7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

REVIEW

Negative differential resistance in memristive
systems: historical evolution, mechanisms and
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The synergy between the memristive effect and negative differential resistance (NDR) offers promising
prospects for advancing electronic devices and circuits. Predictable outcomes include the development
of devices with improved performance and functionality that are applicable across a wide range of fields,
from computing architecture to neuromorphic engineering. Despite the growing body of literature
exploring this convergence, the effective implementation of the NDR effect in memristors faces many
challenges. Several memristive materials—including VO,, TaO,, and chalcogenides—have demonstrated
promising NDR effects. Among them, niobium oxide uniquely combines steep (<3 ns), endurable (102
cycles) negative differential resistance with biophysically plausible spiking dynamics—enabled by its dual
current-controlled and thermally driven mechanisms—making it ideal for energy-efficient neuromorphic
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primitives. This paper reviews the complex phenomenon of NDR and its applications in niobium oxide
memristors while analyzing its potential future applications in electronic systems. By outlining the NDR
effect and its applications in niobium oxide memristors, this paper aims to provide valuable insights for
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1 Introduction

In traditional complementary metal oxide semiconductor
(CMOS) technology, complex auxiliary circuits and a large
number of capacitors are often employed in neural circuits to
mimic the biological dynamics of neurons.’ However, due to
limitations in the space and energy efficiency of integrated cir-
cuits, this approach is not suitable for constructing scalable
artificial neural circuits. In recent years, memristive technology
has rapidly emerged as a potential alternative to traditional
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CMOS technology, which is facing fundamental limitations in
its development in neuromorphic computing.

Since the first demonstration of oxide-based resistive
switching devices as memristors in 2008, memristive devices
have gained significant attention due to their biomimetic
memory properties and promising improvements in energy
efficiency in computing applications.* For instance, the train-
ing of deep neural networks (DNNs) using von Neumann archi-
tecture and high-precision digital computations leads to sub-
stantial energy consumption stemming from data transfers
between the processor and off-chip memory. Although cloud
computing platforms handle such demanding training tasks,
their energy-intensive nature poses a challenge for edge com-
puting deployments. By contrast, memristor-driven neuro-
morphic computing mitigates data movement through its in-
memory computing design and analog computing approach. It
has also been demonstrated that a memristor crossbar array
can store analog synaptic weights and efficiently perform par-
allel vector-matrix multiplication (VMM) operations in a single
computational step, achieving time- and energy-efficient on-
chip data processing.’

To date, memristor devices have leveraged various switch-
ing mechanisms, including filamentary switching, interface-
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type switching, Mott transition-based switching, phase
change, and electrically driven nonlinear conduction.* Each
mechanism contributes uniquely to device performance, with
trade-offs in speed, stability, and energy efficiency. Memristors
based on negative differential resistance (NDR), a unique elec-
trical property where an increase in voltage across a device
results in a decrease in the current flowing through it, stand
out for their fast, tunable switching and oscillatory behavior,
which is ideal for neuromorphic computing. Unlike filamen-
tary mechanisms prone to degradation or phase change
mechanisms requiring thermal cycling, NDR offers stable,
energy-efficient switching and can mimic neural spiking,
making it particularly advantageous for dense, adaptive neural
networks and real-time processing in neuromorphic systems.
More importantly, NDR is vital for memristors in neuro-
morphic computing because it enables oscillatory behavior
and threshold-dependent transitions, which are essential for
mimicking neural functions, such as spiking and synaptic
plasticity.®™®

Although NDR remains an old physical phenomenon, it has
significant implications in cutting-edge research domains at
the nanoscale, including quantum computation, reversible
logic, and neuromorphic computing.” Therefore, it is crucial
to investigate the origin of the negative differential resistance
phenomenon and develop reliable negative resistance devices
that are common in nanoscale devices for high-frequency
applications or new computing architectures, such as revers-
ible computation,’® quantum computation,’* and neuro-
morphic computing.’” In this review paper, we comprehen-
sively investigate the history and proposed mechanisms of
NDR in Section 2, followed by an introduction to niobium
oxide memristors in Section 3, which typically exhibit NDR
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behaviour. Finally, Section 4 discusses recent advancements in
the application of NDR in niobium oxide memristors. This
study seeks to provide important insights for researchers in
this field by discussing the NDR effect and its applications in
memristor devices.

