious diode effect, whereas the OFF-state I−V curves of AO-
type memristors are quite symmetric, as shown in Figure 3a,b,
respectively. Different I−V curve shapes of two types of
memristors are also consistently revealed in their large-bias-
range I−V switching curves, as shown in Figure 3c,d,
respectively. Clear resistive switching behaviors were observed
in both types of memristors with the positive (negative) voltage
leading to low (high) resistance state. To investigate the
electron transport mechanism of the two types of memristors,
I−V curve fitting was performed (see Figure S3). It was found
that the nonlinear ON-state I−V curves within the small voltage
range of the two types of memristors can be well-described by
the direct tunneling (DT) theory, as shown in Figure 3a,b,
respectively. As distinct from the ON-state I−V data, OFF-state
I−V curves in Figure 3a,b could not be fitted reasonably by the
DT theory, but by the Schottky thermionic emission instead
(see fitting details in Figure S3). Different current transport
mechanisms of BO2- and AO-type memristors within different
voltage ranges are summarized in Figure S3.
To further confirm the DT property of the ON state and the

contribution of electron tunneling to the Schottky thermionic
emission of the OFF state, the temperature-dependent I−V
curves were measured (see Figure S4). The ON-state I−V
curves show negligible temperature dependence, but the OFF-
state forward currents show strong temperature dependence,
consistent with the Schottky thermionic emission theory. The
Schottky barrier height Φs of the OFF state at the BTO/NSTO
interface can be estimated through fitting, which are 1.74 and
0.46 eV for BO2- and AO-type tunneling devices, respectively
(see details in Figure S4). Tuning the band alignment in the
ferroelectric/metal−semiconductor heterostructure over a large
range of 1.28 eV could therefore be achieved by tailoring the
heterostructure interfaces. Two factors might contribute to the
large difference of Φs. First, different interfaces could modify
the band alignments of the heterostructure and therefore
change the Schottky barrier height.32,33 Second, based on the
density functional theory calculation results in our former

Figure 2. STEM results of BO2- and AO-type devices. (a,b) HAADF
images in STEM mode of BO2- and AO-type device. EELS spectrum
images with Ti L3,2 edges and Ba M5,4 edges from the area marked by a
red rectangle area in (ab) were acquired. (c,d) Simultaneously
acquired HAADF-STEM images of BO2- and AO-type device during
EELS spectrum image acquisition. (e−h) Ti L3,2 (e,f) and Ba M5,4
(g,h) signal intensity maps retrieved from the EELS spectrum image of
BO2- and AO-type devices after subtracting background. Ti and Ba
atoms are clearly resolved in the EELS spectrum image mapping. Red
and green arrows indicate the five layers of BaO and TiO2,
respectively.
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work,38 the binding energies of BTO/STO interfaces with
different terminations differ significantly, which might also
affect the band diagram and thus the Schottky barrier height.
To investigate the memristive switching behaviors of the two

types of memristors, resistive memory loops (R−V curves)
were measured. Devices from five batches of BO2- and AO-type
memristive samples show a reproducible resistance change
behavior with the typical results, as shown in Figure 3e,f. After
applying a switching pulse with a pulse width of 1 ms, the
resistance was read at a bias of +0.2 V. Both types of devices
display a typical memristive behavior controlled by voltage
pulses. A series of intermediate resistance states can be obtained
by applying different voltage biases. When increasing the
negative and positive switching voltage to −7 and +4 V, a giant
ON/OFF ratio as large as 107 can be achieved for both types of
FTJ devices (see details in Figure S5). The giant TER ratio of
FTJs has already been reported by Xi et al.39 The characteristic
of a large ON/OFF ratio of memristive device is crucial because
it increases the possibility of the memristor being used for the
multilevel memory storage. The stability, retention, and
endurance properties of the two types of memristive devices
were also studied (see Figure S5). The results show high yield
and good uniformity of the two types of memristive devices and
indicate their long lifetime property. The memristive behavior
of the Pt/BTO/NSTO junctions could be explained by a
ferroelectric field-effect modulation on carrier concentration in
the n-type semiconducting NSTO bottom electrode.11 As
shown in the R−V curves, the resistance of the two types of
devices could be modulated by a large negative bias (up to −7
V) without being saturated, which makes their R−V switching
loops asymmetric. We therefore believe that in addition to the
ferroelectric polarization switching, drifting of oxygen vacancies
under the negative electric field could also contribute to the
observed giant ON/OFF ratios,12,40−42 of which the mecha-

