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A nanoscale dielectric gap clamped between two metal electrodes may undergo a large resistance
change from insulating to highly conducting upon applying an electrical stress. This sudden resistive
switching is largely exploited in memristors for emulating synapses in neuromorphic neural networks.
Here, we show that volatile resistive switching can be accompanied by a release of electromagnetic radi-
ation spanning the visible spectral region. Of note, we find that the spectrum is characterized by photon
energies exceeding the maximum kinetic energy of electrons provided by the switching voltage. This
so-called overbias emission can be described self-consistently by a thermal radiation model featuring an
out-of-equilibrium electron distribution generated in the device with an effective temperature exceeding
2000 K. The emitted spectrum is understood in terms of hot electrons radiatively decaying to resonant
optical modes occurring in a nanoscale SiO2 matrix located between two Ag electrodes. We further
show that the same device can sustain different emission mechanisms depending on the nature, the intri-
cacy and historicity of its memristive gap. Specifically, when operated in a nonvolatile state, we identify
inelastic electron tunneling as an additional process providing photon emission from the device. The cor-
relation between resistive switching and the onset of light emission in atomic scale photonic memristor
brings alternative venues to generate light on chip and their exploitation in optical interconnects. Photons
emitted during memristive switching can also be monitored to follow the neural activation pathways in
memristor-based networks.

DOI: 10.1103/PhysRevApplied.20.024057

I. INTRODUCTION

Despite its apparent simple geometry, a nanometer-wide
gap separating two metal tips constitutes a unique inter-
disciplinary fertile ground for exploring electrical, optical,
chemical, and biological interactions down to the molec-
ular or even atomic scale. On one hand, extremely large
static electric fields (>108 Vm−1), intense electromag-
netic enhancement reaching several orders of magnitude
[1], and record-high nm3 optical mode volumes [2] are
now achievable with gap structures fabricated by modern
patterning tools. These figures have enabled a variety of
electronic and optical spectroscopies at the single molecule
level [3,4] and have fostered the emergence of alterna-
tive research territories such as optics in picocavities [5],
molecular optomechanics [6], quantum plasmonics [7,8],
and trapping at the nanoscale [9,10] to name a few.

On the other hand, electronic components integrating
a nanometer-scale gap in their design were also crucial
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to the advent of another form of computing. Memristors,
for instance, are programmable voltage-dependant resis-
tive devices deployed nowadays in cognitive hardware
systems such as artificial neural networks, neuromorphic
and reservoir computing [11,12]. In these devices, mem-
ory and processing are co-located on the same component
enabling thus lower-energy consumption, higher speeds,
and scalability [13]. Memristive operation relies on resis-
tance switching triggered by the electroformation and
disruption of conductive pathways within a nanometer-
scale dielectric gap [14]. Depending on the metal and the
nature of the insulating layer, charge transport occurs by
an electrochemical reduction of metal ions aggregating to
form conductive filaments [14], or by migration of mobile
defects, such as oxygen vacancies [15] and nanoclusters
[16,17]. It has been recognized that such voltage-triggered
modifications of the dielectric gap not only affect charge
transport in the device, but also opens alternative control
strategies over optical functionalities as well [18–22].

A particular interesting functionality enabled by ultra-
small gaps is the generation of light by inelastic electron
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tunneling (IET). Such an electrically driven junction acts
as a tunable optical antenna converting electrical energy
into light that can be deployed for the next generation
of on-chip integrated photon sources [23,24]. It is not
clear, however, if such an effect can be observed when
the tunneling dielectric changes its conduction properties.
In switchable resistive gap, the dielectric layer evolves
dynamically and the situation drastically differs from the
passive tunneling barrier generally employed in electri-
cally driven optical antennas. The correlation between
electrical and emission properties is quite challenging and
the time evolution of the memristive barrier becomes a
critical characteristic. This is particularly the case for
Ag/SiO2/Ag configuration because the conductance of
the device undergoes different transport regimes with the
growth of a filament in the dielectric. For instance, defect-
induced electroluminescence has been observed during
the electroformation of a planar Ag/SiO2/Pt memristor
[25]. A complete electrochemical formation of the filament
changes the nature of transport when the conductance of
the device G increases close to the quantum point con-
tact G0 = 2e2/h = 7.75 × 10−5 S, where h is the Planck
constant and e is the elementary charge. Near this conduc-
tance value even a small atomic reorganization of the gap
induces a significant variation of the conductance. Indeed,
electrons injected and transported through the gap may
take different pathways (tunneling, hopping, ballistic, etc.
[15]), which are all determined by the dielectric properties
of the gap and the bias value. This aspect sets the sig-
nificance of a precise and accurate control of the applied
electrical constraint as it defines the irreversible historicity
of the memrisitive junction.