2 Negative differential resistance

The static resistance of an electric device is defined as Ry = V/I,
while the differential resistance is given by Rgi¢ = dV/dL
Depending on their sign, which dictates the direction of
current flow and the sign of electrical power, we can categorize
various electronic devices with various functions. In particular,
NDR devices have resistance of R, > 0 and differential resis-
tance of Ryiee < 0.°

Negative differential resistance phenomena are commonly
observed in certain diodes, such as tunnel diodes, and in
some gases when they are discharged.'®™® Meanwhile, chalco-
genide glasses,'® organic semiconductors,”>*! and conductive
polymers®* exhibit similar negative resistance characteristics.
In addition, reversible metal-insulator transition materials
often exhibit NDR, with potential applications in memristors
and neuromorphic computing.’ There are two different
current-voltage dependencies for NDR devices, as shown in
Fig. 1 (red solid lines). The current-controlled S-shaped and
voltage-controlled N-shaped dependencies refer to these types
as negative conductors and negative resistors, respectively. The
S-type NDR is termed the controlled-current NDR because a
single voltage value can be associated with multiple current
values. In contrast, for a voltage-controlled NDR exhibiting an
N-shaped current-voltage relationship, a single current value
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Fig. 1 Current-voltage dependence curves of (a) S-shaped and (b) N-shaped NDR devices.® The blue dashed lines show the field-induced tran-
sition that occurs between states a and b.*® (c) /-V characteristics of the Esaki diode. (d) A simple equivalent circuit of an Esaki diode connected to a

battery.!* (e) Structure of IMPATT. (f) Fixed charge and field distributions i
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corresponds to multiple voltage values. Interestingly, as shown
in Fig. 1, the appearance of the negative differential resistance
region can be attributed to the occurrence of a transition
between states a and b (blue dashed lines), triggered by an
external field.® The exact mechanism for the generation of
negative differential resistance®® is explained in Subsection
2.2.

It is noteworthy that to accurately measure the NDR and
obtain a stable NDR curve, certain conditions must be met by
modifying the circuit structure and input signal.>***

2.1 Early history of NDR

In the 19th century, during the exploration of electric arcs for
illumination, the phenomenon of negative resistance was first
observed although it was initially regarded by researchers as a
secondary effect caused by temperature changes.””> In 1895,
Ayrton’s experiments established the existence of a negative
slope region in the curve and introduced the concept of differ-
ential resistance dV/dI because the resistance of passive
devices cannot be negative.>® In 1918, Hull et al. invented the
world’s first solid-state device with a negative resistance effect:
Dynatron.>® They found that changing the anode voltage did
not change the value of the negative resistance. It only
changes the range in which negative resistance occurs. In
1922, Lossev et al. built solid-state amplifiers and oscillators
using the phenomenon of negative differential resistance
found in a zinc oxide point contact junction.”” However, with
the success of vacuum tube technology, researchers have
largely overlooked the potential applications of negative resis-
tance devices.

In 1939, Terman et al. discussed the use of negative feed-
back to develop stabilized negative resistors that were essen-
tially independent of tube and supply voltages.”® Brunetti
introduces an ideal negative resistance oscillator and a tran-
sition oscillator, and he further deduced that, with the fulfil-
ment of a specific criterion: —R,, = L/RC, a negative resistance
connected to a tuned circuit can function as a reliable energy
source, ensuring that the tuned circuit remains in a consistent
oscillation state.”® Hahn introduced a streamlined approach to
examining vacuum tube functionality at extremely high fre-
quencies, disentangling the impacts of electron speed, conduc-
tion current, and induced current. If the grid is operated at an
angle of n/2, then the grid impedance becomes a negative re-
sistance. This theory has led to the development of various
new tubes.?°

In 1940, Tuttle et al. pointed out that transfer impedance
exhibits unique characteristics, such as negative resistance,
which is unattainable in conventional impedance. In a series
resonant circuit incorporating negative resistance, there exists
a resonant frequency point where the transfer impedance
manifests purely as a negative resistance.®® In 1953, Ryder
et al. demonstrated an interesting fall in the mobility of elec-
trons in Ge with an increasing electrical field.** Kromer was
the pioneer who first proposed the concept of an NDR mecha-
nism in 1953. Originating from observations of the degraded
valence band structure in Ge and similar semiconductors,
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NDR theory emerged, suggesting that under a large electric
field, holes are propelled into regions where their effective
mass becomes negative. Additionally, it was anticipated that
above a critical field threshold, the differential mobility of
these holes would shift to a negative value. Nevertheless, sub-
sequent investigations revealed that the quantity of holes occu-
pying these negative-mass states was conspicuously insuffi-
cient, thereby maintaining a consistently positive differential
mobility, despite the initial theoretical projections.****
Kromer was later awarded the Nobel Prize in Physics in 2000
for the development of semiconductor hetero-structures
applied to high-speed optoelectronic components.

In 1954, Shockley et al. explored the negative resistance in
semiconductor diodes caused by transmission time. Shockley
pointed out that negative resistance occurs if

J D(t) cos wtdt < 0. (2.1.1)

0

The impulsive impedance D(¢) for a two-terminal device is
characterized by its transient reaction to an impulse of
current.®® Bratton, alongside John Bardeen and William
Shockley, co-invented the world’s first transistor, known as the
point-contact semiconductor amplifier, and their ground-
breaking work on transistors and the discovery of the transis-
tor effect later earned them the 1956 Nobel Prize in Physics.