nism is illustrated in Figure 4a,c. The accumulation of oxygen

vacancies at the BTO/NSTO interface under the negative

electric field will widen the depletion layer and consequently

further enhance the electroresistance of the memristors. Note

Figure 3. Basic properties of the ferroelectric tunnel memristor. (a,b) Typical I−V curves in the low-bias region of BO2- and AO-type memristor,
respectively. The yellow and purple arrows represent upward and downward polarization of BTO, which correspond to the OFF and ON state of the
memristive device, respectively. The yellow and purple dots (curves) show the I−V data (fitted results) of the devices after a −7 or +4 V pulse (pulse
width 1 ms) was applied. The pink color curves show I−V date of the virgin states of the devices. (c,d) Typical I−V switching curves of BO2- and
AO-type devices, respectively, which were measured by sweeping the voltage from −7 to 0, then 0 to 6, and finally back to −7 V. (e,f) Typical R−V
hysteresis loops of BO2- and AO-type devices read at +0.2 V after applying different pulses with a pulse width of 1 ms.

Figure 4. Schematic drawing of the resistive switching mechanism of
two types memristive devices. (a,b) ON-to-OFF and OFF-to-ON
resistive-switching processes of BO2-type memristors. (c,d) ON-to-
OFF and OFF-to-ON resistive-switching processes of AO-type
memristors. The yellow arrow means the BTO polarization points
toward Pt, whereas the purple arrow means the BTO polarization
points toward NSTO. The red circle in (b,d) shows the oxygen
vacancy detrapping process in two types of devices. The voltage was
applied to the top Pt electrode, whereas the NSTO was grounded.
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that the OFF-to-ON state transition of the AO-type memristors
is very abrupt and sharp compared to that of the BO2-type
memristors. The different OFF-to-ON resistance switching
processes of BO2- and AO-type memristors are attributed to
their different band alignments at the BTO/NSTO interfaces.
As illustrated in Figure 4b, because of the large Schottky barrier
at BTO/NSTO interface of the B-type memristors, the trapped
oxygen vacancies could not detrap easily but migrate gradually
with the increase of the positive bias. As a result, the slow
oxygen vacancy detrapping process makes the OFF-to-ON state
transition process gradual. In contrast, oxygen vacancies at
BTO/NSTO interface of AO-type devices could detrap easily
when a positive bias is applied because of its much smaller
Schottky barrier (Figure 4b). Consequently, the sharpness of
the OFF-to-ON resistive switching process of AO-type devices
is mainly decided by the BTO polarization switching process.
Because the trapped oxygen vacancies at the BTO/NSTO
interface can detrap easily, as long as BTO is switched
downward, the resistive OFF-to-ON switching process is then
finished. To verify the oxygen vacancy migration under negative
electric field, we measured the influence of pulse width on the
resistive switching of the two types of memristors, and the
results are shown in Figure S6. The results show that the ON/
OFF ratio caused by BTO polarization switching is only around
103, but the migration of oxygen vacancies enhanced the ON/
OFF ratio greatly on the order around 106. This is consistent
with the fact that the virgin resistance of AO-type memristors is
two or three orders of magnitude lower than the final OFF state
obtained by applying −7 V (1 ms) (Figure 3b) because the
virgin state does not involve the oxygen vacancy migration.
Although the different resistive switching behaviors of the two
types of memristors could be explained well by the model in
Figure 4, we do not exclude other possible contributing factors,
such as the influence of the top Pt/BTO interface and the effect
of the interface roughness. Former studies imply that different
Pt/BaO and Pt/TiO2 interfaces might also affect the
conduction properties of the ferroelectric junctions.43,44

