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Chapter 1.

Introduction, motivation and overview
of this thesis

The structures investigated in this thesis are quite simple: two thin metal sur-
faces, acting as electrodes, sitting on top of a standard glass cover slip and
separated by a gap of 50 nm or smaller. And yet, by applying a low electrical
voltage, such as one that can be obtained from standard AA-batteries, these
structures emit light.
This is at first glance surprising, as we typically associate light emission to the
presence of a specific radiating body, be it a hot tungsten filament or a lumi-
nescent semiconductor. Nonetheless, in our experiments, the presence of light
is always attributed to the gap region with a priori no native active materials.
The study of these radiation phenomena is the subject of this thesis with the
objective to understand how light is emitted from nanoscale dielectric gaps.
This is not only motivated by a fundamental fascination and scientific interest
of electrical generated light emission at small scales. The research on electrically
driven nano-sized light sources is spurred by practical applications. In particu-
lar, the conversion of an electrical signal into an optical signal on a scale similar
to the transistor size, is of paramount importance to the development of optical
interconnects for integrated circuits. The gap devices studied in this thesis have
no pretension to provide a final solution, as these devices lack in brightness and
efficiency. They are rather an exploration of smaller sources with a relative sim-
ple fabrication process compared to the current candidates. This will be detailed
in the following sections of this introduction chapter.
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Chapter 1. Introduction

1.1. Electro-optical transducers for optical interconnects
1.1.1. The need for optical interconnects
Today, it is rare to find any technology without some form of integrated cir-
cuit. From washing machines to smartphones and the internet, electronic chips
are ubiquitous in our every day life. Over the past century, these circuits have
become faster and more powerful due to technological advancements at improv-
ing and miniaturizing elementary processing elements. Commercially available
transistors have been nowadays reduced to dimensions of 5 nm (for example in
Apple’s M-processors) [1], and IBM reported the fabrication of 2 nm size tran-
sistors (not commercially available) [2].
However, further improvement of integrated circuits is currently not only lim-
ited by the transistors itself, but also by the transmission of information between
different processing elements [3–5] through electrical interconnects. These con-
nections have intrinsic physical limitations in speed and power consumption [6].
This limit is an important technological and environmental issue, as a steady
increase of data flow and energy consumption has been observed in the internet
and data centers in the past years [7–10], accounting in 2020 for an estimated
1.1% of the global power consumption.

1.1.2. Integrated optical interconnects
A possible solution to overcome the issue of electrical interconnects is to re-
place them by optical counterparts [4,5,12]. This has been proposed already in
1984 [13]. Optical interconnects have been first implemented for long haul com-
munications such as optical fibers for high speed internet and are implemented
now in ever shorter distances for example in board-to-board communication
within the same data center [14].
To provide a data link between different electronic components, an optical in-
terconnect needs to have at least three elements. The first, called transducer,
converts an electrical signal onto an optical signal. This signal is then trans-
ported through an optical link, such as an optical waveguide [11, 14], to the
receiver, which converts back the optical signal into electrical information. This
signal is then further processed [4, 14].
According to [4], in order for optical interconnects to be competitive with elec-
trical interconnects, the optical interconnect, with all its elements combined
together, should allow data transmission with speeds of at least 14.3 GHz and
have energy cost per transmitted bit in the order of 10 fJ, equivalent to about
6 · 104 eV. This is still about 100 times the minimal (thermal limited) energy

2



1.1. Electro-optical transducers for optical interconnects

Figure 1.1.: Implementation of an on chip optical interconnect. In a) SEM image
showing both the electrical computing units (digital circuits) and the optical
interconnect. In b) microscope image of a chip section, showing the structure of
the chip, with in c) a highlight of the optical interconnect elements. Reprinted
by permission from [11], Springer Nature © 2018.

cost of 0.13 fJ of optical interconnects [15,16].
Already a full implementation of on chip electro-optical interconnects has been
shown in [11], illustrated here also in Figure 1.1. In the paper, data rates of
11 GHz and an energy cost of 100 fJ per transmitted bit were achieved.

The size-mismatch between electronics and photonics If one considers Fig-
ure 1.1 one distinguishes clearly a size mismatch between the optical components
and the digital circuit, with the latter being considerably smaller. This size dif-
ference is due the photon wavelength of 1550 nm and the refractive index of
silicon, which fundamentally limits the minimum waveguide size, in this case

3



Chapter 1. Introduction

in [11] to a 220 nm · 400 nm cross section.
Therefore alternatives to circumvent the size limiting photonic waveguides and
to shrink down the size of the optical link are also investigated, with sometimes
niche applications such as plasmonic waveguides or on chip free space propaga-
tion.
By associating part of their energy to electron oscillations in metals, propagating
electromagnetic waves can be confined to smaller volumes and structures, these
are called surface plasmons [17]. Surface plasmons however experience propa-
gation losses. In general, the tighter the electric field confinement, the higher
the propagation losses are [18]. Still over short distances plasmonic circuits
might be a valid alternative to shrink down the size required for the transmis-
sion link [19].
As an alternative one might use directly the free space propagation of pho-
tons. This requires to implement, analogous to the radio domain, optical anten-
nas [20,21] to direct and to collect the light signal.
As this thesis work focuses on light sources, I will disregard the problematics of
photon transport (the link) or detection (receiver, not at all discussed so far) in
the following.

1.1.3. Electro-optical modulators

There are two approaches envisioned to transfer an electrical signal onto an op-
tical signal [5]. The first is to electrically modulate the light emission intensity
of an on-chip light source, the second is to electrically modulate the light trans-
mission in a waveguide by an electro-optical modulator. The latter concept is
used in [11] and is also seen in Figure 1.1. Although electro-optical modulators
show high speed transmission rates (more than 100 GHz in [22]) and a good
energy cost per bit transmitted (100 fJ, [11]), they are ultimately size-limited to
about a few 100 nm scale. This limit is not given by the modulator itself, which
can be shrunk down to almost single atom scale [23], but by the required waveg-
uide whose transmission is modulated. This is considerably larger than today’s
transistor size of 5 nm. Electro-optical modulators are therefore more suited for
larger distances of few µm than for transistor-to-transistor communication.
Next I will thus present different electrical on-chip light sources for optical signal
encoding.
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1.1. Electro-optical transducers for optical interconnects

1.1.4. Diode lasers

Diode lasers such as vertical surface cavity emitting lasers (VCSELs), or relying
on active areas within photonic crystals, have been shown to provide high data
transfer speeds at low energy bit cost, which can be shrunk down to on chip
sources [16]. For example more than 100 Gbit s−1 have been shown in [24] for a
VCSEL and in [25] 10 Gbit s−1 data rates were achieved with an energy cost of
4.4 fJ bit−1 by using a photonic crystal cavity laser.

Figure 1.2.: Photonic crystal
diode laser cavity, the red area
shows the active area (of light
emission into the cavity) in the
laser. The scale bar indicates
3 µm. Reprinted by permis-
sion from [25], Springer Nature
© 2013.

The threshold pumping energy needed for las-
ing and high speed modulation is shrunk when
miniaturizing the laser cavities. However, this
miniaturization limited to about 0.03 µm3 nec-
essary to maintain the lasing and modulation
properties [16].
This size requirement is similar to the one
needed by electro-optical modulators. Diode
lasers provide thus an alternative for data
transmission distances above some µm. They
are however not a solution for smaller dis-
tances and require a considerable amount of
fabrication complexity.

1.1.5. Small light emitting diodes

As an alternative to the on chip lasers, small light emitting diodes are usually
proposed [5,15,16]. These diodes are potentially more energy efficient than diode
lasers but lack intrinsic modulation speed due to carrrier recombination lifetimes
in the order of 1 ns. This limit can be partially overcome by embedding these
sources into optical cavities [15]. For example in [26] small LEDs integrated
into nanopillar optical resonators and directly coupled to a waveguide showed
a reduced lifetime of 290 ps with light directly modulated at 5 GHz and an
efficiency up to 0.01 (at 7 K temperature). The structure of the diode is shown in
Figure 1.3 and is quite elaborate, requiring several fabrication steps and multiple
materials. This results in an overall size larger than 100 nm, as seen in Figure 1.3.
The size limit of such sources is not limited by the luminescent material but by
the optical resonator and electrode sizes. Therefore smaller light sources can be
(theoretically) expected within this approach.

5



Chapter 1. Introduction

Figure 1.3.: Small light emitting diode inside a nanopillar cavity coupled to a
waveguide. On the left illustration of the device’s structure, on the right a SEM
image before the metal deposition to contact the device. Reprinted from [26]
(CC BY 4.0).