In August 1958, Leo Esaki invented a tunnel diode (also
known as an Esaki diode). The Esaki diode was the first
quantum-electron device. Contrary to the mechanisms that
govern most semiconductor devices, the current flow in an
Esaki diode is facilitated by quantum-mechanical electron tun-
nelling across a potential barrier.>® This diode exhibits an
effective “negative resistance” stemming from the quantum-
mechanical phenomenon known as tunnelling. Tunnel diodes
possess a heavily doped p-n junction, approximately 10 nm
wide, where heavy doping leads to a disrupted band gap, align-
ing the conduction band electron states on the N-side with the
valence band hole states on the P-side to a certain extent. A
typical I-V characteristic of an Esaki diode is illustrated in
Fig. 1(c). In mixer applications, the section of the ‘forward’
bias range marked as O-A on the voltage axis, encompassing
the area of negative gradient, holds significant importance.
Fig. 1(d) shows a simple equivalent circuit of an Esaki diode
connected to a battery.'**” In 1973, Esaki was awarded the
Nobel Prize in Physics for his discovery of the quantum tunnel-
ling effect of electrons in semiconductors.

Additionally, in 1958, Read proposed the avalanche diode,
alternatively known as the Impact Ionization Avalanche
Transit-Time Diode (IMPATT), which is a unique diode variety
intended for operation in the field of reverse or avalanche
breakdown. The structure of IMPATT is shown in Fig. 1(e).
Unlike conventional PN junction diodes, which are prone to
excessive current concentration and subsequent hot spots that
can lead to irreversible damage, the IMPATT diode’s junction
is engineered to mitigate such concentration and hot spots.
This design ensures that the IMPATT diode remains unaffected
in the avalanche breakdown region. It comprises a high-field

This journal is © The Royal Society of Chemistry 2025
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avalanche zone and a drift region, which, at microwave fre-
quencies, generates dynamic negative resistance. This negative
resistance trait emerges owing to a temporal lag, resulting in a
phase shift between the components of AC and voltage, a dis-
tinct phenomenon in contrast to tunnelling diodes. As
depicted in Fig. 1(f), the depiction of the field distribution
and stationary charges across the various regions under
reverse bias is presented. Notably, the applied voltage consist-
ently surpasses the punch-through threshold, which ensures
that the space-charge region spans from the n'-p junction, tra-
versing through the p and intrinsic (i) regions to the i-p"
junction.”

In 1961, Ridley investigated the potential applications of
negative resistance effects in semiconductors. The method-
ology lies in heating carriers within a high-mobility sub-
band using an electric field, triggering their transition to a
higher-energy, low-mobility sub-band once they attain a
sufficient temperature. The prerequisites for achieving nega-
tive resistance are broadly examined, and by solving the
Boltzmann equation, more tailored conditions are derived
for simplified scenarios involving spherical and ellipsoidal
bands. Their analysis reveals that the most favorable scen-
ario arises when the sub-bands are sufficiently energy-separ-
ated, enabling optical phonon emission to become the
primary mechanism for energy relaxation in both sub-
bands.*®

In 1962, Hickmott found negative resistance and a large
current density in the DC-voltage characteristics of five metal-
oxide-metal structures. Hickmott found that the breakdown of
oxide films, in the sense of a sharp increase in current, pro-
duces irreversible and permanent changes in the aluminum
oxide film; the original high resistivity and the exponential
dependence of the current on voltage cannot be recovered.
However, the breakdown leading to an increase in conductivity
and negative resistance of the oxide film can be distinguished
from dielectric breakdown, which destroys the insulating film.
The term ‘formation’ in the oxide film implies the establish-
ment of a negative resistance region in the I-V curves by non-
destructive breakdown of the film. During the formation
process, the maximum current through the oxide film
increases as the voltage applied to the oxide film increases.*®

In 1963, Gunn discovered the Gunn effect.’® Microwave
oscillations are induced when a constant DC voltage, exceed-
ing a critical threshold, is applied to the opposing surface of
an N-type GaA contact electrode. By establishing ohmic
contact electrodes at both ends of the N-type gallium arsenide
sheet, the electric field generated by the DC voltage can
surpass 3 kV cm™'. Owing to the unique properties of GaAs,
this leads to the generation of current oscillations, with fre-
quencies reaching up to 10° Hz.*® Devices with Gunn oscil-
lations are known as Gunn diodes, serving as generators of
microwave signals.

In 1966, Copeland put forward a novel operational frame-
work for bulk negative resistance oscillators. During Limited
Space-charge Accumulation (LSA) oscillation, the electric field
across the diode undergoes a rapid increase, surpassing the

This journal is © The Royal Society of Chemistry 2025
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threshold value and reaching a level more than twice the value
of the threshold field. The high-field domain lacks sufficient
time to establish its characteristic space charge distribution.
Consequently, an accumulation layer is predominantly
observed near the source contact, while the electric field over
the majority of the device remains in the negative resistance
domain.*!

