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Abstract

®
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Developing materials that can lead to compact versions of artificial neurons (neuristors) and
synapses (memristors) is the main aspiration of the nascent neuromorphic materials research
field. Oscillating circuits are interesting as neuristors, as they emulate the firing of action
potentials. Here we present room-temperature self-oscillating devices fabricated from epitaxial
thin films of semiconducting TbMnO3. We show that the negative differential resistance regime
observed in these devices, orginates from transitions across the electronic band gap of the
semiconductor. The intrinsic nature of the mechanism governing the oscillations gives rise to a
high degree of control and repeatability. Obtaining such properties in an epitaxial perovskite
oxide opens the way towards combining self-oscillating properties with those of other
piezoelectric, ferroelectric, or magnetic perovskite oxides in order to achieve hybrid

neuristor-memristor functionality in compact heterostructures.

Supplementary material for this article is available online

Keywords: negative differential resistance, terbium manganite, self-oscillators, artificial neurons

(Some figures may appear in colour only in the online journal)

1. Introduction

Current-controlled negative differential resistance (CC-NDR)
occurs when the voltage (V) across a material decreases
while the current (I) increases. I-V characteristics featuring
CC-NDR display a region of voltages, between the threshold
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voltage, V,, and the holding voltage, V;,, where multiple cur-
rent values are possible for a single voltage. CC-NDR can
be caused by different mechanisms, such as impact ioniza-
tion [1-3] and metal-insulator transitions [4—7], but also by
thermally-activated or thermally-assisted mechanisms, such
as Schottky emission and Poole-Frenkel conduction [8—10].
Although materials systems with CC-NDR have been found
since the 60s [11-18], the promise of energy-efficient, neur-
omorphic hardware to perform in-memory and on-edge pro-
cessing [19-24], has renewed interest and brought about a
new wave of research on this phenomenon [4, 25-29]. For
instance, selector devices are being implemented in memris-
tor arrays, where the highly non-linear NDR helps to reduce
leakage and sneak path currents [30]. CC-NDR is also used to

© 2022 The Author(s). Published by IOP Publishing Ltd
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construct self-oscillators with regular and chaotic oscillations
and to emulate spiking neurons [4, 24, 28, 29, 31-34].

More specifically, current passing through the device
causes Joule heating, increasing the temperature of the device
as T =T, + RyIV, where Ry, is the thermal resistance of the
device, which includes the heat capacity of the active region
and the thermal conductance between the active region and the
surrounding material. The increase of the device temperature
leads to a decrease in its resistance [3, 35-37]. This will hap-
pen for all conduction mechanisms that depend super-linearly
on temperature [2, 3, 8], as those mentioned above. There are
also conduction mechanisms that are field-dependent, such as
avalanche/impact ionization [1-3], often found in semicon-
ductors as well. However, as the current usually increases
enormously when these mechanisms are triggered, producing
additional Joule heating, they are often difficult to separate
from temperature-activated effects [2, 3]. Another well-known
mechanism is the Mott metal-insulator transition [4—7], which
can be triggered by temperature or electric field.

Although most recent work is focused on binary transition
metal-oxide systems, such as TaO, [25, 38, 39], VO, [4, 40]
and NbO, [4, 34, 41], the latter two also displaying Mott trans-
itions above room temperature, it is of much interest to demon-
strate this behaviour in a wider range of materials. In particu-
lar, heterostructures of oxide perovskites are rich in functional
properties [42] and memristive and synaptic devices have been
fabricated with them [24, 43-47]. Selectors and neuron-like
devices made of these materials could allow for heterostruc-
tures that combine neuristor and synaptic functionality in a
compact manner. However, considering the many mechanisms
that can lead to CC-NDR [8], only relatively few perovskite
oxides have been shown to exhibit it, and most of these stud-
ies were performed at low temperatures [15, 48-50].

Here we present room-temperature CC-NDR in devices
fabricated from epitaxial thin films of semiconducting per-
ovskite TbMnO3. No metal-insulator transition or other struc-
tural or electronic transitions are known in this material above
room temperature. We show that the device can oscillate
between HR and LR states and that these electrical and thermal
oscillations are maintained with high endurance. The origin
of the oscillations is shown to be the thermal promotion of
electrons across the band-gap, a mechanism that is currently
not sufficiently highlighted in relation with this behaviour. As
a consequence of this intrinsic origin, these devices do not
require forming steps and allow for a clean and well-controlled
device operation.