Besides, different roughness of Pt/BaO and Pt/TiO2 interfaces

might also affect the resistive switching of the two types of
memristors.45

The different OFF-to-ON state transition behaviors of the
two types of memristors imply their different synaptic
properties. To emulate the synaptic weight modification, the
pulse-driven conductance change of the two types of
memristors was measured, and the typical results are shown
in Figure S7. Consistent with the R−V switching results, BO2-
type memristors display a bidirectional gradual conductance
change, whereas AO-type memristors only realize unidirec-
tional gradual conductance modulation. The ability of artificial
synapses to possess bidirectional continuous conductance
modulation is one essential prerequisite for applications in
large neuromorphic network.46 Up to now, although RRAM
and PCM have been considered as promising candidates for
synaptic devices, their shortcoming of discrete and abrupt
resistive switching characteristic caused by the filament
formation process prevents them from being utilized in large
neural network systems. Therefore, the bidirectional continu-
ous conductance modulation characteristic of BO2-type ferro-
electric tunnel memristor makes it suitable for most of the
present neural network system. To further reveal the influence
of the different band alignments on the synaptic properties of
the two types of memristors, four STDP forms were measured.
We apply a typical spike pairing protocol used in biological
synaptic studies and in other electronic synapses to the
memristors to emulate the pre- and postsynaptic activities.
When pre- and postsynaptic spikes reach the memristor with a
delay of Δt, their superposition produces a waveform which will
induce the resistance change. Typical antisymmetric Hebbian
learning rule and antisymmetric anti-Hebbian learning rule of
BO2- and AO-type ferroelectric memristors are shown in Figure
5a−d, respectively, with the insets showing the shapes of the
applied pre- and postsynaptic spikes. Δw refers to the
percentage change in synaptic weight, that is, the device
conductance, representing the long-term nonvolatile modifica-
tion of the synaptic efficacy as a function of the spike time
interval Δt.47 For antisymmetric Hebbian learning rule and

Figure 5. STDP properties of the two types of ferroelectric tunnel memristor. (a,b) STDP properties with typical antisymmetric Hebbian learning
rule of BO2- and AO-type memristors, respectively. (c,d) STDP properties with typical antisymmetric anti-Hebbian learning rule of BO2- and AO-
type memristors, respectively.
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antisymmetric anti-Hebbian learning rule, STDP can be
simplified using an exponential function

Δ = + Δτ−Δw A we t/
0 (1)

where A is the scaling factor, Δt is the time interval of the pre-
and postsynaptic spikes, and τ is the time constant of the STDP
function. Δw0 is a constant which represents a nonassociative
component of the synaptic change. As shown in Figure 5a,c for
the antisymmetric Hebbian and anti-Hebbian rules of BO2-type
memristors, the change in the synaptic weight with the function
of the spike-timing difference Δt could be well-fitted with the
exponential functions, suggesting their good synaptic STDP
characteristics. The large positive and negative maximum
amount of synaptic modification reflects the very large window
of the multiple memristive resistance status. In contrast, for
AO-type memristors, there are abrupt changes of Δw in both
learning rules when Δt > 0, as shown in Figure 5b,d. Symmetric
Hebbian learning rule and symmetric anti-Hebbian learning
rule of the two types of memristors were also measured (see
Figure S8). BO2-type memristors show good fitting of the two
learning rules, whereas AO-type memristors also display abrupt
changes in Δw. The different synaptic plasticity learning
characteristics of the two types of devices are due to their
gradual or abrupt conductance modulation property. The
diverse STDP forms of the two types of memristors may play
different specific roles in various spike neural networks (SNN).
BO2-type memristors could emulate biological synapses well
with precise learning results, therefore can act as a decent
artificial synapse in most of the present SNN. Nevertheless, in
some specific cases, AO-type memristors might be preferred in
the SNN when the synapse is required to learn easily but forget
with much more difficulty. Control of the synaptic learning
properties could therefore be realized by tuning the band
alignments at the perovskite/semiconductor interface through
tailoring the device interfaces.