1.1.6. Thermal emission

Incandescent sources (such as a tungsten filament) could be an alternative to
small light emitting diodes, particularly for optical links operating in the in-
frared spectral range. The broad emission spectrum can be engineered to a
desired shape through optical resonators [27]. However the modulation speed of
thermal sources is typically rather slow, limited by the thermalization processes.
For conventional sources only 10 MHz in [27] have been reached.
This modulation speed has been greatly improved in graphene based sources,
where, as a consequence of a small heat capacity [28, 29], modulation speeds of
up to 3 GHz with electron temperatures of more than 2000 K were demonstrated.

1.2. Light emission by metal gaps

A quite different approach of generating light is found in thin metal/insula-
tor/metal junctions relying on photon emission during inelastic electron tunnel-
ing. In particular the desire to electrically excite optical antennas analogous to
their radio-frequency counterparts, has led in recent years into a renewed inter-
est into such structures [21, 30], as illustrated in Figure 1.4. Inelastic electron
tunneling is observed in thin metal/insulator/metal stacks with typical insulator
thicknesses below 5 nm. This mechanism does not imply a (localized) electron

6



1.2. Light emission by metal gaps

Figure 1.4.: SEM images of an optical antenna driven by inelastic electron tun-
neling. In a) the full antenna, in b) a zoom into the gap light generation region.
Reprinted from [21] (licensed under CC BY 4.0).

decay from a conduction band to a valence band as in a diode (or from an ex-
cited state to ground state in a molecule). Rather light is emitted during the
(delocalized) electron transition between the conductance bands of two spatially
separated metal layers.
Light emission by inelastic electron tunneling was first reported in 1976 [31], with
the excitation of localized surface plasmons during electron tunneling demon-
strated and discussed even earlier [32,33].
Compared to light emitting diodes, light emission by inelastic tunneling is a very
fast process, which in principle is limited only by the tunneling time of a few
fs [34]. However, light emission through inelastic tunneling is intrinsically not
very efficient. In [35] for example an electron-to-photon conversion efficiency of
2.5 · 10−5 was reported. This low yield is partially due to poor coupling of the
emitted radiation with the optical far field [36] and because of the short electron
interaction time during the tunneling process [37].
The efficiency can therefore be increased by improving the out-coupling effi-
ciency, by increasing the optical emission rate through optical resonances [30,35],
obtaining an emission efficiency up to 1 % [38] or by exploiting more elaborate
electronic resonances [37], reaching extrapolated plasmon emission efficiency up
to 25 % [39].
Inelastic tunneling is however not the only emission process occurring in metal
gaps [40]. At even smaller gap separations new photon emission characteristics,
radically different from inelastic tunneling, are observed.

7



Chapter 1. Introduction

1.3. Scope and organization of this thesis
Metal gaps (or metal insulator metal) provide thus electrically driven light
sources with active area sizes (neglecting any optical resonators) comparable
to the transistor size. Such structures are also the smallest engineered electri-
cal light sources possible, as each electrical driven element requires metallic (or
semiconducting) contact electrodes. Still such simple devices hide a rich vari-
ety of physical and chemical phenomena to understand their light emission and
current transport.
In this thesis I investigate and characterize the electron dynamics and pho-
ton generation in metal/insulator/metal gaps while trying at the same time to
uncover the physical mechanism responsible for the light emission. Although
similar gap structures have been studied before, see previous section, this thesis
both expands such studies to larger gap sizes and further aims to expand and
characterize the previously observed light emission in ultra small gaps.
This naturally provides an overview of different photon generation mechanisms,
which could be exploited in more refined devices. Along with the discovery of
the gap dynamics, different experimental and theoretical analyses are explored.
Each of the chapters presents a different type of device and physical mechanism
at play. The chapters are ordered from larger gap sizes going successively to
smaller ones, with the exception of Chapter 6, covering all gap sizes within a
single device. In the following a short summary of each chapter is provided.

Chapter 2: Light emission in wide-gap gold junctions

Chapter 2 investigates the light created within wide-gap gold junctions (with gap
size from 20 nm to 50 nm) on top of glass cover slips. When applying a voltage
the wide-gap gold junctions react with internal configuration changes leading to
distinct current properties and light emission. The behavior of these changes are
described and analyzed using different experimental approaches, such as spectra
and time resolved measurements to gain a clearer understanding.

Chapter 3: Silver-platinum tips embedded in SiO2

The next device discussed is quite similar to the wide-gap gold junctions, except
that the gold electrodes are replaced by silver and platinum. These are embedded
in SiO2 and separated by 10 nm to 60 nm. Whereas the silver electrode is elec-
trochemically active, oxidizing under a positive voltage, the platinum electrode
remains inert. Under the application of an electrical field these devices show a
reliable and repeatable change of resistance due to a silver filament growth [41]

8



1.3. Scope and organization of this thesis

and light is released during the resistance evolution. The similarities and dif-
ferences in the observed light emission compared to the wide-gap gold junctions
allows to gain further insight into the radiative mechanisms of both junctions.

Chapter 4: Overbias emission in electromigrated gold nanowires

Chapter 4 studies the light emission from very small gold gaps (less than 1 nm)
showing overbias light emission, i.e. the detection of photons which cannot be
emitted in a single electron process. Such gaps are obtained through carefully
controlled breaking [40, 42] of very thin gold constrictions. After presenting
briefly the electromigration process used to create these gaps and the observed
electrical light characteristics, the two mechanisms currently envisioned to ex-
plain the overbias emission are discussed: multi-electron inelastic tunneling [43]
or light emission from a hot electron bath [40].

Chapter 5: Photon bunching of the nonlinear photoluminescence in metals

Because the photon statistics reflect the emission processes at play, we aim to
measure the photon correlation of the overbias emission. As an intermediate
step the photon statistics is first measured using a substitute signal: the nonlin-
ear photoluminescence in metals [44]. This photoluminescence shares a strong
resemblance with the overbias emission. This chapter presents thus the photon
correlation measurements of the nonlinear photoluminescence in noble metals
and presents the constraints to extend these measurements to the overbias light
emission and other sources.

Chapter 6: Silver filament in PMMA

The last experimental chapter summarizes the findings of the whole thesis, in
studying silver to silver electrodes embedded in PMMA. By pushing the silver
filament growth within these junctions from large gap sizes until the formation
of a ballistic contact channel, all the light emission regimes studied in this thesis
are observed.

Chapter 7: Conclusion and outlook

The last chapter summarizes this thesis work and provides a general outlook.

9



Chapter 2.

Light emission in wide-gap gold
junctions

This chapter presents the experimental results of electrical light emission from
wide-gap gold junctions: two in-plane gold electrodes deposited on top of stan-
dard glass cover slips, separated by a gap of 20 nm to 80 nm. These junctions
are exposed either to ambient air or covered by a thermally sputtered SiO2.
Stacked structures consisting of two metal metal layers separated by a insula-
tor (with a thickness above 5-10 nm) have been already investigated more then
50 years ago [45–50] reporting consistently light emission, current hysteresis and
negative differential resistance. To explain these features several hypotheses have
been advanced, considering for example the defect creation and deformation of
the insulator (typically an oxide) [49], ion migration from metal electrodes [48]
or filament formation due to organic contaminants [47, 50, 51]. Overviews are
found in [45,50]. Very similar current and light behaviors were also observed in
films of electrically disconnected gold particles [52–55].
In this chapter I will however not introduce all the different hypotheses from
the above references, this is left to the interested reader. I will rather show
the behavior of the wide-gap gold junctions and present the most likely hy-
potheses explaining the experimental observations under standard atmospheric
conditions.
Since this is the first chapter discussing light emission from metal gaps, some
of the concepts and discussions will also be applied to the other devices pre-
sented in this thesis. In particular, chapter 3 presenting light emission from
silver-platinum memristors is closely tied to the observations of this chapter.

2.1. Fabrication
Before to present the design and structure of the gap junctions in detail, I will
give here a short overview of their fabrication process, also used for the other
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2.1. Fabrication

devices presented in this thesis. A sketch of the (pretty standard) process flow
is presented in Figure 2.1.

Glass substrate    (1) Glass substrate    (2)

Glass substrate    (3)Glass substrate    (4)

E-beam-resist

E-beam exposure 
and development

Metal deposition

Lift-off

Layer 1
Layer 2

Figure 2.1.: Sketch of the fabrication of the wide gap gold junctions showing the
sample after each fabrication step. First a double layer of PMMA is deposited on
a clean glass cover slip (1). Then the resist is patterned by an e-beam exposure
and a development step, which removes the exposed parts (2), leaving a negative
of the desired structures. A thin layer of titanium (2 nm) and gold (20 nm) is
evaporated on the sample (3) and in the end the remaining resist is removed
leaving the sample with the designed structures, (4).

Cleaning of samples All samples are fabricated on top of standard square glass
cover slips of 22 mm length and a thickness of 170 µm. This allows us to use a
high NA (1.49) oil immersion objective in our measurements.
I clean the substrates by immersing them first inside a Decon water solution for
10 minutes inside an ultrasonicator, to remove a thin organic layer protecting
the glass cover slips. Next, they are put three times in de-ionized water for a
total of 10 minutes to remove the decon soap. Finally they are inserted 10 min
in acetone, 10 min in isopropanol and then dried using nitrogen gun. Usually
an additional step of 3-5 min of oxygen plasma cleaning at medium power is
performed.