2. Methods

Following previous work [51-53], epitaxial thin films of
TbMnOs3 with a thickness of 60 nm were grown on single-
terminated Nb-doped SrTiOj3 substrates by pulsed laser depos-
ition, using an oxygen pressure of 0.9 mbar, a laser fluence of
2.35 J cm~2, a heater temperature of 750 °C, a target-heater
distance of 55 mm and repetition rate of 1 Hz, produced by
a 248 nm excimer laser. The films were examined by atomic
force microscopy, x-ray diffraction and transmission electron

microscopy and showed the same structural characteristics as
those in the mentioned papers [51-53].

On top of the film, circular Pt electrodes with a thickness
of 80 nm and diameter of 10 ym were fabricated using pho-
tolithography and e-beam evaporation. To provide an ohmic
contact with the bottom Nb-doped SrTiO; electrode [54], a
layer of Ti (10 nm) was evaporated to the back-side of the
substrate, capped with a layer of Pt (50 nm) (see a schem-
atic in the inset of figure 1(a)). Electrical measurements were
performed using a Keithley 4200A-SCS parameter analyzer
equipped with source measure units (SMUs) and a pulse meas-
ure unit, as well as a LeCroy 9410 Oscilloscope.

3. Results

I-V measurements were carried out on TbMnQOj3 thin films
under DC voltages. At low voltages (<1 V), an exponential
and rectifying /-V dependence is found (see figure 1(a)), ori-
ginating from the p-n junction at the interface between the
p-type TbMnO; and n-type Nb-doped SrTiOs [55, 56]. At
higher voltages (1 V < V < 1.68 V), the current is limited
by series resistances, including that of the TbMnOj3 film and
the Nb-doped SrTiO3 substrate, and becomes linear in voltage.
Above 1.68 V, the transport becomes nonlinear again, ulti-
mately leading to an NDR regime (see figure 1(b)).

Upon increasing the applied voltage above V; = 1.9 V
in a voltage-controlled experiment, the device switches from
its HR state to its LR state. On the return sweep, the OFF-
switching (from LR to HR) takes place at V;, = 1.68 V.
These CC-NDR cycles are displayed in a highly reprodu-
cible manner without the need of a forming step. Typical
CC-NDR behaviour is observed, with a smooth transition
for current-controlled /-V measurements (also referred to as
S-type NDR), while voltage-controlled measurements show
hysteresis. It is worth noticing that the horizontal axes in
figure 1 display the device voltage, V juic., Which is the applied
voltage, V, corrected for a series resistor, added to prevent cur-
rent overshoots and the accompanying damage to the device.
It should also be noted that a significant voltage (up to 0.9 V)
will drop over the p—n junction at the interface, which means
that the voltages that are actually applied to the TbMnO; film
are smaller than what is indicated by the horizontal axes of the
figures.

Measurements of the resistance of the films show that the
electrical transport of TbMnO3 around and above room tem-
perature is thermally activated, following:

p=poe /T, (M

with an activation energy E, of about 0.26 eV (see figure 1(c)),
which is consistent with an activation energy across a semi-
conducting band gap of E, = 2E, =~ 0.5 eV, in agreement
with the reported values in this material [57]. Current passing
through the device causes Joule heating, which increases the
temperature of the device as T = Ty, + R, IV, where Ry, is the
thermal resistance of the device, which includes the heat capa-
city of the active region and the thermal conductance between
the active region and the surrounding material. Together with
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Figure 1. (a) /-V measurement of an out-of-plane device in the low voltage range; (b) room temperature DC /-V measurement of a typical
TbMnO3; device around the NDR transition. The voltage-controlled measurements (red curve) show the abrupt jump from the high

resistance (HR) state to the low resistance (LR) state at V;, and vice versa on decreasing V for V < V.. The current-controlled measurements
(black curve) show a smooth transition from the HR to the LR state and back; (c) Arrhenius plot of the resistivity of several TbMnO3 films,
showing the presence of a single activation energy in films that were grown with various growth parameters. The growth parameters of these

films are shown in the supplementary information. Filled symbols are

data from out-of-plane impedance measurements, open symbols are

from lateral Van der Pauw measurements; (d) current controlled IV measurements at different ambient temperatures, where the temperature

was controlled by a heater stage underneath the device.