In this paper we identify two distinct light-emission
mechanisms occurring in a memristive Ag/SiO2/Ag junc-
tion that are departing from defect luminescence. Specif-
ically, we show that when the device undergoes resistive
switching to a conductance value slightly below G0 light
may be released either in the so-called overbias emis-
sion regime or by inelastic electron tunneling. These two
modes of emission can be distinguished by their depen-
dencies on the electrical conditions and their spectra. In
overbias emission, the energy hν of the photons emit-
ted exceeds the kinetic energy eVb of a single electron
traversing the device. ν is the frequency of light and Vb
is the voltage drop at the two terminals of the device.
For IET, the condition hν < eV applies. Overbias emis-
sion has been repeatedly observed in various types of
metal contacts ranging from discontinuous islands [26],
electromigrated nanowires [27,28], mechanical break junc-
tions [29], and scanning tunneling experiments [30,31],
but has not been associated to the memristive change of
a dielectric matrix. A memristor has several key advan-
tages compared to other geometries. The device holds
a dual functionality whereby electrons and photons are
controlled by the same atomic scale system, its response

can be cycled and it offers potential for integration and
scalability.

II. FABRICATION AND ELECTROFORMATION
OF THE DEVICE

The device geometry discussed here is constituted
of two in-plane 70-nm-thick silver electrodes thermally
deposited on an ultrathin Cr adhesion layer (approximately
1 nm) on top of a SiO2 glass coverslip. The electrodes are
terminated by a tapered section forming a 90◦ angle and
are separated by a gap of about 60 nm. The structure is
realized by electron-beam lithography complemented by
metal deposition and a liftoff process. The inset of Fig. 1(a)
shows a SEM of a nominal device.

The device is operated under ambient conditions and
its electro-optical responses are measured using the setup
schematically presented in Fig. 1(a). The junction is elec-
trically driven by a voltage source applied on one electrode
while the other is connected to a transimpedance amplifier
(TIA). The TIA accurately measures the current flow-
ing in the device. During the initial characterization steps
described below, we introduce protection resistors to limit
the maximum current. Light emission produced by the
device is collected by a high numerical aperture objective
and is directed to an avalanche photodiode for recording
the photon count rate and to an imaging spectrometer for
analyzing the spectral content.

For a 60-nm gap size and biases of a few volts, the
dielectric spacer is too large to enable electrons to tun-
nel from one electrode to the other; the device is in a
high resistive state (HRS). To initiate memristive switch-
ing to a low resistive state (LRS), we repeatedly stress
the device by applying voltages of increasing amplitudes
until a current is detected. We add a resistor in series to
control the compliance current in the nanojunction and
to prevent overheating of the device. We use different
resistors from 100 M� when the device is at the high-
est resistance state to 10 k�, which is the targeted low
resistive state (approaching R0 = G−1

0 ). The activation pro-
cedure requires to lower the protection resistor (increasing
compliance current) whenever the current approaches and
stabilizes near its compliance value. This enables to slowly
build the conductive path in the dielectric and to min-
imize the electrical failure. During this electroformation
phase, a conduction path dominantly composed of a mix-
ture of silver aggregates builds up between the electrodes
[32,33] and a low current (approximately nA) flowing can
be registered. This step is critical as it constitutes the his-
toricity of the junction, the morphology of the conduction
path and the electrical characteristics at which the device
will operate. Figure 1(b) is a time trace of the normal-
ized conductance of the device G/G0 recorded during the
last electroformation stress. The conductance, estimated by
taking into account a constant driving voltage (400 mV)
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(a)

(b) (c)

FIG. 1. (a) Schematic represen-
tation of the experiments including
the electrical excitation and sig-
nal recovery with transimpedance
amplifier (TIA) as well as the opti-
cal detection. Inset: SEM image
of a typical in-plane Ag/SiO2/Ag
junction. Ag is colorized with a
blue hue and a sacrificial con-
ducting layer has been deposited
to allow for electron imaging. (b)
Time trace of the device’s normal-
ized conductance G/G0 during the
final stage of the activation pro-
cess. (c) Current-to-voltage char-
acteristics for three consecutive
voltage sweeps showing resistive
switching.

and the voltage drop at the protection resistance, is here
stabilized slightly below G0. This suggests that current
transport is taking place through an imperfect filament
formation and not fully opened channel. The steplike evo-
lution of G/G0 observed at different moments (e.g. t =
72 s, 155 s, or 275 s) indicates a dynamic reorganization
of the current pathways either by a migration of species
or ionization of charge traps. This conductance closed to
G0 is unstable and relaxes to a HRS when the electrical
stress is stopped. This is an asset in our study because we
intend to capture the emission property of a volatile mem-
ristive device repeatedly switching to conductance values
near G0. Once the junction is electroformed, reversible
resistive switching from HRS to LRS occurs when the first
filamentary conductive path connects these discontinuous
nanoclusters. Figure 1(c) shows the expected switching
behavior for three consecutive voltage sweeps of a typi-
cal activated device. The characteristics are acquired here
with a semiconductor analyzer with a compliance current
set at 1 µA.