In 1969, Berglund constructed an idealized layered struc-
ture of vanadium dioxide (VO,), demonstrating that under
certain voltage bias conditions, a high temperature and low re-
sistance filament can be generated in the VO, film. The
location where the filaments form is related to the positions of
the external heating and excitation sources (applied voltage),
and it gradually moves to the point closest to the electrode
spacing. The width of the filament depends on the applied
current, and under the influence of time-varying electrical exci-
tation, the conductive filament exhibits characteristics similar
to those of an inductor.*” Subsequently, in 1970, Berglund
used VO, to create a type of thin-film inductor. He determined
the variation in the conductivity of the VO, thin film with
temperature through mathematical derivation and experi-
mental verification. Based on the relationship between con-
ductivity and temperature, the current-voltage relationship
showed a clear negative differential resistance behavior, and
Berglund also verified this in subsequent experiments. This is
because the VO, films exhibited rather significant thermal hys-
teresis and latent heat effects during the crystal phase tran-
sition process.*® In 1971, Berglund discussed the role of
thermal effects in the process of resistance switching in solid
films. It was shown that thermally initiated events complete
the switching by thermal processes. Electronically initiated
events complete the switching either by an electronic or by a
thermal mechanism. Under high voltage conditions, the effect
of thermal energy becomes more pronounced. When there is a
voltage collapse, electrostatic energy is released, and the temp-
erature rises rapidly at a rate proportional to the square of the
switching field, determining whether the device switches or
breaks down.**

In 1972, Tellegen introduced three assumptions about the
NDR effect.

Assumption 1: The impedance behavior of the negative re-
sistance is mathematically described by

zZ= %, (2.1.2)

where the ratios of the coefficients are contingent upon the
specific point on the direct current (DC) characteristic curve
that Z pertains to.

Assumption 2: At points on the DC characteristic curve situ-
ated far from the region of the negative slope, the impedance
function exhibits a positive characteristic.

Assumption 3: As the point traverses the DC characteristic
curve, a pole (or zero) of the impedance function migrates
from the left to the right half of the s-plane, or conversely, pre-
cisely when the slope of the voltage-current characteristic
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changes its sign by traversing an infinite [or zero] point, and at
that instant, the pole (or zero) traverses the s = 0 point.*’

In early studies of negative differential resistance, research-
ers discovered the existence of the negative differential resis-
tance effect in a vacuum tube, but there was no understanding
of its mechanism and properties. For example, Terman,
Brunetti, and Hann et al. performed a preliminary exploration
of negative differential resistance in vacuum tubes. They
obtained some methods and empirical formulas to regulate
negative differential resistance. However, they did not go
deeper into the substantive reasons for the negative differen-
tial resistance. Subsequent to the invention of the diode and
the increase in the semiconductor industry, researchers began
to discover the negative differential resistance effect in semi-
conductor materials and applied it to high-frequency oscil-
lators, high-speed switches, and power amplifiers. Examples
include the Esaki diode, Gunn diode and the IMPATT diode.
They innovatively applied the negative differential resistance in
transistors to oscillate signals or amplify them. The transistors
they prepared played an important role in the development of
electronics. However, owing to the limitations of time and
technology, early researchers were unable to conduct an
exhaustive study of negative differential resistance. Later,
Kromer, Shockley, Ridley and others conducted in-depth
studies on the mechanism of negative differential resistance
and gained a deeper understanding of the physical nature of
negative differentials. Subsequently, the advent of advanced
instrumentation has further advanced the study of negative
differential resistance. Presently, it is evident that the field of
memristors has become a major area of research interest, thus
bringing negative differential resistors to the attention of the
general public once again. The negative differential resistance
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effect exists in many materials and is generated by various
mechanisms. In the future, the study of the negative differen-
tial resistance effect will be further emphasized, and the nega-
tive differential resistance in some materials will be further
applied, as in the case of materials with a negative differential
resistance effect used for the preparation of transistors.

Based on the above discussion, we summarized a timeline
of the key research reports on the NDR effect, as shown in
Fig. 2. It should be noted that extensive studies on negative
differential resistance have been conducted over time and have
continued to grow, with numerous researchers dedicated to
the field. In the history of NDR research, there are still many
significant studies, such as the research conducted by
Simmons and Verderber in 1967, and Mott’s research in
1968.*” This study provides only a brief, one-sided introduc-
tion. Since the 1980s, most studies on NDR have primarily
focused on applications and refining previously proposed
mechanisms. A more comprehensive review of recent NDR
studies can be found in ref. 9.