equation (1), this gives rise to the CC-NDR behaviour. To fur-
ther show that the heating and subsequent spontaneous cool-
ing of the material causes the reversible hysteretic transition in
figure 1(b), the temperature of the device has been increased
by external means, as shown in figure 1(d)). It can be observed
that at a device temperature of 150 °C, the difference between
the HR and LR is already small enough to lead to the dis-
appearance of the NDR, due to the inability of the device to
cool-down.

3.1. Pulsed |-V and transient measurements

A temperature-induced effect requires some settling time,
while an electric field effect can happen at a much faster time
scale, provided a small electrical RC [58, 59]. Pulsed I-V
measurements can, therefore, be used to attest that thermal

processes are at play. Figure 2(a) shows measurements for dif-
ferent pulse lengths, from A7 = 10 us to 2 ms. The threshold
voltage V,;, is shown to depend on the pulse width: shorter
pulses drive V, to higher values, which is a result of the tem-
perature not reaching its steady-state value. For longer pulse
widths, V;, approaches a constant value, which indicates that
the device temperature is close to the corresponding steady
state value.

Interestingly, at higher currents within the NDR region, we
observe that the device can further decrease its resistance if
the rise time (7,) of the pulse is short, as shown in the inset of
figure 2(b) for ¢, = 1 us compared to ¢, = 5 pus. To investig-
ate the origin of this phenomenon, we perform time-resolved
current measurements during the application of voltage pulses
with various ¢, (see figure 2(b)). These results shows that
a smooth transition to a higher current state takes place for
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Figure 2. (a) Pulsed /-V measurement for different pulse widths (Af). V geyice Was calculated using the 7, applied V and a series resistance
R, = 500 Q. Inset shows the V, values for different At. (b), (c) Time-resolved I measurement during pulses with V=7.45V, At = 10 us,
R, = 600 €2 and varying rise times (7,). Below a certain ¢,, a transition is observed to a resistance state than is even lower than that observed
for the higher #,’s. Inset: Pulsed /-V measurement with different #,’s (At = 1 ms).

t. < 300 ns if the voltage increase is large enough. By fixing
the rise time while varying the applied voltage, we obtain a
similar result (see figure 2(c)).

The observation of this additional transition could be
explained by the formation of a high-current density domain,
induced by the local increase of temperature, which has also
been referred to as ‘thermal filament’ [13, 25, 58-64]. If the
electrical relaxation time of the measurement circuit, which is
determined by the resistance and capacitance of the circuit and
the device, is longer than the thermal relaxation time, the tem-
perature of the device can keep up with the electrical input and
the device heats up gradually and relatively uniformly, reach-
ing or closely approaching the steady-state during the increase
of voltage. As the temperature of the material increases, its res-
istance goes down and a larger fraction of the applied voltage
will drop on the series resistance (if there is one), limiting
the electric field over the material. If, on the other hand, the
electrical relaxation time is shorter than the thermal one, the
temperature increase cannot keep up with the electric field
increase and a higher electric field than in the previous case
is reached across the device. In this scenario, field-activated
transport, such as Poole-Frenkel conduction, which is sensitive
to factors like roughness and inhomogeneities in the material,
can be induced. Locally, large currents flow and high temper-
atures develop [58, 60, 63, 64].

3.2. Electrical oscillations

As mentioned in the introduction, CC-NDR can be used to
make oscillators. To do this in our system, we place a load
resistor (Ry) in series and a capacitor (C,) in parallel to the
device, as shown in the inset of figure 3(c). This circuit is much
like that of the Pearson-Anson oscillator [65], a type of Van
der Pol oscillator [66]. Under and applied voltage (V), V geyice
will increase gradually, until V;, is reached. The device then
switches, its resistance dropping faster than the voltage can
keep up (caused by the larger electrical RC), and the charge
that was stored on the capacitor is discharged through the

device. As a result of the discharge, the voltage over the device
drops below V,, after which the current decreases abruptly,
allowing the temperature of the device to decrease and return-
ing the device to its HR state. Subsequently, the capacitor is
allowed to charge again, which marks the beginning of the next
oscillation.