III. ELECTRO-OPTICAL PROPERTIES OF THE
DEVICE

The dynamic of filament formation and the resulting
conductance are typically triggered by two crucial parame-
ters, which are the applied voltage and the growth time. To
avoid the formation a complete silver bridge, which would
be materialized by a diffusive transport regime (G � G0)

and no photon emission, we operate the electroformed
device with sequences of 1.24-V voltage pulses. Each
sequence is composed of 100 pulses with 100-ms dura-
tion and a period of 500 ms. The rising edge of the pulse
is 1.3 µs. At the beginning of the sequence, the volatile
nature of the memristive conductive path helps the system
to relax (LRS ⇒ HRS) during the time the voltage is off,
thus preventing a metallic contact to form between the two
electrodes. Joule heating during transport may also con-
tribute to destabilize the filament and prevent the complete
growth because the protection resistance has been removed
after the electroformation phase of the device in order to
have all the applied voltage dropped at the gap.

Figure 2(a) shows a typical behavior of the cur-
rent acquired during an approximately 1-mn-long pulse
sequence. During the first 12 s, the device remains in a
HRS and the current is at the noise floor, here about 400
nA. From 12 s < t < 20.7 s, a small current (approxi-
mately 1.5 µA) indicates a progressive build up of the
conduction paths. Resistive switching depends of the num-
ber of available Ag ions present in the dielectric layer. At
the beginning of the sequence, too few ions are present
to switch the device. At t > 21 s, the device undergoes a
clear resistive switching to a LRS at each voltage pulse. We
observe a transient response with the occurrence of fluctu-
ating current peaks up to t ∼ 32 s. The LRS current then
stabilizes to about 8.5 µA during the rest of the sequence.
During this stable phase, the current is established at the
onset of the voltage pulse. This suggests the formation
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(a) (b)

(c)

FIG. 2. (a),(b) Time trajecto-
ries of the current and photon
counts acquired during the appli-
cation of a train of voltage pulses
(Vb = 1.24 V, not shown for the
sake of clarity). Photon counts
are represented on linear (blue)
and logarithmic (gray) scales. (c)
Temporal sequence featuring the
three most intense events (shaded
pulses) labeled (1), (2), and (3)
in (b).

a stable conduction channel with retention time greater
than the pulse period [34]. In this nonvolatile regime of
operation and at that voltage bias, no light is detected.

However, during the transient phase (20 < t < 32 s)
the APD records a strong optical activity. This is clearly
depicted in Fig. 2(b) showing the time trace of the photon
counts. To appreciate even the dimmest light emission, we
also plot the count rate in logarithmic units (gray curve,
right axis). The photon count is particularly large for three
switching pulses at t = 22.18 s, t = 23.18 s, and t = 29.29
s, labeled (1), (2), and (3), respectively. There, the count
rates are in excess of 1 MHz, a value nearly 2 orders of
magnitude higher than typical single-molecule rates (kHz)
detected within the same diffraction-limited volume [35].
Figure 2(c) shows a time extract of the transient phase
where most of the photons are detected. The intense events
are highlighted by shaded areas and are occurring at peak-
ing conductance values of G ∼ 0.4G0, G ∼ 0.35G0, and
G ∼ 0.6G0, respectively. Note that both current and pho-
ton counts have a delayed response of approximately 30 ms
with respect to the rising edge of the voltage pulse. The
delay is understood from the intrinsic dynamics of the
memristive conductive path formation and similar switch-
ing time has been reported in the literature [36]. The kinet-
ics strongly depends on the nature of the device (material,

structure, etc.) and the density of ions available [34]. It can
vary easily by an order of magnitude. Our device geome-
try is not optimized for a fast switching as we operate large
gaps (ca. 60 nm) with a rather low voltage (1.24 V).