2.2 Mainstream perspectives on the NDR effect generation
mechanism

In this subsection, we review the mechanisms that generate
NDRs, including scattering-induced, electron-transfer, and
percolation-induced mechanisms. A more detailed discussion
can be found in the studies by Ridley,"® Dearnaley*® and
others.”***°

2.2.1 Scattering-induced NDR. Under certain conditions,
NDR may occur owing to multiple scattering events, which
comprise four main types of scattering. First, the electron-elec-
tron scattering process is considered. Electron-electron scat-
tering suppresses spin relaxation and indirectly stabilizes

Inspection methods

mann for vacuum tubes
. Tuned circuit of Ryder NDR in Ge
Brunetti g illati
consistent oscillation » First NDR
Dynatron (First NDR device) Terman —Negative resistors romel mechanism
1918 Hull 1939 1953
1922 Lossev 1940 Tuttle 1954 Shockley

Solid-state amplifiers and
oscillators

Esaki

Esaki diode (First tunnel diode)

Impact lonization Avalanche

Read
€39 Transit-Time Diode ( IMPATT )

1958 1962 Hickmott

1961 Ridley

Prerequisites for NDR

Fig. 2 Timeline of the key research reports on NDR before the 1980s.
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carrier transport paths, thus contributing to NDR at specific
biases.’* Second, the interaction between polar longitudinal
optical (LO) phonon scattering and acoustic phonon scattering
in a parabolic band may yield the NDR phenomenon."? Third,
when the magnetic field exceeds a critical threshold, polar LO
phonon scattering is unable to sustain energy equilibrium.
This results in a transition towards deformation-potential scat-
tering through acoustic modes. When the relative strengths of
polar and deformation-potential coupling fall within specific
boundaries, the transfer from dominant LO phonon scattering
to acoustic-phonon scattering can lead to an NDR
outcome."®”? Fourth, when the temperature rises, electrons
gain sufficient energy to transition to a higher energy state.
The Fermi level u approaches the valence band bottom, and
the electron distribution in the conduction band is dominated
by Boltzmann statistics. Consequently, the suppression of the
NDR effect at high temperatures is mainly due to electron-
phonon scattering.>* More fundamentally, inelastic scattering
enhances the effect of temperature on the tunnel effect.’®
Overall, multiple scattering mechanisms can trigger NDR in a
synergistic manner, with a shift of different scattering
mechanisms.

2.2.2 Non-parabolicity. Thermal electron effects in semi-
conductor devices affect the stability of the devices, and these
thermal electron effects are usually related to scattering and
acceleration processes at extremely high energies, thus being
influenced by the characteristics of the band structure. This
can alter the potential energy distribution of electrons through
a non-parabolic linear variation of energy momentum, thereby
influencing their motion trajectories and scattering frequen-
cies. In non-polar semiconductors, the drift velocity of elec-
trons is expected to saturate in a parabolic band owing to
optical-phonon emission. This saturation leads to a reduction
in the field when the band is non-parabolic, resulting in an
NDR." The dispersion relationship derived by the model is
generally non-parabolic and linear. In general, we can deal
with non-parabolic properties by defining an energy func-
tion.”® When non-parabolicity is fully considered in numerical
simulation, NDR is less sensitive to changes in thermal con-
ductivity. From an experimental perspective, non-parabolic lin-
earity is important in the hydrodynamic transport model
(HTM).>” The NDR phenomenon may also arise in scenarios
involving polar LO phonon scattering, where even a modest
level of non-parabolicity can prevent runaway effects at the
expense of NDR instability."**®

2.2.3 Electron-transfer. The mechanism represents the
migration of electrons from a valley with a light effective mass
to one with a heavy effective mass, driven by elevated tempera-
tures.'® One straightforward method to achieve this involves
using electric field heating to transition electrons from high
mobility sub-bands to high energy sub-bands with lower mobi-
lity.>® In some nanoscale molecular devices, NDR properties
are caused by electron transport involving discrete states in the
electronic structure.’®®* In certain semiconductors, such as
GaAs, the electrons have a high-mass low velocity state as well
as their normal low-mass high-velocity state. The movement of

This journal is © The Royal Society of Chemistry 2025
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electrons between these two states results in the generation of
a pulsed current. A Gunn diode is built from this electron
transfer mechanism and the negative mass mechanism.*®
Other nonlinear electron transportations, such as Poole-
Frenkel (PF) emissions, are also an important cause of NDR.%

2.2.4 Negative mass. Spatial undulations occur when sub-
jected to the propulsive force of a direct current (DC) electric
field. This remarkable behavior, termed Bloch oscillations,
arises inherently from the quantum nature of electrons and
their innate responsiveness to accelerating DC fields, demon-
strating oscillatory motions.®>** The origins of Bloch oscil-
lations can be traced to the phenomenon of Bragg reflections
and are intimately tied to energy domains within the conduc-
tion band, where electrons assume a unique state character-
ized by a negative effective mass.®> These peculiar regions of
negative mass are encountered in specific crystallographic
alignments near the zone center within the heavy-hole band.
Within GaN, negative mass NDR can be attained by leveraging
conduction band structures and accelerating electrons ballisti-
cally under exceedingly high electric fields.® However, it
should also be noted that when electrons are transferred into
the energy valley on a large scale, negative mass NDR is
replaced by electron transfer NDR.®” The precise value of the
negative effective mass depends on the electron density and
scattering time.®® Theoretically, if a substantial concentration
of holes could be coaxed to populate these states under
intense electric fields, this could lead to the achievement of
intriguing electronic behaviors, such as an NDR effect.
However, the prevalent scattering mechanisms in practical set-
tings pose significant challenges to utilizing Bloch oscillations
to achieve NDR-like functionalities, making this endeavor
notably challenging.*?