E-beam lithography To define the gap junction design, an electron beam
lithography step followed by a thin layer metal deposition is performed. The
process is illustrated in Figure 2.1 in steps (1) and (2). First a double layer of
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Chapter 2. Light emission in wide-gap gold junctions

Figure 2.2.: On the left e-beam design of the devices, the size of the crosses
is 20 µm. In the middle left and right SEM images (false color) of the fabri-
cated structures showing both the e-beam structures and the reaching contact
electrodes. The two crosses in the center are added in the UV lithography step,
overshadowing the central e-beam writing. On the right UV mask of the contact
electrodes. The size of the whole UV structures is 21 mm x 21 mm. The (black)
scalebar on the three left figures indicates 20 µm.

PMMA (50K and 200K) is spin coated on a clean glass coverslip. To make the
sample conductive for the e-beam exposure I also add a thin layer of Electra 92
(Allresist, AR-PC 5090.02). The design, an example is shown in Figure 2.2 on
the left, is patterned by e-beam exposure and the subsequent development step
onto the sample. This creates a mask for the metal deposition. The double layer
of PMMA leads to an undercut.

Metal deposition In the next step a thin layer of gold is deposited. I typically
deposit first 1-2 nm of titanium or chromium as an adhesion layer and then
30 to 50 nm of gold. As sketched in Figure 2.1 step (3), the undercut avoids
that the metal is deposited onto the resist side walls, this facilitates the lift-off
process. For the lift-off process the sample is put into a solution of the remover
AR 600-71 (Allresist) or acetone, which removes the exposed resist from the
sample. This leaves then only the designed gold structures.

UV-lithography To electrically connect the gold junctions, an additional step
of UV-lithography is performed. The fabrication work flow is similar to e-beam
lithography illustrated in Figure 2.1, except that the e-beam patterning is re-
placed by an UV exposure using a hard mask.
The sample is again cleaned with acetone, isopropanol and an oxygen plasma,
although at lower ultrasonication and plasma intensities to preserve the e-beam
defined structures. Then a negative UV-resist is spin coated (AZnLOF from
MicroChemicals), the sample is exposed, post baked and developed.
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I then deposit 10 nm of chromium and 25 nm of gold and perform again a liftoff
to obtain the electrodes. This thicker metal deposition allows to perform wire-
bonding onto the sample.
A mask with a standardized electrode design is used, shown on Figure 2.2 right.
The electrodes are then connected either by wire-bonding to a PCB board or
directly contacted with a pair of tungsten tips. Electrode structures could also
be patterned by using e-beam lithography directly, as it is done for the samples
provided by our collaborators from ETH Zurich.

2.2. Devices
Two types of devices are studied in this chapter: gap junctions exposed to air
and gap junctions embedded in a dielectric matrix of sputtered SiO2. Initially,
the experiments were carried out only on junctions exposed to air. To quantify
or exclude the contribution from the room atmosphere, such as moisture or other
contaminants, I decided to also investigate structures fully embedded in SiO2.

2.2.1. Gold gaps in air

The structure of the wide-gap gold junctions in air is shown in Figure 2.3 a).
The junctions consist of a sharp planar gold tip (labeled control electrode in the
figure) separated by 20 nm to 80 nm from a gold nanowire. In all the experi-
ments presented here the voltage (positive or negative) is applied on the control
electrode whereas the constriction is at ground potential.
The geometry of these structures has not any intricate design considerations.
Initially, the control electrodes were intended to simply generate an electro-
static field on the nanowire constriction. The observation of both light emission
and current transport from these gaps, however, lead us to reconsider our exper-
iments focusing instead to understand the mechanism behind these unexpected
findings.

2.2.2. Gold gaps in SiO2

The sample containing wide gaps embedded in SiO2 was kindly provided by B.
Cheng and collaborators from ETH Zurich. As shown in Figure 2.3 b) and c),
the devices consist of two small separated triangles forming a bow tie antenna
(seen in the center of Figure 2.3 c)), connected electrically to larger electrodes.
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Chapter 2. Light emission in wide-gap gold junctions

Figure 2.3.: Overview of the fabricated wide-gap gold junctions in air (a) and
embedded into SiO2 (b,c). (a) A scanning electron microscope image of a fab-
ricated wide gold gap junction in air is shown. The gap is located between a
small gold constriction separated typically by 20 to 80 nm from the counter elec-
trodes, shown in the inset. (b) Bright field image of a wide-gap gold junction
embedded in SiO2, (c) SEM image of the tip structure, revealing the bow-tie
antenna design of the electrodes. The coloured sketches in a) and b) show the
cross sections of both structures.

The purpose of the antenna is to increase the collection efficiency and enhance
the light emission, as demonstrated in [21,35,38] in the context of inelastic elec-
tron tunneling.
The gap size varies across the sample for different junctions. For the measure-
ments presented here only junctions with gap distances of 20 nm were investi-
gated.
The fabrication of the sample from ETH Zürich is slightly different than to what
is presented above in Section 2.1. After cleaning of the glass cover slip, a metal
layer (1 nm chromium, 50 nm gold) is deposited. Using e-beam lithography, a
mask is patterned on top and part of the metal is removed through argon plasma
etching. Then a 60 nm thick layer of SiO2 is added on top by RF-sputtering.
To electrically contact the gaps, the SiO2 located on top of the electrodes is
removed by dry reactive ion etching using CHF3.
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2.3. Current transport

2.3. Current transport

As hinted in the introduction, the current behavior of a wide-gap gold junction
is far from being simple. The wide-gap gold junctions do not show a monotonous
current voltage relation, as for example a standard tunnel junction, because the
wide-gap junction’s conductance evolves dynamically under an applied voltage.

SMU
Oscilloscope
Lock-in amplifierTIA

Sample

Figure 2.4.: Sketch of the elements to electrically characterize the gold gap junc-
tions. The voltage source, in this case a source measurement unit (SMU), is
connected to the junction. The current is typically measured by an additional
device, here a trans-impedance amplifier (TIA), and then displayed on an os-
cilloscope. To allow a synchronization of the the current detection with the
excitation the same voltage sequence is also sent to the oscilloscope. Sometimes
the TIA is replaced by a high speed active probe with an input resistance of
1.25 MΩ.

This is seen in voltage sweeps using a source measurement unit (SMU, Keith-
ley 4200A-SCS). The SMU delivers a predefined voltage sequence (in this case
a voltage ramp) and measures at the same time the (averaged) current. This
allows the SMU to lower its output voltage whenever the current is too high
and protect the device under test. The electrical connections of such a measure-
ment are shown in Figure 2.4. Typically a transimpedance amplifier (FEMTO
DHPCA-100) with variable gain (102 to 108) is added to measure the current
with a higher time resolution as shown below in Figure 2.13 (minimal bandwidth
of 220 kHz)). The measurement is displayed in real time on an oscilloscope. The
TIA is replaced for pulsed measurements on the gold junctions embedded in
SiO2 by a low noise high speed (26 GHz) active probe with an input resistance
of 1.25 MΩ (Model 35, GGB Industries), for example in Figure 2.12.
Such a voltage sweep is shown in Figure 2.5, displaying the current measured

by the SMU in function of the applied voltage. At the beginning of the voltage
sweep (arrow 1), almost no current flows through the junction, as expected from
the wide dielectric spacer. The current increases only slightly with the applied
voltage. The junction is in a high resistance state (HRS), with a resistance in
the order of 1010 Ω or higher. At a given threshold voltage Vthr, around 9 V in
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1

2

34 Compliance 
current

Vthr

VLRS->HRS

VHRS->LRS

High resistance state

Low resistance state

Voltage (V)

Figure 2.5.: Measured current versus applied bias for a voltage sweep on a wide-
gap gold junction in air. The arrows indicate time evolution of the sweep. At the
beginning (1) the device is a high resistance state (HRS), with almost no current
observed up to 9 V. Starting from 9 V, indicated by Vthr, a fast increase in the
current over several order of magnitudes is observed (2), the junction becomes
more and more conductive. At 12.5 V the current reaches the compliance limit,
(VHRS→LRS), the applied bias is thus regulated by the SMU to not exceed the
current limit. The regulation remains active during the backward sweep as long
as the junction has a low resistance, down to values of VLRS→HRS equal to 5 V,
(3). For lower applied biases the current decreases, the device gradually settles
again into a high resistive state (4).