In contrast, a stable and somewhat lower LRS (i.e., a
weakly fluctuating current during the pulse) triggers little
or no optical activity from the device. During these pulses,
the onset of the electron flow is concurrent to the rising
edge of the voltage pulse (no delayed response) indicating
that the preceding pulse induced the formation of a non-
volatile low-resistance state [34]. This is seen, for instance,
in Fig. 2(c) for the optically dark cycles at t = 23.65 s and
t = 28.65 s.

Focusing the discussion on the volatile transients, we
observe an obvious correlation between the luminous
events and the current peaks linked to the unsteady LRS.
This is seen within the shaded pulses of the time traces
in Fig. 2(c) where a rapid drop of the current is observed
after the emission is triggered. Photons are clearly pro-
duced during a dynamic reconfiguration of the current
path within the device. A detailed explanation of the cur-
rent fluctuations is still unclear. A series of mechanisms
may contribute to the effect including atomic reshaping of
the filament and suppression of conduction channels by
charged traps.
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(a) (b)
FIG. 3. (a) Separate contribu-
tions of the relative increase (red
circles) and the relative decrease
of the current (blue points) to
the photon count rate. The three
branches forming the blue data set
are linked to events (1) to (3) of
Fig. 2. (b) Logarithmic plot of the
count rate as a function of the
inverse square root of the dissi-
pated power for each of the three
branches observed in (a).

To investigate the correlation between current fluctu-
ations and photon generation, we examine their depen-
dence by analyzing the variation �I = I(n+1) − In inferred
around each In values, where n is the current bin number
in the time trace. Results are shown in Fig. 3(a). The plot
separates the contribution to the light emission of a rela-
tive increase of the current (�I/I > 0) to that of a relative
decrease of the current (�I/I < 0). For positive variation
leading to an increase of the current, the device gener-
ally has a very low optical activity (red circles). There
are a few scattered points associated with the detection of
intense signal but there is no clear trend with the current.
We conclude that the photon count is not related to the
number of electrons flowing in the device for �I/I > 0.
In contrast, for negative fluctuations of the current, three
branches clearly appear in the graph (blue circles). These
branches are related to the sequence of the three most
luminous events observed on the time trace of Fig. 2. A
series of observations can be made by analyzing Fig. 3(a).
First, the correlation plot reveals the nonlinear nature of
the photon signal since the emission is only detected after
a current threshold. The onset of current triggering pho-
ton emission increases with each branch with I ∼ 3 µA
for (1), I ∼ 10 µA for (2) and I ∼ 35 µA for (3) imply-
ing an evolutionary response. Second, Fig. 3(a) also shows
that the absolute amplitude of the current is not the proper
parameter that sets the rate at which the device emits: a
similar current gives different photon counts for the three
branches. These two observations taken together suggest
an underlying sensibility of the emission to the peculiar-
ity of the current channel formation at the atomic level
as well as the history of the device. Third, the correlation

between photon counts and negative �I/I clearly indicates
that the process of light emission affects the electron trans-
port within the device. We shall come back to this point
later in the discussion.

IV. OVERBIAS EMISSION

Let us discuss now the origin of the light signal. Our
starting point is the following: the avalanche photodiode
used in the experiment has a detection efficiency peak-
ing at 1.77 eV (700 nm), which rapidly vanishes to <2%
below 1.2 eV. Any emission mechanism promoted by a
single electron process would therefore be emitted in the
nearly blind spectral region of the detector. The optical
activity registered in the time traces of Fig. 2 suggests
that the memristive device releases all of the detected pho-
tons in an overbias emission regime. Opposite to single
electron process producing photon energies smaller than
the voltage applied (hν ≤ eVb), overbias light emission
(or sometimes referred as above-threshold or anomalous)
requires the cumulative contributions of multiple electrons.

Different mechanisms have been proposed to explain
overbias emission including thermal broadening of the
Fermi-Dirac distribution [37], coherent multielectron scat-
tering [38–42] and decay of hot carriers [27,29,43]. For
interacting systems with characteristic dimensions smaller
than the electron mean-free path (about 30 to 60 nm for
noble metals at room temperature [44,45]) and high pump-
ing conditions, the effective temperature of the electron
subsystem Te may be set by the electrical power dissi-
pated. This is the main line of argumentation put forward
by Fedorovich, Naumovets, and Tomchuk in their pioneer
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work on electrically connected discontinuous island film
[46], where the power dissipated in the system results to
steady-state nonequilibrium electron and lattice tempera-
tures (Te �= TL). Under this circumstance, the electron tem-
perature is written Te = √

αIVb/kB and can reach values
greatly exceeding the lattice temperature, which remains
virtually unchanged (Te � TL). Here kB is Boltzmann’s
constant and α is an empirical factor, which depends
on the exchange interaction between electrons and lattice
phonons [27,43].

