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Featured Application: Non-linear electronic devices and emulation of synapse like behavior.

Abstract: In this study, the negative differential resistance (NDR) phenomenon in two-terminal
devices composed of pyrogallol-formaldehyde/ZrO, composite materials is investigated. It is
demonstrated that the NDR is caused by electrothermal effects, which can be observed through
the dependence of the NDR on both voltage and temperature. Additionally, it is showed that the
NDR peak current and peak/valley voltages can be effectively modulated using electrical pulses that
produce mild Joule heating. This modulation arises from the formation of a conductive metastable
state, which decays to equilibrium according to power law kinetics. It is suggested that this metastable
state is generated through a reversible structural rearrangement induced by heat. The ability to
electronically tune the NDR characteristics of carbon composites may have potential applications in
electronically controlled oscillators and neuromorphic circuits.

Keywords: negative differential resistance; threshold switching; carbon composites; Joule heating

1. Introduction

Negative differential resistance (NDR) is an electrical property exhibited by certain
electronic circuits and components. NDR has a variety of applications, including storage
memory, threshold logic devices, oscillators, and even the emulation of biological neuronal
dynamics [1-3]. NDR devices have been realized in a large variety of materials, and several
corresponding physical mechanisms have been proposed to explain NDR behavior [4-8].
In the context of this study, the relevant mechanism is self-heating effects [1]. NDR caused
by self-heating effects is characterized by an S-shaped I-V characteristic and is often also
named current-controlled negative differential resistance. This is because when experimen-
tally recorded, the current in the NDR region is usually controlled by an external resistor.
S-shape NDRs have been reported for carbon-based nanostructures [2,3], carbon silica
nanocomposites [4], in NbO, [5] transition-metal dichalcogenides [6] and in organic-based
transistors [7]. The theoretical framework for S-NDR was recently presented in a study
by Gibson [1] where it is also claimed that any material where the charge transport is
strongly temperature-dependent and the thermal conduction is low enough to generate
local Joule heating can exhibit S-NDR. The scaling behavior of devices exhibiting NDR due
to electrothermal effects was addressed by Goodwill et al. [8] and a physics-based compact
model of the NDR was proposed in a recent review [9]. A more general model, known
as the field-triggered thermal runway (FTTR) model, has been proposed to explain the
NDR observed in NbO, [10]. This model assumes that the NDR is caused by a combination
of an electric-field-based increase in conductivity and Joule heating. A study by Shual
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Li et al. presents a detailed model of current-controlled negative differential resistance
(NDR) in NbOx-based devices and explains a wide range of discrete and compound NDR
characteristics observed in these devices [11].

One important characteristic of devices with NDR in their I-V curve is the ability
to control the magnitude of the NDR region. For instance, being able to adjust the peak
current and the peak/valley voltage ratio allows for the control of oscillation conditions
and the power consumption of oscillator circuits. However, tuning the NDR remains a
challenge. So far, only transistor devices have shown this potential. For example, ambipolar
transistors made of black phosphorus can modulate the NDR by altering the charge type
through the inversion of the gate voltage polarity [12]. Double-gate transistors made of
graphene can also modulate the magnitude of the NDR by changing the tunneling current
through the application of a gate voltage [13]. Modulation of the NDR was also reported in
black phosphorus and molybdenum disulfide heterostructures [14].

The main contribution of this study is the demonstration of a simple two-terminal
device with the ability to electrically adjust the magnitude of the NDR. The device consists
of a pyrogallol-formaldehyde/ZrO, composite carbon composite material sandwiched
between two silver electrodes, and the magnitude of the NDR can be changed by an
order of magnitude when subjected to an electrical current that produces mild Joule
heating. The NDR adjustment is caused by an electrothermal effect that generates a
metastable change in the electrical conductance of the sample. The metastable state relaxes
to equilibrium over a period of approximately 20 h and is fully reversible, with a relaxation
process following power-law kinetics. The slow decay of the metastable state allows for
the electrical adjustment of the NDR magnitude on a time scale of seconds or minutes,
depending on the desired NDR magnitude. To the best of our knowledge, this is the first
report of an electrical adjustment of NDR properties using a two-terminal device.

This paper starts by presenting the basic I-V characteristics, including the S-shaped
NDR behavior and its agreement with a Joule heating effect. Experimental evidence for the
existence of a metastable resistive state induced by Joule heating is also provided. The time
scale of the heat-induced state is quantified and discussed in relation to the structural
relaxation of the material or the heat-induced diffusion of atmospheric species, such as
oxygen and water trapped in the porous structure of the carbon composite.