2.2.5 Optically induced NDR. Monochromatic light
induces the optical stimulation of electrons from a well-
defined energy level (often impurity-mediated) into a precisely
matched series of levels within the conduction band. This
process can yield a quasi-delta function distribution in the
electron energy spectrum, constrained by resonance between
the initial and final states. This distribution is the premise of
the optically induced NDR. This process necessitates that the
recapture of electrons occurs at a rate significantly faster than
scattering processes.”® The scattering process is related to the
density and mobility of the photogenerated carriers. By
affecting the carriers, the scattering process can be influenced,
which further affects the distribution function and leads to
NDR. For example, the density and mobility of the photo-gen-
erated carrier are decreased by applying a bias®*”°® or by the
capture and release of charge.”””* Light exposure causes the
injection barrier to be lower, and the trapped electrons effec-
tively pass through the barrier between the source and the
channel.”” In addition, optical-induced NDR may result from
gate-dependent surface recombination and potential well-
induced photocarrier confinement.”® If the energy level of the
excited electron is slightly below the energy threshold of the
emission of the optical phonon, negative resistance may
result. For example, in the graphene structure, optically
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induced NDR is mainly affected by the resonant tunneling of
charge carriers through minibands.”* In GaAs, the photogene-
rated charges accumulate in the double barrier quantum well
(DBQW) region, causing built-in electric field modulation,
which in turn leads to NDR.”> However, in practice, the rate of
electron capture is typically much slower than scattering,
resulting in a distribution function that deviates significantly
from the desired form. Therefore, it is difficult to obtain a
stable NDR effect using this method. In theory, the use of two
strong laser beams can produce a suitable distribution func-
tion, but again, it leads to instability of the NDR."?

2.2.6 Magnetically induced NDR. In a situation where a
strong magnetic field quantizes the system, confining all elec-
trons to the lowest Landau level, electronic transport is
mediated by scattering events between spatially distinct mag-
netic states. An essential aspect here is that the scattering rate
is directly linked to the availability of final states. In this quasi-
one-dimensional (quasi-1D) system, the density of the states
diminished as the energy rose. Consequently, in the presence
of an electric field, a single charge carrier tends to propagate
towards regions of higher potential.’®> The magnetic tunnel
feature is explained by the arrangement of the quantized 2D
Landau levels in the trap and emitter deposits. According to
the principle of conservation of transverse momentum, this
mechanism should produce a sharp NDR effect in the tunnel-
ing regime.”®”” NDR-capable semiconductor can be integrated
with magnetic materials exhibiting the anomalous Hall effect to
create three-terminal magnetic devices. The interaction of the
two effects results in devices with excellent thermal stability.”®

2.2.7 Percolation NDR. In semi-insulating materials, the
occurrence of significant potential variations, often stemming
from impurity clustering, can significantly hinder transport
mechanisms, confining them to few percolation pathways.”**
At elevated electric fields, it is anticipated that the increased
energy of charge carriers will facilitate the expansion of exist-
ing percolation paths or create a new one. In a memristor, con-
ductive percolating networks form similarly to conductive fila-
ments. Percolating conductive atoms or oxygen vacancies
increases the conductive phase of the memristor, thus chan-
ging the device from an insulating state to a conductive
state.®! However, there also exists the possibility that a greater
number of carriers may be energized into non-conductive
zones, where they become effectively trapped and immobi-
lized. If this latter phenomenon prevails, it can lead to a
notable reduction in overall conductivity, potentially demon-
strating an NDR effect."? Percolation also appears as recombi-
nation between similar substances. The composite material,
composed of carbon black nanoparticles, graphene and graph-
ite, effectively acts as a percolation network in which transport
is carried from one nanoparticle to the next via a tunnel-
assisted transition. The composites oscillate in the NDR
region at frequencies exceeding 10 kHz. Besides, in highly
oriented pyrolytic graphite (HOPG), low-temperature NDR is
derived from percolation transport through HOPG nodes with
anisotropic conductivity.’® Owing to the high mobility and sat-
uration rate of graphene, the NDR effect in graphite is higher

20612 | Nanoscale, 2025, 17, 20606-20642

View Article Online

Nanoscale

than that in silicon. Thus, through the Dirac point splitting
effect induced by drain bias, an inverter with two identical
devices can be provided.®*