Figure 2.5, the current increases however rapidly over several orders of magni-
tude with an increment of only few volts of the applied voltage (2); the device
becomes more and more conductive and reaches a low resistive state (LRS).
Around a voltage of 12.5 V, indicated in Figure 2.5 by VHRS→LRS, the current
reaches the compliance limit of 11 nA set on the SMU by the user. This com-
pliance current protects the junction by limiting the dissipated electrical power.
When reaching the compliance current, the SMU automatically adapts its out-
put voltage in order to not exceed the compliance current on the device. The
compliance current is reached also in the backward sweep for voltages down to
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b)a)

Voltage (V)

Figure 2.6.: Repeated voltage sweeps for a wide-gap junction in air a) and in
SiO2 b). The junction of a) is the same junction shown in Figure 2.5 with the
blue curve being identical to the curve shown in Figure 2.5. In both figures,
the threshold voltage required for initiating the resistive switch is reached at
lower applied bias over repeated voltage cycles. The compliance current was
also manually increased between sweeps.

5 V (3), a voltage where only 20 pA was measured during the upward sweep.
During the backward voltage sweep at about 5 V, indicated in the figure with
VLRS→HRS, the current decreases and the device undergoes a resistive switch
back to HRS, (4).
For successive voltage sweeps applied on the same junction the threshold volt-

age Vthr and the compliance current are reached at lower voltages, as illustrated
in Figure 2.6 a). As the device switches to the LRS at lower voltages, a higher
compliance current can be set without destroying the device. The device could
be operated safely with a compliance current as high as 1 µA.

V
th

r (
V

)

SiO2

Figure 2.7.: The evolution of Vthr over
repeated voltage sweeps of Figure 2.6.

This behavior is not particular to the
junction in air but is also observed
when embedded in SiO2. For in-
stance, Figure 2.6 b) shows consecu-
tive voltage sweeps for a junction em-
bedded in SiO2. The threshold of
resistive switching also reduces with
sweep order.
The evolution of Vthr over repeated
voltage sweeps is plotted in Figure 2.7
for both junctions and confirms the
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Chapter 2. Light emission in wide-gap gold junctions

decrease of Vthr over repeated voltage
sweeps. The behavior and reaction of the wide-gap junction to electrical bias is
thus changed and set by the history of previously applied voltages. Otherwise
formulated, the wide gap junctions retain some memory of the applied voltage
and currents.
Both gold gap junctions show thus the same (qualitative) voltage-current behav-
ior with a consistent switching between two resistive states. Although for the
junction embedded in SiO2, the initial voltages Vthr are higher, after multiple
sweeps one is able to reach the same and even higher compliance current limits
as for the gold gap junction in air.
In the following I will discuss the underlying mechanism responsible for the
switching in the wide-gap gold junctions.

2.3.1. Dielectric breakdown in SiO2

The current behavior of the wide-gap gold junctions can be understood from the
well-studied phenomenon of dielectric breakdown in SiO2 [56–58]. Even though
part of the gaps are exposed to air, the electron transport in this case may occur
through the SiO2 substrate and air-SiO2 interface. Here, I will follow in large
part the description of [56] discussing the electrically induced degradation of
thin SiO2 layers. The influence of moisture and other surface contaminations is
here neglected.

2.3.1.1. Pristine junction and low current: Fowler-Nordheim tunneling

In the beginning of the voltage sweep, when the junction is in a high resistance
state (HRS), electron conduction occurs mainly via Fowler-Nordheim tunneling
[56]. This mechanism is sketched in Figure 2.8.
Fowler-Nordheim tunneling is essentially a three step process. In the first step,

electrons from the source electrode (negatively biased gold electrode) tunnel to
the conduction band of SiO2, as indicated by (1) in Figure 2.8. This tunneling
process is limited by the barrier height between gold and SiO2 of 4.1 eV [60]
and the electric field strength across the junction and gives rise to a tunneling
current (density) JFN [56]:

JFN = e3E2

16π2φb

me

mox
exp

(
−4

3

√
2mox
e~

φ
3/2
b
E

)
(2.1)
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4.1 eV

4.1 eV9.3 eV

Energy

Distance

eVappl

e-

1)
2)

3)

e-

e-

e-

Figure 2.8.: Sketch of Fowler Nordheim tunneling in a wide-gap gold junction
from the source electrode (negative bias) through SiO2 layer to the drain elec-
trode. For the gold electrodes the thick lines indicate their Fermi energy, whereas
in SiO2 the thick line indicates the energy level of the conduction band. The
dashed line marks the energy level of the valence band in SiO2, separated by
9.3 eV from the conduction band [59]. In the first step, electrons tunnel from
the source electrode to the conduction band of SiO2 (1). Then these electrons
move to the source electrode due to the applied electric field (2). The electrons
enter the source electrode with an excess energy equal to the gold-SiO2 barrier
height (4.1 eV) which is dissipated locally.

where E is the applied electric field, φb the gold-SiO2 barrier height, e the elec-
tron charge, me the electron mass in vacuum and mox the electron mass in the
conduction band of SiO2.
The barrier height between gold and SiO2 is not only affected by the electrode
material but also by the electrode shape, the temperature and interface charge
traps [56]. The actual barrier height in our experiments is likely to be lower
than 4.1 eV, as in similar structures, also conditioned by several voltage sweeps,
barrier heights of 3.3 eV have been reported [61] .
Once the electrons have tunneled to the conduction band they are accelerated
towards the drain electrode (positive bias) (2). Their maximum kinetic energy is
however limited due to scattering of the electrons. According to [56] the kinetic
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Chapter 2. Light emission in wide-gap gold junctions

energy remains below 1 eV, whereas [62] gives an upper limit of 4 eV at an ap-
plied electric field of 10 MV cm−1. 10 MV cm−1 is typically an upper limit of the
electric field observed at the VLRS→HRS for the first sweep on a fresh junction
in air.
Finally in the last step electrons are injected into the drain electrode (3). This
excess energy of the tunneling electrons is dissipated locally leading to bond
breaking in SiO2 and causing the creation of localized defect states close to the
drain electrode [56]. The same mechanism described above for electron trans-
port can also apply to holes (the absence of an electron in otherwise occupied
energies). However as the barrier height is greater for holes [56] their contribu-
tion is less important.

Figure 2.9.: The HRS part of the voltage
sweep of Figure 2.5 in a double logarith-
mic plot (black points). In orange the
estimated V 0.3 current dependence, in
red the fit of the Fowler-Nordheim tun-
neling current.

The current voltage relation of Fowler
Nordheim tunneling (equation 2.1) is
not observed in the beginning of the
voltage sweeps of Figure 2.6. As
shown in Figure 2.9 for the first sweep
of Figure 2.6 a), the current I initially
observes approximately a I ∝ V 0.3 de-
pendence, instead of the exponential
behavior predicted by equation 2.1.
Such a current voltage relationship
is observed consistently for most of
the other sweeps in Fig. 2.6 a) and
could be due to the presence of mois-
ture and surface contaminants. How-
ever once the threshold voltage Vthr is
reached, the subsequent steep current
increase follows the Fowler Nordheim
equation. The fit of eq. 2.1 is shown in Fig. 2.9 by the red dashed line. This
overlap is only observed during the initial (first) voltage sweep.
For the junctions embedded in SiO2, see Fig. 2.6 b), the current remains below
measurement noise until the threshold voltage Vthr is reached. The subsequent
current increase occurs over a few measurements steps. This makes it difficult
to estimate whether this current increase similarly obeys the Fowler-Nordheim
equation.
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2.3. Current transport

2.3.1.2. Trap generation and trap assisted tunneling

The energy dissipated by the electrons in the Fowler-Nordheim tunneling causes
defect and charge trap generation inside the SiO2 layer. This modifies eventually
the transport mechanism through the wide-gap junction [56,58,63–65] and leads
to the observed hysteresis.
The creation of defects and charge traps is predominant at the drain elec-
trode [56], as there each electron releases the energy of the SiO2 gold barrier
height, about 4 eV.
Due to the applied electric field these newly created traps are likely to be charged
positively, therefore attracting electrons, which therein dissipate their energy.
This leads to an accumulation of charge traps growing from the drain electrode
towards the source electrode. This decreases thus the effective thickness of the
insulating layer. Therefore the same voltage leads to a higher electric field and
thus to a higher current [56].
Once a continuity of charge traps reaches the source electrode a conduction
path for the electrons is created, leading to a breakdown of the SiO2, causing
an abrupt release of energy and destroying the device [56].
As the energy released by a single electron at the injection into the drain elec-
trode is more or less the same irrespective of the applied electric field, the break-
down mechanism is independent of the applied voltage but only depends on the
number of injected electrons and their relaxation kinetics [56]. This would ex-
plain why in the experiments I typically observe a higher Vthr for faster voltage
sweeps.

Gold
GoldSiO2

eVappl
e-

Energy

Distance

Figure 2.10.: Sketch showing trap-
assisted tunneling in wide-gap gold
junctions. Electrons from the source
electrode (left gold electrode), tunnel
between different trap states (white line)
created within the SiO2 layer to the
drain electrode.