2. Materials and Methods

The pyrogallol-formaldehyde/ZrO, (PF/ZrO,) composite was synthesized using a
simple sol-gel method, which is cost-effective, environmentally friendly, and time-efficient,
as well as allowing for the production of materials with a high specific surface area and
porosity. In this study, zirconium acetate (CgH;2OgZr; Sigma, St. Louis, MO, USA),
a solution in dilute acetic acid, was used as a zirconium source for the synthesis of ZrO,
nanoparticles. Pyrogallol (P) (C¢H3(OH)s; 97%; Fisher Scientific, Waltham, MA, USA)
and formaldehyde (F) (CH,O; 99%; Biopharm, Iselin, NJ, USA) were used to form the
PF matrix. Distilled water (DW) was used as a solvent and picric acid (C¢H3N3O7; 99%;
Scharlau, Barcelona, Spain) was added as a catalyst (C) to promote the gelatinization of the
matrix. All the reagents and solvents were analytical-grade and used as received without
further purification. In the first step, zirconium oxide (ZrO;) aerogel was prepared by a
sol-gel method based on the typical synthesis process as described by El Mir et al. [15,16].
The molar ratio of P/F and P/DW were set as 1/3 and 1/6. The weight of ZrO, added was
5 wt.%. Subsequently, the wet gel was dried in a humid atmosphere at room temperature
for two weeks. Then, the samples were placed into an incubator for drying at 150 °C,
with a heating rate of 10 °C/24 h. Finally, the xerogels were treated in a tubular furnace
with a heating rate of 5 °C/min under an inert atmosphere (pyrolysis). The furnace held
the desired temperature for 2 h to obtain the nanocomposite PF/ZrO,. For the samples
reported in this study, the pyrolysis temperature was 600 °C. The samples were prepared
from the beginning into polypropylene molds to have a cylindrical shape. The samples
were completed via two electrical contacts in both faces using conductive silver paint.
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The contacts had an active area of 0.02 cm? and samples with a thickness from 0.19 cm to
0.075 cm were used.

The crystallographic structure of the samples was obtained via X-ray diffraction (XRD)
in a Brucker D8 Advance X-ray diffractometer using CuK« (A = 1.540598 A) radiation.
The morphologies of the obtained nanocomposite were performed via field emission scan-
ning electron microscopy using a LYRA3 TESCAN equipped with an electron-dispersive
X-ray (EDX). A detailed morphological and structural characterization of the PF/ZrO,
samples is provided in our previous work [17].

Scanning electron microscopy (SEM) images of the PF/ZrO, composite are shown in
Figure 1a, and the corresponding X-ray diffraction (XRD) diffractograms are depicted
in Figure 1b. Current-voltage (I-V) characterization was conducted using a Keithley
487 picoammeter/voltage source (Portland, OR, USA) and an Agilent 4156C semicon-
ductor parameter analyzer (Santa Clara, CA, USA). Temperature-dependent measure-
ments were performed using an Advanced Research Systems liquid helium close cycle
(Macungie, PA, USA), covering a temperature range from 80 to 320 K.
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Figure 1. (a) SEM photo of a pyrogallol-formaldehyde/ZrO, (PF/ZrO;) sample. (b) The evolution of
the XRD diffractograms with the pyrolysis temperature. (c) Schematic diagram showing the sample
mounted in a heat sink and the electrical connections.

The electrical connections of the sample to the measuring circuit are shown in Figure 1c.
The samples were mounted on a thick copper holder that acted as a heat sink to dissipate
excess heat generated by the Joule effect and prevent thermal runaway. Pulsed I-V mea-
surements were performed by applying voltage steps that lasted 10 milliseconds and were
separated in time by 1 s. All electrical measurements were conducted in a vacuum at a
pressure of 107° Torr.

3. Results

The porous nature of the films can be clearly seen in the SEM image in Figure 1la.
To confirm the incorporation of ZrO, nanoparticles in the host carbon matrix, XRD diffrac-
tograms of samples prepared at different pyrolysis temperatures were obtained, as shown
in Figure 1b. The XRD patterns of the ZrO, nanoparticles show a series of well-defined
peaks at 20 values of 30.1°, 34.9°, 50.3°, and 60°, which are attributed to the diffractions of
the (111), (200), (220), and (311) crystalline planes of the cubic phase according to JCPDS
card no. 01-089-9069. The crystallite size of ZrO, nanopowder calculated using Scherrer’s
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equation is estimated to be equal to 3 nm and increases from 3 to 6 nm when the pyrolysis
temperature increases above 600 °C [17].

In our previous studies [15,18], we demonstrated that the incorporation of nanopar-
ticles in the host carbon matrix ameliorated the textural properties and the dielectric
behavior of the composite material. We proposed that the nanoparticles played the role of
a structuring agent that improved the arrangement of the conduction chains.