In this picture, the net energy gain observed for pho-
ton in the regime of overbias (hν ≥ eVb) is attributed to
inelastic scattering of the hot electrons with the physical
boundaries giving rise to a bremsstrahlung emission [47].
However, thermal bremsstrahlung of colliding hot elec-
trons cannot be distinguished from a spontaneous decay
of out-of-equilibrium electrons because both mechanisms
obey the same energy dependence in the detected energy
range [47,48]. The problem can be reduced to a sim-
ple blackbody thermal radiation model [46] with spectral
density U(Vb, ν).

U(Vb, ν) ∝ ρ(ν)hνe−hν/
√

αIVb , (1)

where ρ(ν) is the local density of optical states.
Equation (1) can be reformulated to

ln[U(Vb, ν)] ∝ ln[ρ(ν)hν] − hν√
αIVb

. (2)

Equation (2) highlights the expected dependence of the
light signal with the electrical power IVb dissipated in
the device. Figure 3(b) shows the photon count rate in
logarithmic scale as a function of the parameter 1/

√
IVb

extracted from the three branches of Fig. 3(a). Clearly, the
data associated to each i branch follow the expected lin-
ear dependence of the heated electron gas model [Eq. (2)]
with slopes given by β(i) = −hν/

√
α(i). The dashed blue

curves are linear fits to the data providing |β(1)| = 15 ×
10−3 W1/2, |β(2)| = 35 × 10−3 W1/2 and |β(3)| = 78 ×
10−3 W1/2. These slopes give only an estimate because the
photon count integrates the light emitted over the whole
detection energy. In the framework of a radiative decay
of a nonequilibrium electron gas, the effective steady-state
electron temperature is dependent on how fast heat can be
transferred from the side walls of the structure and also
depends on characteristic dimensions of the conduction
channel [47]. Since the device undergoes a reorganiza-
tion during volatile switching, the different β(i) values are
related to the particularity of the atomic geometry, which
dictates the thermalization process of electrons. In any
case, and with the present device’s geometry, coupling to
the radiation bath remains a very inefficient process. We
have estimated the external quantum efficiency (QE) by
integrating the count rate during pulses and dividing it by

the measured number of electrons traversing the device in
the same time. For the brightest of the three events the QE
is 8 × 10−9 photon per electron.

We confirm that our results are in line with this out-
of-equilibrium regime by two conclusive observations.
Assuming a photon energy at the peak efficiency of the
detector, we can easily estimate an effective electronic tem-
perature using the relation Te = √

αIVb/kB. If we take, for
instance, the second branch i = 2, we find that Te is about
4000 K at the highest count rate and 2300 K at the lowest.
This range of Te is consistent with electronic temperatures
reported in electromigrated junctions and quantum point
contacts operated under comparable electrical excitation
and emitting also in the overbias regime [27,43,47].

In our planar memristive junction, there is a clear inter-
dependence between the current transported in the device
and the light emission. During the pulses providing the
brightest events displayed in the time trace of Fig. 2(c),
current and photon counts share a similar decaying behav-
ior. This correlative feature suggests that the thermaliza-
tion process of hot carriers affects the transport, probably
by gradually disrupting the filamentary pathway during
the thermalization process. In turn, the electrical power
dissipated in the system reduces, and Te decreases con-
comitantly to its overbias electromagnetic signature. If
photon release is not a desired property of the device,
then the stability of LRS may be improved by increasing
the concentration of metal ions. This will reduce the set
voltage and lower the overbias probability.

The second experimental evidence confirming the ori-
gin of the light released upon resistive switching is its
spectral content. Figure 4(a) shows the spectrum acquired
during the second luminous event recorded in the time
trace of Fig. 2(c). The spectrum is corrected for the over-
all collection efficiency of our instrument, shown in the
dashed gray curve, using the objective and spectrome-
ter’s specifications. The correction explains the enhanced
noise at low energies where the silicon detector has a
vanishing efficiency. The corrected spectrum features a
characteristic decay tail consistent with an overbias emis-
sion regime. The light recorded during the switching pulse
clearly violates the quantum cutoff set by a single electron
process (hν = eVb) because the maximum photon energy
(approximately 2 eV) largely exceeds the kinetic energy
of carriers (1.24 eV). The spectrum cannot be explained
by any linear electroluminescent colored centers, which
may be present within the dielectric matrix and emitting
over a defined energy range [25] and is also very different
from a coherent multielectron emission mechanism where
clear spectral signatures appear at neVb associated with
n-electron processes [38,49].