Charge traps can also be created well
within the SiO2 layer due to the ex-
cess energy of fast electrons within
the conduction band, or already be
present due to intrinsic defects in the
SiO2 [56].
Creation of electron charge traps leads
to an additional transport pathway for
electrical current called trap-assisted
tunneling [65–67], where electrons hop
between different localized trap states
from the source to the drain electrode.
This is depicted in Figure 2.10, where
the localized electron energy states (or
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traps) inside the dielectric are shown with white lines.
The exact nature of the charge traps is still debated [67]. In [64], charge traps
are associated to oxygen vacancy defects in SiO2. In [67], an influence of the
gas atmosphere on the defect creation has been shown, helping the reduction
and removal of oxygen, and the creation of Si-H bonds. This is consistent with
the increase in Vthr in [61] for very similar wide gold gap junctions in vacuum
compared to air, but does not explain the switching for junctions embedded in
SiO2. The switching back from a high resistance state to a low resistance state
is attributed in [67] to an electro-chemical induced reorganization of the charge
trap state.

2.3.1.3. Current fluctuations in trap-assisted tunneling

Gold Gold

SiO2

Charge trap

+- e-
Gold Gold

SiO2

+-

e-Gold Gold

SiO2

+-

e-Gold Gold

SiO2

+-

a) b)

c) d)

Figure 2.11.: Conductance variations in trap-assisted tunneling. In a) the sim-
plistic (spatial) charge trap distribution in the SiO2 layer between the source
electrode (left, negative bias), and the drain electrode (on the right). In b) two
possible electron hopping paths (green and black) are depicted (among many
more). In c), the trapping of an electron in a trap, indicated in red, inhibits the
green hopping path shown in b). The conductance of the junction thus drops,
although electron transport through the black path is still possible. d), the re-
lease of the electron from the trap, reopens the green conduction path of b).
Compared to c) the conductance of the junction increases.
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Together with the increase of current flowing through the gap, an increase in
current noise as well as random telegraph noise [63,69–71] are also observed.
This current noise is associated to electron capture in charge traps [69, 70, 72],
which causes a conductance variation in the trap-assisted tunneling of electrons.
In trap-assisted tunneling, the presence of multiple defects inside SiO2 allows
electron conduction inside the dielectric by electron tunneling from defect to
defect state. Typically, electron hopping through different defects paths are
possible, as illustrated in Figure 2.11 a) and b).
Once an electron is trapped at some site, the energy required to accept a second
electron is raised both inside the same trap and, due to its electric field, also
for nearby traps. This effectively closes some of the conductance paths between
both electrodes, see Figure 2.11 c) and leads to a drop in the conductance of the
junction.
Conversely, releasing an electron from a charge trap, Figure 2.11 d), opens up
new conduction paths and results therefore in an increased conductance.
All these cause observable fluctuations of the current. The magnitude of these
current changes does not indicate the number of electrons trapped or released
but rather the number of alternative current hopping pathways. Still, large con-

Figure 2.12.: Current (red) from a wide-gap junction excited by 3 V, 10 ms
pulses (blue) using an arbitrary wave form generator (AWG), measured using a
high speed active probe having 1.25 MΩ input resistance. The junction switches
in the beginning of the applied pulse to a low resistance state. In the current one
clearly distinguishes several discrete conductance jumps, seen for example be-
tween 82 ms and 83 ms or at 86 ms, together with faster and smaller superposed
current oscillations.
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Figure 2.13.: In a), the current measured (using a TIA) for a wide-gap gold junc-
tion in air in series with 11 MΩ for a total applied voltage of 4 V. The junction
is in a low resistance state, the current shows a constant base of about 200 nA.
Additionally, short current spikes are seen. The dashed black line indicates the
threshold for the ”on time” analysis shown in b). In b) the occurrences of differ-
ent on-times are shown in a loglog plot. The occurrences follow a straight line
indicative of a power law. The fit (dashed line) shows a negative power expo-
nent of -2.28, similar to what is reported in [68]. The power exponent slightly
shifts by changing the threshold (within some limits), but a power law is always
clearly visible.

ductance variations occur less compared to small conductance changes which
are more frequent [70].
Such current noise and conductance fluctuations are observed in the measure-
ments on the wide-gap gold junctions, both for junctions embedded in SiO2 and
exposed to air, as shown resp. in Figures 2.12 and 2.13 a).
In particular, the current shown in Figure 2.12 features several jumps between
discrete states of current. These jumps can be clearly associated to the closing
and reopening of conduction paths.
The current shown on longer time scales in Figure 2.13 a) displays current noise
in the form of rather short spikes. These resemble the current traces reported
in [68], where the current conduction of a single quantum dot was studied. These
fluctuations are attributed to charge trapping into a surface state of the quan-
tum dot, similarly shifting the internal energy levels and inhibiting the transport
of the following electrons.
The current spikes in [68] are further analyzed by looking at the distribution
of their duration. By choosing a suitable threshold, shown in our case by the
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dashed line in 2.13 a), one extracts the duration a current spike remains above
this threshold, the ”on time” of the current. By plotting then the number of
occurrences N for a given duration τ , a power law behavior was seen in [68]:

N(τ) ∝ τα (2.2)

with exponents α for on (and off times) of α = −2.5 (resp. α = −2.1). In our
case the current spikes are also distributed in a clear power law behavior of the
occurrences with an exponent of α = −2.28, as plotted in Figure 2.13 b). The
observation of a similar power law in the wide-gap junction’s current corrobo-
rates thus electron trapping and the trap-assisted tunneling mechanism.

2.3.2. Electrode deformation and gold cluster migration

The current conduction in the wide-gap gold junctions is not only depending
on the interaction with the SiO2 matrix or interface discussed so far. The gold
electrodes play also a role in the transport mechanism. As displayed in Fig-
ure 2.14, the wide-gap gold junctions exposed to air show a clear deformation
of the drain electrode after being submitted to electrical stress. The presence
of gold nano-particles growing towards the source electrode is observed in the
SEM images taken after several voltage sweeps.1 Similar electrode deformation
and gold nano-particle migration was observed in [61] for gold gaps exposed to
ambient atmosphere or placed in vacuum on a SiO2 substrate, and in [73] for
gold gaps in air on ZnO. Both papers attribute the resistance switching as a
consequence of this gold migration. This gold migration is likely to contribute,
together with the SiO2 charge traps, to the current transport and resistance
switching of the wide-gap gold junctions.
The diffusion of gold atoms into SiO2 is nothing unexpected and new, as it has
been already reported in 1966 [74, 75] after thermal annealing (200 ◦C) of gold
films on top of SiO2. The migration (for thermal annealing) is similarly favored
by an applied electric field [76].
In parallel to drive the electron transport, the electric field causes also the cre-
ation of gold ions (Au+ and Au3+) at the drain electrode through oxidation of
gold [48, 76–78]. These (positively) charged gold ions are then attracted by the
electric field towards the source electrode [76, 79] and diffuse into SiO2. These
gold ions may reduce at oxygen vacancies inside SiO2, as do silver ions [80], lead-
ing to a local formation of small gold clusters. In general a complex interaction

1Wide-gap gold junctions embedded in SiO2 were not investigated with SEM images, due to
lack of time of this thesis’ author.
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Figure 2.14.: SEM images of two wide gold gap junctions in air after electrical
activation, showing drain electrode deformation and small gold particles diffusing
towards the source electrode. The area of deformation is enclosed in both figures
by a dashed dark line.

between gold ion migration and diffusion through the SiO2 is expected [76].
The presence of gold ions or clusters provides additional localized electron states
[48] to the trap and defect states of SiO2, allowing once again trap-assisted tun-
neling as discussed above.
Charge-induced resistance increase (Coulomb blockade) has indeed been ob-
served in devices relying on electron hopping from source to drain electrodes via
a small gold particle. When the particle is charged (an electron is trapped) the
conductance of such a device is decreased [81–84].

Differences between junctions in air and embedded in SiO2 Although both
type of junctions show similar current transport and noise, the involved SiO2 de-
fects or gold clusters are not necessarily the same. The SiO2-air interface defects
occurring in the junctions exposed to air most likely differ from the bulk defects
created in thermally evaporated SiO2. Similarly, the growth and displacement
of gold nanoclusters and ions is hindered by the presence of the dielectric SiO2,
whereas the gold clusters on the SiO2-air interface are not limited by the same
constraint.
From the current measurements and analyses performed here it is however dif-
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2.4. Light emission during voltage sweeps

ficult to distinguish between the different defects present. The main difference
observed in the measurements is that the junctions embedded in SiO2 show a
higher Vthr for the first sweeps on a pristine device. This is only indicative, as
the initial Vthr depends also on the initial gap size and geometry of the elec-
trodes. Additionally, Vthr can reach similar values regardless of the dielectric
environment after successive sweeps.