The electrical behavior of the pyrogallol-formaldehyde/ZrO, (PF/ZrO,) compos-
ite was investigated using I-V characterization. The devices were sandwich structures
(Ag/PF(ZrO,)/ Ag) using silver paint contacts on both faces. The I-V curves show NDR
behavior at high voltages. Figure 2a shows two I-V curves with NDR for two different
voltage scan rates. During the forward voltage scan, the current follows a linear behavior
that changes to an exponential rise at high voltages. When the voltage scan is reversed,
the current continues to increase while the voltage decreases, resulting in an NDR region
over a voltage range. The return path has a higher current than the forward path, leading
to an anticlockwise hysteresis in the I-V loop.
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Figure 2. (a) Current-voltage characteristics recorded with two different voltage ramp speeds.
(b) Comparison between I-V curves measured with a pulsed method and with a voltage ramp method.
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I-V curves like those shown in this study have been reported in carbon nanocomposites [18]
and other materials such as chalcogenide semiconductors [19] and transition-metal oxides [20].

The voltage scan rate also plays a significant role in the magnitude of NDR, as the
duration of applied voltage determines the amount of heat generated through Joule heating.
When the device enters the NDR regime, it is necessary to stabilize the I-V curve to prevent
thermal runaway, which can damage the device. This can be achieved by decreasing
the applied voltage or using a thick device with an intrinsic series resistance that limits
the thermal runaway. Thermally activated transport is generally accepted as the cause
of negative differential resistance (NDR) in materials such as carbon nanocomposites,
chalcogenide semiconductors, and transition metal oxides. This phenomenon occurs due to
the low thermal conductivity of the matrix material, and the response time is limited by the
heat capacity and generation rate of the device. It is generally agreed that amorphous carbon
materials behave as semiconductor materials. Several mechanisms have been proposed to
describe the charge transport depending on the temperature range, encompassing the range
from an easy thermally activated process obeying the Arrhenius equation to more complex
mathematical models, such as variable range hopping. A study by Adrian Bogeat [21]
provides a comprehensive review of the models used to interpret the electrical conductivity
of amorphous carbon.

The I-V characteristics in Figure 2a do not reflect the sample steady state electrical behav-
ior because Joule heat keeps increasing the internal temperature of the sample. To minimize
Joule heating, steady-state I-V characteristics must be recorded upon the application of a train
of short (milliseconds long) voltage pulses with increasing amplitude. Furthermore, to prevent
cumulative effects due to residual heat, the time between pulses should be at least 1 s long.
This method is referred to herein as a pulsed I-V method. Figure 2b compares two I-V curves,
one recorded with the pulsed method and the other recorded with a relatively slow voltage
ramp speed (0.1 V/s). The remarkable difference between the I-V curves clearly shows the
impact of self-heating on the electrical properties of the devices.

The magnitude of the negative differential resistance (NDR) region in the I-V curve can
be characterized by the ratio of the peak current to the valley current. This study found that
the magnitude of the NDR region can be controlled by adjusting the voltage ramp speed.
Additionally, the application of Joule heating pulses can be used to program the magnitude of
the NDR. Figure 3 illustrates the programming of the NDR region using voltage ramps. When
a series of seven I-V loops were consecutively recorded, the magnitude of the NDR increased
by approximately 15 times. It is important to note that between each curve, the sample was
left to rest (without applied bias) to dissipate the heat generated by the previous I-V loop.

35
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Figure 3. The behavior of consecutive I-V loops on the NDR magnitude. The voltage scan rate was
1V/s. In between each loop, the sample rested for 10 s to dissipate the heat generated by the Joule effect.
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The magnitude of NDR causes long-lasting changes in the sample’s behavior. As shown
in Figure 4, it took around 20 h for the I-V curve to return to its original state after the
sample was left to rest. It is difficult to quantify the time constant of this decay using
non-steady-state I-V curves (curves recorded with a voltage ramp). However, by measuring
the pulsed I-V curve in between each heat cycle, we can gain insight into the underlying
physics and quantify the phenomenon. The inset in Figure 4 shows the decay of the cur-
rent measured at 1 kV/cm plotted on a log-log scale. The decay follows a power law,
i(t) = (1/t)*, with a small exponent of « = 0.03, indicating a relatively slow decay.
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Figure 4. Relaxation of the I-V loops when the sample was left resting. The inset shows a log-log
plot of the steady state current (measured under a pulsed I-V method) at 1 kV/cm vs. time.

To demonstrate this long-lived memory behavior, the sample was subjected to a series
of constant current steps of increasing duration (from 1 s to 10 s). The resulting changes in
conductance, caused by Joule heat, were monitored by recording the steady-state I-V curves.
To ensure that all the I-V curves were recorded at a constant internal sample temperature,
the sample was allowed to rest for 30 s before each pulsed I-V curve measurement to allow
the internal heat generated by the pulse to dissipate.