The spectrum shows a series of shoulders, which under
the light of Eq. (1), can be reasonably interpreted by the
spectral evolution of the local density of optical states
ρ(ν). Photon emission is here triggered by hot electrons
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(a) (b)

FIG. 4. (a) Overbias emission spectrum of the second luminescent event (2). The light blue line (left axis) is the corrected spectrum
taking into account the spectral efficiency of the detection (gray curve, right axis). The dark blue line is an adjacent averaging. The
red line is a fit of the data using Eq. (1) with a dispersionless prefactor ρ. Inset: spectral contribution of the prefactor obtained after
normalizing the experimental spectrum by Planck’s contribution. (b) Overbias emission spectrum of the third luminescent event (3)
registered in Fig. 2(b). The red line is a fit of the data using Eq. (1) with a dispersionless prefactor ρ and Te = 2300 K. Semilogarithmic
scale.

colliding with the boundaries of a complex optical environ-
ment sustaining a rich surface plasmon landscape. Various
multipolar modes are existing and possibly hybridizing
in such ill-defined gap morphology [50]. Energy disper-
sion of ρ(ν) is thus expected in such composite nanoscale
structures [27,28]. An independent confirmation of these
resonances is a daunting task because the characteristic
length at which the interaction occurs is beyond the capa-
bilities of standard optical spectroscopies. Nonetheless, we
tentatively extract from the spectrum an effective temper-
ature of the electron bath giving rise to the overbias light
emission. We fit the averaged data points [blue line in 4(a)]
with Eq. (1) considering a constant prefactor ρ and replac-
ing

√
αIVb by the standard temperature dependence kBTe,

with Te used as a free parameter. The fit is shown as the
red line with Te = 2127 K. Deviation of the model from
the data set is linked to the dispersion of prefactor ρ(ν)

discussed below.
Conservation of energy requires that kBTe ≤ eV. Using

the electron temperature extracted from the fit of Fig. 4(a),
we find that kBTe/eV is about 0.14. The value is consistent
with a previous report of overbias emission obtained with
STM point contacts [30]. The inferred electron temperature
is a little bit lower than the range of effective Te inferred
by analyzing Fig. 3 where 2300 K < Te < 4000 K. The
discrepancy is probably linked to the accuracy of the esti-
mation deduced from a spectrally integrated measurement
and also to the imprecision of the efficiency curve deduced

from the manufacturer datasheets and used to correct the
raw spectrum.

Having inferred the effective temperature of the elec-
tron subsystem, we extract the contribution of the pref-
actor ρ(ν) by normalizing the experimental spectrum by
hν e−hν/kBTe . The spectral landscape of the prefactor is
shown in the inset of Fig. 4(a). Weak resonances can be
seen when ρ(ν) > 1 at 1.42 and 1.66 eV, which are remi-
niscent of the underlying geometry. Because the device is
reconfiguring itself at every voltage pulse (volatile switch-
ing), the spectral position and strength of the resonances
are likely to vary from pulse to pulse. This is illustrated
by the spectrum of the third event displayed in Fig. 4(b).
This event was the weakest of the three with no marked
resonances. The spectrum is displayed in semilogarithmic
scale to visualize the exponential behavior expected from
Eq. (2) and clearly confirms the overbias nature of the
emitted photons. The fit gives an effective electronic tem-
perature at 2300 K, a slightly higher value compared to
the second event despite a lower emitted photon rate. This
may be understood from the fact that no resonances are
present to increase the radiation efficiency of the thermal
emission. Unfortunately, the first event was not captured
by the spectrometer because of a synchronization problem
with the voltage pulses.

As a point of discussion, we note that in a 2020 paper,
Fung and Venkataraman questioned this hot-electron
picture on the basis of data obtained by scanning tunneling
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microscopy experiment. They proposed an alternative
emission mechanism involving multielectron interactions
[42] and were able to reproduce their nonlinear (αIVb)

−0.5

dependence by considering a third-order process. Never-
theless, coherent interactions between carriers are not a
major contribution in our measurement because (i) our data
obtained with a greater range of electrical power reason-
ably collapse on a linear relationship with (αIVb)

−0.5 in
log scale, and (ii) of the absence of spectral kink at eVb.
The probable difference is linked to the system geometry. A
planar memristive device and its associated thermalization
processes significantly differ from STM-based measure-
ments. We note however that a crossover between coherent
multielectron overbias emission and hot-carrier radiation
has been recently observed for in-plane Al electromigrated
gaps placed in a cryostat where hot-electron radiation was
shown to be prevalent with noble metal plasmonic systems
[49]. In our Ag memristive junction operated at ambient
conditions, the density of optical states is dominated by
a complex surface plasmon spectral landscape, favoring
thus a hot-electron overbias emission regime. This is read-
ily shown from the local density of modes extracted in the
inset of Fig. 4(a) featuring a compound dispersion for this
switching pulse. Additionally, because of the very small

interaction area, energy dissipation is mainly guided by
electrons interacting with the surface rather than electron-
phonon interactions [47] and we were not able to observe
co-existing emission regimes.