2.4. Light emission during voltage sweeps

tube lens
APD
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Lock-in amplifier

Oil immersion 
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60x 1.49 N.A.
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Figure 2.15.: Sketch of the optical setup used to collected the light emission from
the wide gap junctions. The sample is placed on an inverted microscope. A piezo
stage allows precise positioning of the desired gap. The light is collected using an
oil immersion objective and then sent to a spectrometer, camera or an avalanche
photodiode (APD). The latter is connected to the same oscilloscope used to
monitor the electrical signals in Fig. 2.4 and allows to observe the evolution of
the photon counts in real time.

Let us now turn to the electrically induced light emission from the wide-gap
gold junctions. To efficiently collect this radiation the samples are placed on an
inverted microscope. A piezo-electric translation stage allows precise position of
the gaps. As sketched in Figure 2.15, with a high NA oil immersion objective
(Nikon, 60x, NA 1.49) the light is captured and then sent onto different opti-
cal detectors, such as a camera (i-Kon M, Andor Technology), a spectrometer
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Chapter 2. Light emission in wide-gap gold junctions

Figure 2.16.: a) Bright field camera image (false color scale), depicting the light
emission from a wide-gap gold junction in air during a voltage sweep. The two
graphs (b) and (c) display such a voltage sweep in time. In (b) the applied
voltage by the SMU (orange), in (c) the current, in red as measured by the
SMU, in green measured with the TIA are plotted. In both graphs the blue
curves indicate the detected photon counts.

(Shamrock 300i, camera Newton, Andor) and avalanche photodiode (APD) (Ex-
celitas SPCM-AQRH, 350 ps time resolution), by choosing the right microscope
output port.
Light emission is observed during voltage sweeps. As shown in the camera image
of Figure 2.16 a) this light originates from the gap region. Figure 2.16 b) and c)
plot the time trace of such a voltage sweep, showing the detected photon counts
(by the APD) in blue. In addition, the plot b) displays the voltage applied by
the SMU (orange) whereas the plot in c) shows the current measured by the
SMU (red) and by the TIA (green). Clearly the SMU measures the current
over longer time bins then the TIA. The latter has a higher time resolution, but
this comes at the price of more noise in the measurement. This is particularly
striking when reaching the compliance current set at 1 µA: for example in Fig-
ure 2.16 c) the TIA registers large current spikes with values above 2 µA, but
the SMU, expectedly, indicates a constant current of 1 µA.
From both time traces one can make already a few remarks about the photon

radiation. The start of photon emission clearly coincides with the rise of current
(see 2.16 c)). It seems thus that photon are released from the gap as soon as a
low resistance state of the junction is reached. Indeed photons are continuously
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2.4. Light emission during voltage sweeps

registered during the whole time the current is at kept at the compliance limit,
except for a drop to zero at -1.5 s. The drop coincides with the decrease of the
voltage below 1 V as observed in a). This decrease is imparted by the SMU to
maintain the current at the compliance limit.
The dependence of the photon count rate on the applied bias becomes clearer
if one extracts the average (over the whole measurement) photon count rates in
function of the applied voltage. Such an analysis is shown in Fig. 2.17. This is
particularly interesting as the current is independent of the applied voltage (due
to the junction’s resistance change) and fluctuates during most of the measure-
ment around the compliance limit of 1 µA. The photon rate in Fig. 2.17 thus
does not depend on the amount of electrons going through the gap but only on
their potential energy set through the applied voltage.

Outside
detection
range

Figure 2.17.: The normalized statistics
of photon counts in function of applied
bias extracted from 2.16 a). There is
a clear voltage threshold for the pho-
ton counts at 1.1 V. This threshold co-
incides with the lower detection limit of
the APD. The detection efficiency of the
APD is shown in the gray curve.

As can be seen in Figure 2.17, below
a threshold voltage of 1.1 V no pho-
tons are detected.
The steep raise in detected photon
counts above 1.1 V is partially ex-
plained by the APD’s detection effi-
ciency (the gray curve in 2.17), as the
APD detects photons with 1.5 eV en-
ergy more efficiently then photons at
1.2 eV. The increase of photon count
rates implies also that a larger amount
of photons is emitted into the APDs
spectral detection range for higher
voltages.
The threshold behavior with the de-
tection limit of the APD naturally
raises the following question: if the
detection limit of the APD would be
lowered to 0.5 eV, would one also ob-
serve an onset of photon counts at a
voltage of 0.5 V?
To confirm that the light activity is not due to surface contaminants but a

shared property of the dielectric gap also the photon emission from embedded
wide-gap Au junctions was measured. As illustrated in Figure 2.18 light is also
detected in this case. Compared to Figure 2.16, the compliance current is 20
times lower, with 50 nA instead of 1 µA, and the applied voltage is roughly the
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Chapter 2. Light emission in wide-gap gold junctions

Figure 2.18.: Light emission during a voltage sweep as in Fig-
ure 2.16 for a gap embedded in SiO2. In (a) the applied voltage
by the SMU (orange), in (b) the current, in red as measured by
the SMU and in green as measured by the TIA. In both graphs
the blue curves indicate the detected the photon counts.

double. The photon counts are about 20 to 100 times lower, which is partially
expected as less current flows in the device. The photon appear to arrive in
bursts, seemingly correlated with current peaks and fluctuations recorded in the
TIA measurement (green curve of Fig. 2.18 b)). Such a relation between pho-
ton emission and current fluctuations will be studied more in detail in 2.7. But
overall, both devices show a very similar emission behavior.

2.5. Light emission mechanisms

To explain the light emission in the wide-gap junctions, several hypotheses can
be considered. Here I will discuss the most plausible ones which I group here
into two categories.
The first hypothesis considers on an inelastic electron process [31, 85] which in-
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2.5. Light emission mechanisms

cludes Fowler-Nordheim tunneling [56, 86, 87]. The second hypothesis explains
the radiation by an electroluminescence mechanism stemming either from lumi-
nescent centers within the SiO2 matrix itself [88–91] or from small gold clus-
ters [92], which, as shown earlier, migrate into the dielectric matrix.

2.5.1. Light emission by inelastic electron tunneling

Light emission by inelastic tunneling was described in 1976 [31]. Quantum me-
chanics allows particles to cross regions where classically it would be energetically
forbidden. This is called tunneling and was previously encountered in the dis-
cussion about Fowler-Nordheim tunneling. For voltages smaller than the metal
gold barrier height and for smaller thicknesses (below 5 nm) electrons may tun-
nel directly from source electrode to drain electrode, as illustrated in Figure 2.19.

E

d

EFS

EFD

eV

1

2
hν

Source DrainInsulator

e-

Distance

Figure 2.19.: Elastic and inelastic elec-
tron tunneling for a tunnel junction.
The yellow areas show the occupied en-
ergy states. The energy offset of eV , is
given by V the applied voltage difference
on the junction. EFS, EFD are resp. the
Fermi energies of the source and drain.
The conduction band energy of the insu-
lator is shown in black. An electron may
flow from the source to drain either by
elastic tunneling (gray dotted arrow (1))
or inelastic tunneling (red dotted arrow,
2) accompanied in this case by a photon
emission of energy hν.

This tunneling process is either
energy-conserved (elastic), in which
case the electron has the same energy
before and after the tunneling process,
labeled (1) in Figure 2.19, or inelastic
where the electron looses its energy in
the tunneling process, for example by
emitting a photon (2). This second
process occurs typically in 1 out of 106

tunneled electrons [35].
Due to the Pauli exclusion principle,
the maximum energy such an electron
can loose is the energy difference be-
tween its initial energy and the lowest
unoccupied electron state in the elec-
trode. This gives a cut-off in the max-
imum emitted photon energy hν as2:

hν ≤ eV (2.3)

which is the signature of this process,
and has been reported several times
[31,35].
For inelastic tunneling mechanism the

2Neglecting temperature broadening at 300 K.

31



Chapter 2. Light emission in wide-gap gold junctions

relationship between the applied voltage and detected photon emission in Fig-
ure 2.17 is therefore evident. No photon can be emitted into the detection range
for voltages below 1.1 V, whereas above the fraction increases steadily. Similar
to direct electron tunneling, in Fowler-Nordheim tunneling (see Figure 2.8) light
emission may also occur [56]. Either in the first tunneling step itself [86], which
conditions the same cut-off as inelastic tunneling or during the injection step
into the drain electrode (3, in Figure 2.8) [56]. In that case, the energy cut-off
is given by the SiO2-gold barrier height (about 4.1 eV [60]).

2.5.2. Electroluminescence

Gold
GoldSiO2

eV e-

Energy

Distance

hν

Luminescent
center

Figure 2.20.: Light emission by electro-
luminescence. When crossing the SiO2
matrix electrons can tunnel into an ex-
cited state of a luminescent center (red
line). The decay to the ground state
(white line) leads then to emission of
a photon (curly red line). From the
ground state the electrons may then
continue to the drain electrode.