2.2.8 Two-level impurity NDR. Various mechanisms for a
current-modulated NDR effect encompass the interaction of
impurities through impact ionization. One scenario involves
an impurity center that possesses both a ground state and an
excited state. The impurity barrier effect stems from the
entrapment of impurities around the barrier. Carriers are
easily trapped by impurities; thus, electrons at the impurity
location cannot be thermally ionized to the conduction band.
However, trapped electrons can be ionized to the conduction
band by accelerated free electrons (called shock ionization)
driven by an external electric field. Thus, free carriers can be
trapped by ionized impurity sites or released by the shock
ionization of trapped electrons.®? For example, when silver is
employed as an electrode, silver ion diffusion may occur,
resulting in the formation of impurity bands at the charge
transport level and deeper charge capture levels.®* This mecha-
nism operates by the cumulative effects of impact ionization
into the excited state and impacts excitation from the ground
state to the excited state. These processes enhance the occu-
pancy of the excited state at the cost of depopulating the
ground state. Since the excited state exhibits a higher propen-
sity for subsequent impact ionization compared to the ground
state, a reduced electric field is required to sustain a given
current flow. This behavior aligns with the characteristic
S-shaped NDR pattern.

2.2.9 Double injection. In a high conductivity state, the
carrier concentration increases from the thermal equilibrium
value owing to the simultaneous injection and neutralization
of holes and electrons. Deep impurities can no longer trap
them, and the substrate region becomes highly conductive.
Current-modulated NDRs may manifest when such a semi-
conductor exhibits semi-insulating characteristics.®> This con-
dition is feasible when a recombination center is fully occu-
pied by electrons in its equilibrium state. The underlying
cause of the NDR in this instance stems from a transition from
an effective single-carrier injection mechanism to a double-
carrier injection process. In some cases, this transition can be
achieved by heating®® and applying voltage.?” This transition
can also occur when the injection of one carrier type is
impeded until the electric field at the blocking contact reaches
a threshold level sufficient to either initiate tunneling or
trigger impact ionization near the contact, thereby enabling
the flow of both carrier types. Consequently, the I/V character-
istic abruptly shifts from a single-carrier to a dual-carrier tra-
jectory, resulting in a current-controlled NDR effect."* In some
cases, fluctuations in the minority carrier supply can lead to a
double NDR behavior on the inner electrode. If the double
NDR is to be tuned, the minority carrier supply can be varied
by changing the bias conditions.®®

2.2.10 Transit-time NDR. The mechanisms for negative
differential resistance (NDR) previously elaborated upon func-
tion under direct current (DC) conditions. However, there
exists a class of devices, notably the IMPATT (impact ionization
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avalanche transit time) diode and Gunn diode,*>®® which
exhibit NDR phenomena at microwave frequencies, serving as
potent solid-state sources of microwave radiation.’*”®* These
devices were based on Read’s 1958 diode concept,'®> which
evolved from Shockley’s earlier explorations of transit-time
devices in 1954.%" Essentially, the IMPATT diode incorporates
a high-field zone where injected charge carriers trigger an ava-
lanche multiplication process via impact ionization. This is
followed by a low-doped drift region, where the generated elec-
trons, owing to the intense field, propagate at their saturation
drift velocity. Two critical phase delays are integral to its oper-
ation: the first is related to the injection of carriers into the
drift space, while the second is linked to the transit time
through this region. Transit time effects dominate the intrinsic
negative resistance of a quantum well-biased NDR.?® By care-
fully designing these phase delays, it becomes feasible to
engineer the device such that the real component of its impe-
dance becomes negative, enabling unique microwave fre-
quency operations.

2.2.11 Phase transformation-induced NDR. Phase trans-
formation is a prevalent phenomenon in materials, and in the
future, it may broaden the limited class of materials that show-
casing NDR. Harumoto et al. demonstrated the first experi-
mental demonstration of NDR induced by metal-to-metal-
hydride phase transformation in the literature.”**> When
metal hydrogenation begins, a solid solution is formed owing
to the slight incorporation of hydrogen atoms into the metal
lattice. However, the metal’s crystal structure is retained at this
stage, resulting in a low resistance state. Further, an increase
in hydrogen gas pressure deforms the initial metal state, and a
new phase with a different crystal structure of metal and
hydrogen is formed, exhibiting a relatively higher resistance
state. This resistance state change is advantageous for fabricat-
ing hydrogen gas storage devices.’®*”

When metal is heated, it can undergo three mechanisms:
first, an increase in resistance due to increased phonon scat-
tering; second, decreased resistance resulting from the slight
hydrogen escape from the metal-hydride lattice; and third, re-
sistance decrease owing to metal-hydride-to-metal phase trans-
formation. The third mechanism significantly and abruptly
impacts resistance compared to the other two mechanisms.
However, it occurs only at the phase transformation tempera-

Table 1 Representative materials with negative differential resistance
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ture, where the change in the crystal structure abruptly results
in a decrease in the hydrogen concentration. This sudden
decrease in resistance induces an NDR property. The resis-
tance vs. temperature response is a sum of these three
impacts. When heat sufficient for the phase change is sup-
plied, the impact of phase transformation may exceed the
phonon scattering effect, inducing NDR.**

Overall, the research and exploration of the origin of NDR
continues to develop, but we are unable to introduce all other
NDR mechanisms, such as the hot phonon negative differen-
tial resistance effect,”® blocked carrier injection,”® and the
impurity barrier effect,*” in a comprehensive and detailed
manner in this review paper.