These series of measurement and dependencies were
observed on a set of data acquired during a second run
obtained with the same device and under the same biasing
conditions. This is shown in Fig. 5, which is complement-
ing and confirming the trends discussed in Figs. 2 and 3.
The time traces of the current [Fig. 5(a)] and the pho-
ton count rate [Fig. 5(b)] display a strongly fluctuating
behavior between all switching pulses (voltage signal not
shown). Again, periods of more stable LRS such as t < 10
s, 60 s < t < 70 s, or 80 s < t < 105 s do not provide any
appreciable photon counts. In contrast, current spikes asso-
ciated with a reorganization of the filamentary path are
generally responsible for an overbias activity. Out of the
many spikes present, we select an event where G ∼ 0.2G0
labeled with an arrow in Fig. 5(b). We then conduct the
same analysis as in Fig. 3 to confront the data with the
thermal radiation model. The results are plotted in Fig. 5(c)
in a semilogarithmic plot and unambiguously confirms the
previous findings. The linear dependence to

√
IVb gives a

slope |β| = 20 × 10−3 W1/2. We then infer β for all the

(a)

(b)

(c) (d)

(e)
FIG. 5. (a),(b) Time traces of the
measured current and the detected
count rate during a second run with
the same pulse sequence (no shown).
(c) Logarithmic plots of the spectrally
integrated count rate as a function of
1/

√
IVb for the event labeled by an

arrow in (b). The slope of the lin-
ear fit (red line) provides β for this
event. (d) Values of β estimated from
events brighter than 1 MHz [dotted
horizontal line in (b)]. The solid line
is the mean value and the dotted lines
are 1σ deviation. (e) Series of three
spectra acquired during the three con-
secutive pulses starting at that arrow
in (b). Thick solid lines are adjacent
averaging of the raw data.
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events with a count rate greater than 1 MHz [dashed hori-
zontal line in Fig. 5(b)]. The results are plotted in Fig. 5(d).
A couple of pulses are outside the standard deviation σ , but
most of the β are near the mean value (solid line). This sug-
gests that the device intermittently recovers the condition
to create hot electronic subsystems during the sequence
despite a stochastic atomic reorganization of the current
channels. To complement the discussion, we also show
the emitted spectra associated to three consecutive pho-
ton spikes occurring after the arrow [Fig. 5(b)]. These are
shown in Fig. 5(e) and correspond, from top to bottom, to
pulses at t = 26.55 s, t = 27.05 s, and t = 27.55 s. Despite
a change in amplitude, the spectra are generally sharing
the same thermal trend discussed in Fig. 4(a). The shoul-
ders structuring the three spectra have different strengths
and energy positions; this is consistent with a stochastic

reshaping of the local plasmonic environment during each
of the pulses already discussed above.

V. FROM OVERBIAS TO INELASTIC ELECTRON
TUNNELING EMISSION REGIME

At some point in the electro-optical evolution of the
device with a constant voltage pulse, the emission of
light eventually vanished because the filament gradually
became more and more stable and reached a nonvolatile
switching behavior. We therefore increased the amplitude
of the pulses to recover photon emission for subsequent
sequences and recorded the time traces of the different sig-
nals. An example is shown in Fig. 6(a) for Vb = 1.6 V
pulses with a period of 400 ms and a duration of 200 ms.
The current shows a somewhat stable level across this

(a)

(b)

(d)

(c)

FIG. 6. (a) Extract of a cycling
sequence showing the photon counts
and the current for a pulse train of 1.6
V, 400-ms period, and 200-ms dura-
tion. (b) Photon counts versus the rela-
tive change of the current. Any correl-
ative features are absent compared to
Fig. 3(a). (c) Logarithmic plot of the
count rate as a function of the inverse
square root of the dissipated power
extracted from the entire sequence for
both signs of the current variations.
The linear dependence expected from
Eq. (2) is no longer found. (d) Series of
normalized electroluminescent spectra
emitted by the memristive gap upon
application of different pulse ampli-
tudes Vb = 1.6 V (top), Vb = 1.8 V
(middle), and Vb = 2 V (bottom). The
vertical flags are the marking the quan-
tum limit given by hν = eVb.