The second mechanism to consider is
charge injection into luminescent cen-
ters distributed along the transport
channels [93], as illustrated in Fig-
ure 2.20. During the transport of elec-
trons through the SiO2 dielectric some
electrons may tunnel into the excited
state of a luminescent center (either
directly from the source electrode or
from another defect in trap-assisted
tunneling). These electrons then de-
cay to the ground state of the lumi-
nescent center whilst emitting a pho-
ton. The electrons then continue their
transport (at lower energies) through
the SiO2 to the drain electrode.
Like for inelastic electron tunneling,
the photon energies are limited by the energy difference between the highest
occupied state in the source electrode and the lowest unoccupied state in the
drain electrode, given by equation 2.3. However, the spectrum is also shaped
by the discrete transitions of the luminescent defects, potentially showing up as
discrete peaks. A higher applied voltage on the junction allows the electrons to
explore a wide range energetically distributed traps. This typically leads to a
higher photon count rate for higher voltages, consistent with what is observed
in Figure 2.17.
Two kind of luminescent centers can be considered in the case of the wide-gap
junctions. The first are luminescent defects within the SiO2 matrix [90,91,94,95]
such as silicon clusters. The second are small gold clusters [92, 96] already in-
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voked in the current conduction. Both the gold and silicon clusters feature a
size dependent emission wavelength between 400 nm to 1000 nm, and lifetimes
in the order of a few ns [96–98].

2.6. Spectra

The analysis of photon count rate in function of the applied voltage shown in
Figure 2.17 is not enough to distinguish between inelastic tunneling hypothesis
and the electroluminescence mechanism presented above. To do so I measured
therefore the spectral distribution of the emitted light, as will be presented in
this section.
Surprisingly, the measured spectra are not constant but evolve over time, both
for gaps in air and embedded in SiO2. This is seen in time series of spectra
acquired during voltage sweeps, shown in Figure 2.21. From these spectra one
can already conclude a few things.
First of all, the spectra for both junctions present broad spectral peaks emit-
ting into a range between 550 nm and 1000 nm. The latter value coincides
with the detection limit of our silicon-based camera, it is therefore not a true
emission limit (spectra are not corrected by the efficiency of the detector, see
also Appendix C). The lower limit of 550 nm is more interesting as it is not
instrument limited. It also cannot be explained by the quantum limit of in-
elastic tunneling of equation 2.3 as 550 nm wavelength corresponds to 2.26 eV
photon energy. The maximum applied voltage in Fig. 2.21 b) is 8 V (equiva-
lent to a cut-off at 155 nm) and during most of the sweep, the applied bias is
greater than 4 V (310 nm cut-off) during the emission. One could associate the
lower wavelength limit to the near-field interactions with the gold electrodes [99]
shaping the emission of emitters as in optical antennas [20]. As gold starts to
absorb light considerably for wavelengths below 516 nm [100] due to interband
transitions, this may cause quenching (suppression) of the photon emission for
shorter wavelengths.
Gold interband transitions can however not explain the fluctuating nature of the
recorded spectra. For example the red and purple spectra (for both a) and d)
of Fig. 2.21) change manifestly in amplitude and peak position.
In order to quantify the peak dynamics better, I fitted the observed peaks in
the spectra with a gaussian curve A exp

(
− (λ−λ0)2

2∆λ2

)
, where λ0 gives the cen-

ter wavelength, ∆λ the width and A the amplitude of the peak, shown by the
dashed lines in Figure 2.21. The spectra in Fig. 2.21 a) are fitted with two
peaks, whereas the spectra Fig. 2.21 d) are well fitted with a single broad peak
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Chapter 2. Light emission in wide-gap gold junctions

Figure 2.21.: In a) a series of spectra (1 s integration time each) recorded suc-
cessively during the same voltage sweep shown in b) on a wide-gap junction
in air. The red curve indicates the current measured by the SMU, the green
curve shows the current measured by the TIA and the applied bias is plotted in
orange. For a better readability of the graph, each spectrum in a) is shown with
an additional offset. For each spectrum also a running average (darker colour)
is plotted. The spectra are ordered in time, with the first spectra at the bottom
and the last on the top. The black line shows the sum of the two fitted gaussian
peaks for each spectrum. The dashed black lines show the contribution of the
individual peaks. Similarly in d) a time series of spectra (integration time 5 s)
for a voltage sweep on a gold gap in SiO2 is shown for the voltage sweep shown
in c). Spectra in d) are fitted with a single gaussian peak (dashed black line).

of roughly 100 nm linewidth. The center wavelength and the width of the peaks
are shown for both series of spectra in Figure 2.22.

Both peaks for the junction in air, shown in Fig. 2.22 a), seem to fluctuate
stochastically between the different spectra. There is however almost always
a dominant peak around 730 nm to 790 nm. For the junctions in SiO2, see
Fig. 2.22 b), first a blue shift with a rather stable peak around 775 nm increas-
ing in amplitude and then a red shift of the peak to 820 nm and beyond, together
with a decreasing amplitude is observed. Whether this difference is due to a dif-
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Figure 2.22.: The center wavelength and width of the fitted peaks in the spectra
of Fig. 2.21 (a,d), resp. in blue (a) for the junction in air and in orange (b) for
the junction in SiO2. The spectra are ordered (by number) from left to right
corresponding from bottom to top in Figure 2.21.

ferent integration time, the nature of emission process (i.e. different defects) or
a difference in spectral stability would require additional measurements.
A change in the spectral emission over time is not only observed during voltage

sweeps, but also for a constant voltage. This is shown in Figure 2.23 for three
runs on the same junction in air. For each run a different voltage (9 V, 10 V and
13 V) was applied. As no compliance limit was set during these measurements
a resistance in series of 100 MΩ was added to protect the junctions.
The spectral shape between the three series varies quite a bit. Within the same
series however a certain continuity between the spectra is observed, as some
peaks remain present in several successive spectra. Nevertheless, sometimes
completely new peaks appear, as for example between the green and red spec-
trum in Fig 2.23 a) or the first and second spectrum in Fig 2.23 b).
Compared to the peaks of Figure 2.21 a), the spectra of Figure 2.23 feature nar-

rower peaks, with typical widths below 30 nm as shown in Figure 2.24. Between
subsequent spectra, in particular for the blue curves in Fig 2.24, one observes
an almost constant peak position and peak width, with only the amplitude of
the peaks varying over time.
This difference in peak width between Figures 2.21 a) and 2.23 could be due to
the inhomogeneous broadening, the spectral superposition of several emitters.
Depending on the electrical excitation, few (constant voltage) or more emitters
(voltage sweep) contribute to the spectra. During the voltage sweep, the junc-
tion switches from HRS to LRS by forming and activating new conductance
paths. The electrons therefore are forced to explore a wider range of energies to
pass from the high resistance to the trap-assisted tunneling regime. This may
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Chapter 2. Light emission in wide-gap gold junctions

Figure 2.23.: Three time series of spectra, integrated 5 s, for a constant applied
voltage and ordered in time from bottom to top. In a) V=9 V, in b) V=10 V and
in c) V=13 V, onto resistance 100 MΩ in series with a wide gold gap junction
in air. As for Figure 2.21 the black curve shows the sum of multiple gaussian
peaks, the dashed lines the individual peaks, the fitted width and position are
found in Figure 2.24.

Figure 2.24.: The center wavelength and width of the fitted peaks in the spectra
of Fig. 2.23 (a,b,c) resp. in orange, blue and green from left to right. The spectra
are ordered in time (by number) from left to right.
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Figure 2.25.: Spectra emitted by a gold gap embedded in SiO2 excited by 10 ms
voltage pulses, with an integration time of 2 s. The junction is in series with a
resistance of 1.25 MΩ. For a better readability the fitted peaks are not shown
in the figure, the peak position and width are reported in Figure 2.26. The
dashed grey line shows the simulated antenna emission enhancement due to the
structure of the electrodes, with the y-scale located on the right sight of the
graph.

lead to an excitation of multiple luminescent defects. For a constant voltage, the
junction experiences only relatively small voltage variation and typically stays
in a LRS during the whole acquisition time. The conduction path therefore is
rather stable and in consequence accesses only the same few emission centers.

Figure 2.26.: The center wave-
length and width of the fitted
peaks in the spectra of Fig. 2.25
The spectra are ordered by the
applied pulse voltage during the
acquisition.