Figure 3(a) shows a series of measurements for various
pulse voltages, in which we observe the self-oscillations. A
pulse with a voltage that induces Ve < Vi, does not lead
to oscillations (7 V in this example). For V > 15V, the fre-
quency and total power become too large for the device to
be able to cool down in between two heating events. In this
condition, the oscillations are damped and the system ends up
in the high-temperature LR state. Note that the voltages are
rather high, which is the result of the large series resistance
we use (500 Q) in order to observe the oscillations. Beside the
applied voltage, two other parameters that play a role in the
occurrence and frequency of oscillations in such a circuit are
the load resistance and parallel capacitance [67, 68], as shown
in figures 3(b) and (c).

One of the main issues for the design of self-oscillators
is that the high temperatures, which can reach several hun-
dreds of Kelvin locally [58, 60, 63, 64]), and large temperature
gradients in the device can compromise the robustness of the
oscillations and induce aging of the material. We expect that
single phase epitaxial perovskite devices, which are not expec-
ted to show local phase changes at high temperatures, like
these presented here, will show enhanced reliability. There-
fore, we have investigated the endurance of these devices.
An example of the sustained oscillations that are typically
observed is shown in figure 4(a). We use the setup mentioned
in the previous paragraph, but this time we change the par-
allel capacitor in order to vary the oscillation frequency. The
results for four different devices with four different oscillation
frequencies are shown in figure 4(b). We find that the oscillator
endures at least 10!! cycles at 135 kHz, while the devices set to
oscillate at lower frequencies are stable for at least 107 cycles.
These values act as a lower limit for the actual endurance, as
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the measurements were deliberately stopped after a few hours
(or days, in the case of 135 kHz). The observed variability
above 10% cycles could be due to a change in the temperat-
ure of the device or probe drift over the course of hours. We
have not seen any device breaking down during or after cyc-
ling. As we varied the frequency by varying the parallel capa-
citance, the lower frequency oscillations are accompanied by
larger discharge currents when the device switches. The fact
that these devices can withstand these currents and the accom-
panying temperatures attests to the robustness of the devices.

4. Discussion

Several remarks can be made about these results. Firstly, for
these devices to be used as selectors in memristor arrays,
ideally V;, < 1V, the ON-OFF ratio should be larger than 1000
and the current in the OFF-state as low as possible [69, 70];
these requirements likely being similar for efficient oscillat-
ors. These characteristics are less favourable in the devices
described in this work than in devices made of NbO,, VO, and

TaO, thus far, as expected, as these other systems have been
optimized for this purpose for many years. The expectation is
that optimization in TbMnO; can be accelerated as some of
the insights from the work on binary oxides, such as the role
of device geometry and dimensions, can directly be transferred
to this material [59, 67, 71, 72].

Indeed, even though in NbO, and TaO, the CC-NDR is
often attributed to the Poole-Frenkel effect, the activation ener-
gies that are reported for the trap states in these cases are
comparable to the activation energies that we have obtain
in TbMnOs. In particular, in the low-field regime, NbO,
and TaO, have shown activation energies in the ranges of
0.3-0.67 eV [9, 59, 73] and 0.24-0.44 eV [61], respectively,
both depending on oxygen content. This compares well with
the value of 0.26 €V shown in this work. Therefore, even if
the origin of the NDR effect is different, the lesson learned on
thermal management on the binary oxides can most likely be
applied to this material.

Moreover, the large variety of polymorphs in trans-
ition metal simple oxides such as NbO, and TaO, is
a concern, as their electric properties (especially the
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activation energy) depend strongly on their stoichiometry
[9,61,73,74] In contrast, in preparation for this work
we have deposited TbMnO; under various growth con-
ditions, yet the resulting activation energy is nearly
identical (=0.26 eV), as shown for the different curves in
figure 1(c) and the supplementary material (available online
at stacks.iop.org/JPhysD/55/335305/mmedia).