024057-9



S. HAMDAD et al. PHYS. REV. APPLIED 20, 024057 (2023)

time extract and rise concomitantly to the front edge of
the voltage pulse. The device operates in a nonvolatile
configuration indicating that the conduction path holds its
characteristics in the lag time between pulses. Despite a
relative stability of the current, a small number of pho-
tons are detected at every pulse. This departs from overbias
emission where a volatile resistive switching from HRS
to LRS is observed. Clearly a different light-emission
mechanism is now ruling the dynamics of the device. As
shown in Fig. 6(b), the correlative dependencies (branches)
with �I/I previously revealed in Fig. 3(a) are no longer
observed, regardless of the sign of the current variation.
We confirm this by confronting the data to Eq. (2). The
linear dependence associated with overbias emission and
the spontaneous decay of nonequilibrium electrons [see
Fig. 3(b)] is not found anymore in Fig. 6(c) despite com-
parable dissipated electrical powers. The most likely emis-
sion process that explains the data is inelastic electron tun-
neling whereby an electron injected in the gap has a small
probability to lose its energy by exciting optical modes
[51]. The measured efficiency is here even weaker than
the overbias regime with a QE of the order of 10−10 pho-
ton per electron and is far lower than plasmon-optimized
devices reported in the literature [23,52]. For IET, the high
energy side of the emitted spectrum is no longer limited by
the electron effective temperature but by the quantum limit
hν � eVb. Figure 6(d) shows a series of spectra emitted by
the device for three different pulse amplitudes. The spectra
are integrated during a single period and leads to the noisy
signal since the photon rate here is comparatively weaker
than in Fig. 5(b). The vertical flags mark the kinetic energy
of the electrons as supplied by the operating voltage. As
expected, photons are no longer emitted in the overbias
regime and the highest photon energy is now bounded by
eVb. This undoubtedly confirms a change of the emission
process favoring inelastic electron tunneling. Note that the
spectra feature shoulders that bear some similarities with
the overbias spectra displayed in Fig. 5(e). Despite a dif-
ferent emission regime, the spectra reflect the underlying
electromagnetic environment. Our data suggests that the
crossover between IET and overbias is intimately linked to
the dynamic reorganization of the conduction path during
the OFF state. If the conduction path significantly relaxes
to reach a volatile state, overbias emission can be observed
providing that the electrical power injected in the system
is sufficient to bring the electron temperature to emit in the
spectral detection window.

VI. CONCLUSION

We report that resistive switching in filament-type mem-
ristive Ag/SiO2/Ag junction may be accompanied by light
emission. We show in our experiments that two mecha-
nisms are at play depending on the nature and the dynamics
of the switching. When toggling from a high resistive state

to a volatile low resistive state, we observe photons emitted
in the so-called overbias regime. In this particular emission
process, photons released by the device are emitted by the
radiative decay of out-of-equilibrium electrons brought at
elevated temperature (>2000 K). This is made possible by
operating the memristor in a transient mode with large cur-
rent (>10 µA) and relatively low pulse voltages (100 ms,
approximately 1 V) triggering a resistive switching near
G0 conductance. The overbias spectrum is well described
by a blackbody thermal radiation model that combines
the Planck term with a local density of states reflecting
the underlying surface plasmon landscape and material
properties. These dependencies suggest that structuring the
local electromagnetic environment of the memristor near
the resistive switching region allows to engineer the emis-
sion spectrum and may help to increase the efficiency of the
process. We also stress that the stability of the low resistive
state is strongly reduced when hot carriers are generated.

Overbias emission does not occur systematically for
every switching voltage pulse. This underpins the dras-
tic influence of the diffusion dynamics of the Ag atoms
reconfiguring the current pathway within the dielectric
medium. For nonvolatile cycles, we observe a crossover in
the emission mechanism with signature of inelastic elec-
tron tunneling events that are no longer associated with a
stochastic transient evolution of the current. Instead, sys-
tematic light emission is detected at each voltage pulse,
albeit with a lower photon rate. Controlling and stabiliz-
ing the switching conditions will be essential to use the
released photons in the next generation of optimized pho-
tonic memristors. Thus, this alternative family of atomic
size devices can act as integrated sources of broadband
radiation with temporal bandwidth only limited by the
electron-phonon energy exchange time. This mixed pho-
tonic and electrical responses are confirming the ability of
memristive gaps to not only emulate the biological electri-
cal activity of neurons, but also to mimic the generation of
biophotons [53,54].
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