■ CONCLUSIONS

In summary, synaptic plasticity learning property of the
ferroelectric tunnel memristor could be controlled by the
nanoscale interface engineering. Different interfaces of the
devices result in different self-polarization directions of BTO
thin films and thus the opposite ON or OFF virgin resistance
state of the memristive devices. Nanoscale interface engineering
could tune the intrinsic band alignment of the ferroelectric/
metal−semiconductor heterostructure over a large range of
1.28 eV. The different band alignments result in different
resistive switching processes. BO2-type devices on TiO2-
terminated NSTO substrates possess bidirectional continuous
conductance modulation characteristics. Gradual resistance
modulation up to 107 could be achieved. In contrast, AO-
type devices on SrO-terminated NSTO substrates only have
unidirectional gradual conductance modulation characteristic.
Bidirectional or unidirectional gradual resistance modulation
behaviors of the two types of memristors lead to distinct
different STDP properties. The synaptic learning properties
could therefore be controlled by tuning the band alignments at
the ferroelectric/semiconductor interface. Different STDP
forms of the two types of memristors may play different
specific roles in various SNNs. This study demonstrates the
promising potentials of ferroelectric tunnel memristors for
future synaptic device applications. Furthermore, our results
provide essential insights into, and reference for, tailoring the

electronic device functionalities by nanoscale interface en-
gineering.

■ EXPERIMENTAL SECTION
Device Preparation. BTO thin films with different thickness of 5

uc were deposited by the PLD technique on NSTO substrates. NSTO
substrates were treated before the film deposition. To get a TiO2-
terminated surface, a buffered HF acid-etching process was carried out,
followed by a thermal treatment at 950 °C. The SrO termination was
obtained by growing 1 uc of SRO layer on top of the treated TiO2-
terminated NSTO substrates using the SRO target. The 1 uc SRO
layer was deposited with a substrate temperature of 750 °C and an
oxygen pressure of 10 mTorr. BTO films were deposited at a substrate
temperature of 600 °C with an oxygen partial pressure of 5 mTorr.
After deposition, the films were cooled down to room temperature at
an oxygen pressure of 100 Torr. The cooling rate was 5 °C/min till
300 °C, and then 10 °C/min to room temperature.

High-resolution STEM and EELS. High-resolution STEM−high-
angle annular dark field (HAADF) imaging and electron diffraction
were performed using the double aberration-corrected JEOL-
ARM200CF microscope with a cold-field emission gun and operated
at 200 kV. The microscope is equipped with JEOL and Gatan HAADF
detectors for incoherent HAADF (Z-contrast) imaging, and Gatan
GIF Quantum ER energy filter with dualEELS for EELS.

Piezoresponse Force Microscopy. The topography and ferro-
electric polarization of the as-grown BTO films were characterized
using PFM (Asylum Research MFP-3D) with Pt-/Ti-coated tips. The
measurement was performed under contact mode with an ac voltage
applied to the probe tip. The scan rate was kept at 0.5 μm/s.

Electrical Measurements. Two-point measurement method was
used for the electrical measurement. The I−V and R−V curves were
measured using a pA meter/direct current voltage source (Hewlett
Package 4140B) on a low-noise probe station. The applied voltage is
termed as positive (negative) if a positive (negative) bias is applied to
the top Pt electrode. The switching pulses were applied using a pulse
waveform generator (models PM8571/2A) and a picosecond pulse
generator (model 10070A). The pulse-driven memristive behavior and
STDP functions were measured by a home-built electrical character-
ization system containing a semiconductor characterization system
(Keysight B1500A) with a pulse generator unit (Keysight B1525A HV-
SPGU), a probe station (Cascade M150), and an oscilloscope (Agilent
Technologies DSO7104B). The pulse generator integrated in the
system has the specifications of pulse duration, rising time, and falling
time, ranging from 10 ns to 1 s. Each portion of the segment pulse
includes duration, rising time, and falling time, ranging from 20 ns to 1
s. The amplitude of applied pulses ranges from −5 to 5 V.
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