Several reports on NbO; [33, 75, 76] and TaO, [39] indic-
ate that a forming step is required to initiate threshold switch-
ing and fast oscillations in large devices. Forming confines
the current in smaller volume filaments that can heat-up
and cool-down faster, producing larger oscillation frequencies
[70, 71, 77]. In this work we did not require a forming step;
however, we did observe that, whenever we deliberately dam-
aged a device by passing a high current (>100 mA) through
it, the oscillation frequency would increase substantially. The
damage is observed as a permanent change in the electrical
behaviour of the device, as well as a visually damaged elec-
trode. The increase in frequency could be explained either by
the formation of a filament with different chemical composi-
tion or by the delamination of the electrode caused by the heat
that is produced during the thermal runaway [58, 78, 79]. Both
would lead to a smaller volume to be heated and, therefore, to
a higher oscillation frequency. Compared to requiring form-
ing steps or inducing damage, miniaturization of these device
offers a more controlled way to obtain higher frequencies.

Additionally, as mentioned earlier, the voltages reported in
this work include a voltage drop on the p—n junction at the
interface between the TbMnOs film and the Nb-doped StTiO3
substrate. In order to operate the device at a lower voltage, this
extra voltage drop is unwanted. Making use of a lateral device
geometry, e.g. on non-doped SrTiOs, or by making use of a
bottom electrode that forms an ohmic interface with TbMnOs,
would both prevent this issue.

The load resistance and parallel capacitance that had to be
added to make an oscillator do not have to be external. In this
work they were, but an optimally-designed device could have
the capacitance and load resistance included in the material
properties and device geometry such that a single device can
operate as oscillator.

Although no systematic study of the device reproducibil-
ity is performed in this work, many devices on the same film
have shown the same or similar response, from the IV char-
acteristics in figures 1(a)—(c) to the prolonged oscillations in
figures 4(a) and (b). Over the course of two years, the same
and different devices have been examined and have always
provided the same or similar results. Further optimization of
the devices is beyond the scope of this work.

Finally, coupling oscillators is of great interest to neur-
omorphic computing strategies [22, 31, 80, 81]. The coup-
ling can be done electrically [31, 32, 81], but recently it was
shown that these oscillators based on Joule heating can be
coupled through temperature as well [82]. The phenomena
shown here are also expected in other perovskites with sim-
ilar electronic band structures, enhancing the prospects for
combinations of different neuromorphic functionalities in a
single compact heterostructure. Indeed, in studies about unre-
lated phenomena, several perovskite manganites have shown

CC-NDR, albeit in bulk form or (well) below room temper-
ature (e.g. the well-known manganite Pr;_,Ca,MnQOj3) pos-
sibly all caused by Joule heating [15, 83, 84]. Also, several
perovskites exist that show an insulator-metal transition, such
as nickelates [85-87] and several manganites [88, 89], which
would, just like in NbO, and VO,, enhance the ON-OFF ratio
of these devices. In addition, the transition temperature in
those materials is tunable by composition [28, 85-87, 90] and
strain [28, 87, 90], granting additional design flexibility.

5. Conclusion

In summary, we have shown that CC-NDR is found in thin
films of TbMnOs. All the experiments, including pulsed /-V
measurements, are consistent with Joule heating as the ori-
gin of the NDR effect. A well-defined activation energy
for electrical conduction, which does not change with the
growth conditions or orientation of the material, has been
measured, excluding the effect of defects or electron traps.
Instead, the value of the activation energy fully agrees with
the intrinsic band gap of TbMnOs. As expected from the
non-linear dependence of the conductivity with temperature
in intrinsic semiconductors, the device produces current oscil-
lations when embedded in a Pearson-Anson circuit. We found
that the rate at which the voltage is applied has an influence on
the final resistance of the device, which is consistent with the
formation of high-temperature current constriction. The fre-
quency of the electrical oscillations reaches up to 200 kHz in
this work and the devices show a high endurance. The limits of
the endurance have not yet been tested. This work could be a
first step on the development of oxide perovskite heterostruc-
tures with combined neuromorphic functionalities.
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