The following table provides a brief overview of representa-
tive materials with negative differential resistance.
Furthermore, the relevant references listed in the table are not
representative documents of this material in the field, but
rather documents that consider both the application of the
material and the NDR mechanism (Table 1).

It has been demonstrated that N-type NDR is linked to the
creation of high-field domains. Typically, the high-field
domain forms between two low-field domains, which are
positioned perpendicular to the current direction on the
surface.'® For example, in the superlattices composed of the
graphene/h-BN, when subjected to an electric field, the dis-
crete energy levels specific to quantum wells undergo deloca-
lization, resulting in extended minibands. Within these mini-
bands, carriers undergo spatial confinement owing to repeti-
tive Bragg reflections, leading to the emergence of quantized
Stark ladders. This field-driven oscillatory motion of carriers
constitutes Bloch oscillations, which inherently generate a
negative differential resistance (NDR) signature in the
current-voltage characteristics.” For an explanation of the
principles of negative mass, please refer to Subsubsection
2.2.4.

Moreover, n-type NDR materials have been widely applied
on a large scale. For instance, GaN is used in light-emitting
diodes and high-frequency stage microwave communication
(specifically, it is applied in RF power amplifiers in 5G com-
munication systems). However, the S-type NDR devices are cur-
rently still in the experimental stage and face issues such as
performance stability and integrated manufacturing. In S-type

Materials NDR type Mechanism Application Ref.
NbO, S-type NDR-1: PF effect Sensor 100
NDR-2: Mott-MIT Image recognition task
VO, S-type Mott-MIT Image recognition task 101
CoFeB S-type Magnetically induced Boolean logic operations 78
TiO, N-type Redox; ion migration Computing-storage integrated chip 102
GaAs N-type Gunn effect Oscillatory neurons 75
GaN N-type Negative mass Diode oscillator 92
Graphene/h-boron nitride N-type Resonant tunneling Flexible oscillators 50
Doped silicon N-type Double injection 88
SiC N-type Transit time IMPATT diode 103
Silver-electrode memristor N-type Two-level impurity Multilevel memory devices 84
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NDR devices, NbO, exhibits a higher Mott temperature than
VO,, making them less susceptible to external temperature
fluctuations. Compared to TiO,, NbO, can achieve a lower
operating voltage and a faster switching speed. NbO, is cur-
rently one of the few materials that possess both current-con-
trolled PF-NDR and temperature-controlled Mott-NDR dual
mechanisms. Its wide temperature range, stability and dual-
mode control capabilities are irreplaceable in neuromorphic
computing and extreme environment electronics. Therefore,
NDbO, is expected to become an S-type NDR material for large-
scale applications. In the subsequent sections, we briefly
reviewed recently reported negative differential resistance
phenomena in niobium oxide memristors.

3. Brief overview of niobium oxide
memristors
3.1 Brief description of the memristor

As shown in the relationship between the basic circuit
elements and their variables depicted in Fig. 3(a), Chua found
that there is a lack of an unknown device between magnetic
flux and electric charge and therefore proposed a concept of
memory resistor, memristance (M).'%> M follows the law of V =
MI, which is similar to the mathematical representation of the
resistor, but the value of M depends on the total amount of
charge that has flowed through the device in the past, which is
similar to the function of having a memory.'°® Therefore, the
name of the memory resistor (memristor) was proposed, and
the four basic two-terminal circuit components are resistance,
capacitance, inductance and memristor, as shown in Fig. 3(a).
It is noteworthy that in 1976, Chua and Kang expanded the
concept of the memristor to a memristor system, where the
value of magnetic flux is no longer solely determined by the
charge. This means that the value of M can no longer be
simply defined as M = dg/dg.'” After that, memristors were
usually referred to as generalized memristors, that is, memris-
tor systems.
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Memristors can be classified into analog and digital mem-
ristors based on whether the electrical conductivity undergoes
a sudden change. Based on its abrupt current change charac-
teristics, a digital memristor possesses discrete resistance
states, typically representing binary values (0 or 1), and can
therefore be integrated into chips used for signal sensing and
neural network computing.'®®'% It switches between these
states in a digital manner akin to conventional digital memory
elements like flip-flops. Analog memristors, unlike their
digital counterparts, display a gradual change in resistance
values in response to varying currents. This characteristic
enables them to demonstrate a wide range of resistance states,
facilitating the storage and processing of information in a
manner that closely resembles the continuous nature of real-
world signals. These features make analog memristors well-
suited for applications, such as neuromorphic computing,
where they can r