Figure 5 shows the increase in the sample’s conductance when well-defined Joule
heating pulses were applied (I = 20 uA). The inset shows the incremental conductance
as a function of pulse duration, with only pulses longer than 4 s causing an increase in
conductance. Like the decay described above, these changes also follow a power law with
exponent « = 0.03 and were relatively long-lived.

The sample’s ability to be temporarily programmed at conductance levels close to one
another, combined with the long-lived memory of these changes, has a significant effect on
negative differential resistance (NDR) behavior. Even small changes in conductance can
lead to a significant increase in current and Joule heating, which drives the NDR properties.
The non-linear electrical behavior, with its long-term plasticity under successive excitation,
is like that of neural synapses. This suggests that these materials could potentially be
explored for use in neuromorphic applications [20].

The current—voltage characteristics of a pyrogallol-formaldehyde sample without
ZrO, nanoparticles were also studied. These samples, referred to as pristine samples,
were found to be less conducting compared to samples doped with 5% of ZrO, nanoparti-
cles (see Figure S1). We also observed that ZrO, nanoparticles did not directly contribute to
the negative differential resistance observed in the I-V curves. As demonstrated in Figure S2,
samples prepared without ZrO, nanoparticles also exhibited NDR. Furthermore, upon Joule
heating, we also observed long-lived relaxation effects on the sample conductivity.
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Figure 5. Set of I-V curves measured in pulsed mode and programmed with consecutive Joule heating
pulses. Applied pulses were at constant current (20 pA) and increasing duration. The inset shows the
incremental change in conductance as a function of the length of the heating pulse.

4. Discussion and Conclusions

In this study, the non-linear electrical properties of pyrogallol-formaldehyde are
investigated. It is shown that the resistance of this material can be reversibly switched
using electrical pulses or voltage ramps. The resistance change is believed to be caused by
Joule heating, which leads to the formation of a hot conducting filament across the sample.

It is also demonstrated that the ZrO;, nanoparticles improve the sample conductivity
but do not have a direct role in the NDR properties nor in the metastable changes in
sample resistance.

The rise in temperature caused by Joule heating is not expected to be high enough to
cause significant changes in the carbon bonds or graphitization. Carbon exists in various
forms, including the low-resistivity sp2-dominated graphitic form and the high-resistivity
sp3-dominated diamond form. It is known that heating carbon to temperatures above
600 °C under controlled conditions (pyrolysis) can alter the sp2/sp3 ratio or cluster existing
sp2 sites, but these changes in carbon bonds result in permanent changes in resistance,
which cannot account for the fully reversible changes in resistance reported in this study.

The electric field may also play a role in the observed resistance changes. Previous
studies using a scanning tunnelling microscope probe have shown that high electric fields
can induce structural changes in amorphous carbon [22]. While the electric field applied to
our samples was below 3 kV/cm, it is possible that the combination of heat and electric
field led to changes in carbon rearrangements. Further research is needed to clarify the role
of both heat and electric field, including studies that vary sample thickness and combine
electrical measurements with structural techniques.

The samples studied in this research are porous, with a large surface area to volume
ratio, and they can absorb atmospheric species such as oxygen and water. Evidence for
absorbed water was found in the Fourier transform infrared spectroscopy (FTIR) spectrum
of the PF/ZrO; samples [17]. It is expected that surface/bulk effects from the interaction
with adsorbates significantly affect the material’s conductivity. It is also known that
trapped water, behaving as supercritical water, can mediate chemical reactions and affect
the electrical conductivity of carbon-based materials [23]. The effects of absorbed water
on the electrical conductivity of carbon-based materials are discussed in a comprehensive
review by Adridn Barroso Bogeat [21]. We speculate that upon heating, absorbed chemical
species may diffuse out from the hot filament to nearby regions, and when the filament
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cools down, the chemical species may diffuse back, restoring the original conductivity.
However, further work is needed to understand the role of absorbed oxygen and water in
the reversible changes in resistance caused by Joule heat.

The fine adjustment of electrical properties makes pyrogallol-formaldehyde/ZrO,
composites appealing for various electronic devices, including volatile memory devices,
devices that mimic the long-term plasticity of biological synapses, threshold switching
devices, and oscillator circuits that utilize negative differential resistance properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app13021069/5s1, Figure S1: Comparison between the electrical
conductivity of the pyrogallol-formaldehyde sample with the sample doped with 5% of ZrO, nanopar-
ticles. The conductivity was measured for several pyrolysis temperatures. Figure S2: Current-voltage
characteristics of a pyrogallol-formaldehyde sample without ZrO, nanoparticles. The voltage scan
rate was 1 V/s. The sample has an active area of 0.008 cm? and a thickness of 0.05 cm.
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