The spectra discussed so far were acquired
continuously one after another while keeping
the excitation or experiment running. This is
not the case for the spectra of junction embed-
ded in SiO2 shown in Figure 2.25, where each
spectrum was acquired for a single pulse train
during 2 s with 10 ms pulses for a fixed volt-
age, varying between 1.75 V and 4 V. This dif-
ferent excitation for junctions in SiO2 is due to
data size constraints of time resolved current
measurements with high temporal resolution
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Chapter 2. Light emission in wide-gap gold junctions

as discussed in section 2.7. To ensure a correspondence between the spectra and
the time traces the same voltage pulses were kept during spectral acquisitions.
The spectra display a consistent shorter wavelength cut-off at 700 nm and in
almost all cases two peaks, with the center wavelength varying by less than 10
nm around 842 nm and typical peak with around 40 nm as shown in Figure 2.26.
The second peak is again limited by the loss in detection efficiency towards longer
wavelengths around 1000 nm and its position can therefore not be determined
accurately. For this, it would be interesting to repeat the same measurements
with a near infrared spectrometer operating in a longer wavelength range.

Figure 2.27.: The simulated antenna en-
hancement for the device of Fig. 2.21 d)
together with the measured spectra.

The position of the peak around
842 nm in Figure 2.25 nicely over-
laps with the simulated emission en-
hancement of the electrodes (dashed
line in the Figure).3 The presence of
spectral peaks is however independent
of antenna resonances. For example
the peak at 950 nm of Figure 2.25
has no equivalent antenna resonance.
Also the peaks of Figure 2.21 d) are
well outside the simulated antenna en-
hancement peak, as shown in Fig-
ure 2.27. The antenna shapes thus the
emission of already present (possibly
broadband) peaks.

Interpretation In light of the spectral features the inelastic electron tunneling
hypothesis seems implausible. First, the emission features a wavelength limit
lower than expected from the applied voltage and the kinetic energy given to
the electrons. Second, the shift of this low wavelength limit shows no clear rela-
tionship to the applied voltage. Finally, the observation of discrete, appearing
and disappearing peaks is hardly explained by inelastic tunneling.
The spectra rather suggest light emission through the electrically induced lu-
minescence of some (or multiples) species inside the gap, as already postu-
lated previously for the trap assisted tunneling current transport in 2.3. Two
systems in particular are emitting in the observed spectral range: few atom

3The simulations were kindly provided by T. Zellweger from the Institute of electromagnetic
fields. Details about the simulation method can be found in [101] and in the paper [102].
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gold clusters [92, 96] and silicon rich nanoclusters within the SiO2 substrate
and matrix [91, 94, 103–105]. Their size dependence on the emission wave-
length [90, 96, 103, 106] explains most of the observed spectral features. The
presence of multiple peaks in the spectra is in this sense be a consequence of
different emitting luminescent centers with different sizes. The broad peaks are
caused by an inhomogenous superposition of several clusters with slightly dif-
ferent sizes and therefore emission wavelengths. The evolution of the amplitude
or disappearance of some peaks is well explained by the luminescent centers dif-
fusing in and out of the current path. Additionally, the growth or shrinking of
both silicon and gold nanoclusters results into the observed spectral wandering
of the peaks towards longer resp. shorter wavelengths.

2.7. Temporal dynamics and statistics of the light
emission in wide-gap gold junctions

To characterize the electroluminescence of the junctions further, it is interesting
to take a look again at the temporal dynamics of current and light. This will be
treated in this section where two measurements in particular will be analyzed in
greater detail. These two experiments are representative of the obtained results.
The experiments in question are presented in Figure 2.28, showing the light
emission of junction in air under constant bias, and in Figure 2.29, showing
current and light emission of a wide gold gap junction embedded in SiO2 excited
with short voltage pulses.
Both measurements have a resistance in series acting as a voltage divider. For
the junction in air a resistance of R =11 MΩ is added to protect the device from
destruction by limiting the electrical power on the junction. For the junction
embedded in SiO2 the R =1.25 MΩ resistance comes from the ultrafast probe
used to measure the current.
The actual voltage on the junctions Vj is thus not equal to the set voltage exiting
the AWG Vset but can be estimated from the measured current I and the known
resistance value R as

Vj = Vset − R · I (2.4)
This is shown in Figures 2.28 and 2.29 by the black curves together with the
measured current (red) and the detected photon counts (blue).
In both measurements the junctions are driven in a low resistance state and
are therefore in the trap-assisted tunneling regime. The trap assisted tunneling
regime is also confirmed in the current fluctuations, which were already discussed
in Section 2.3.1.3 for the same measurements of Figures 2.28 & 2.29 (in Fig. 2.12
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Figure 2.28.: Time evolution of current (red) and photon counts (blue) for a
wide-gap gold junction in air under constant bias. The junction is connected in
series with a resistance of 11 MΩ. The voltage dropped onto the junction (black
curve) depends thus on the current (see main text). The current is also shown
in Figure 2.13 a) discussing the current noise observed of junctions in air.

and Fig. 2.13).
In general with a resistance in series, attention needs to be paid to have the
right amount of current flowing. If the current is too high, most of the voltage
is dropped on the resistance, the voltage on the gap is then below 1.1 V and no
photons are detected. On the other hand if the current is too low the detection
sensitivity limits the measurement.
The correct excitation is typically obtained by performing previously several
voltage sweeps to reach a desired compliance current. For the constant voltage
excitation the applied bias is then set manually to observe a steady but not too
rapid current increase. In the experiment of Figure 2.28 the right condition is
reached at 4 V. If the current turns out to be to high, reducing the resistance in
series to a lower value usually helps lowering the voltage dropped at the resis-
tance.
For the pulsed measurements on the gold gaps in SiO2, it is more critical to
achieve the right amount of current in the gap, as the resistance in series cannot
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Figure 2.29.: Pulsed excitation with 3 V pulses (10 ms duration, 20 Hz repetition
rate), of a wide-gap gold junction embedded in SiO2. The upper graph shows
the first 6 measured pulses, the lower graph zooms into the third pulse. The
gray curve shows the total pulse voltage, in black the estimated voltage dropped
on the junction, the measured current is shown in orange and the blue curve
represents the detected photon counts. The current in the lower graph has
already been displayed and discussed in Figure 2.12.

be changed (set by the active device probe). Besides the voltage amplitude one
can play also with the pulse duration to achieve the desired current amplitude.
Together with B. Cheng, who kindly provided also the active probe, we were able
to reach the sweet spot for several pulsed measurements at different voltages.
The two different electrical excitations are given by experimental measurement
constraints. Applying a constant voltage is the most straightforward way of
characterizing the junctions, as shown in Figure 2.28. One can run a measure-
ment for 5 minutes, or longer, without any need to change the excitation voltage.
In this configuration the junction can slowly (few seconds) reach the desired cur-
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rent regime. This is however typically limited in time resolution to avoid large
data files and computer memory issues.
To increase the time resolution we used the high speed active probe, replacing
the previously used TIA, together with a high time resolution (10 ns to capture
the APD signal reliably) on a oscilloscope. This leads to large data files even for
measurements lasting only 1 s. Additionally, for such high time resolution the
oscilloscope can not display the data in real time as the data handling requires
more time then the measurement duration. Therefore we chose to excite the
junction with a short train of voltage pulses while still observing conductance
switching. From both measurements in air and in SiO2, one can deduce addi-
tional characteristics of the light emission not seen in the spectra shown in the
previous section. For example, the already discussed dependence of the light
emission on the applied voltage, which may be interfered in the lower plot of
Figure 2.29, can be extracted quite immediately from time resolved measure-
ments.
As other effects are not always so obvious to discern, in the rest of this section
I will present some additional statistical analysis on both measurements. These
will further clarify the light emission mechanism in wide-gap gold junctions.

2.7.1. Photon emission in function of the applied voltage

The relation between photon counts and applied voltage has been already shown
in Figure 2.17. However, the voltage range for that particular measurement was
limited. Here we explore a larger voltage and therefore electron energy range.
Instead of looking at the photon count rate in function of applied bias, we com-
pute the detected photon emission efficiency, i.e. the number of photons detected
divided by the number of electrons flowing inside the junction (which is inferred
from the current). As light is emitted by electroluminescence, the number of
photons is expected to be proportional to the number of electrons. Looking
at the emission efficiency instead of the absolute count rate allows therefore to
compare measurements featuring different current magnitudes.
To perform the analysis, the voltage dropped on the junction (black curve in
Fig. 2.29,) is binned into discrete voltage steps. Then for each voltage step
the mean photon emission efficiency is calculated over the desired measurement
range. Such an analysis is shown in Figure 2.30, for 9 series of voltage pulses of
10 ms duration, each having a different set voltage on the AWG.
All the runs (on the same device) show a similar trend. As already noticed in
Figure 2.17, one observes a cut-off for applied voltages below 1.1 V (due to the
APD detection limit) and a fast increase (several orders of magnitude!) in the
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Figure 2.30.: In a) the detected photon emission efficiencies (plotted in a loga-
rithmic scale) in function of the voltage dropped on the junction measured from
different pulse series, such as shown in Figure 2.29, on the same gap embedded in
SiO2. The legend indicates the output pulse voltage in the experiment dropped
on the junction in series with the 1.25 MΩ resistance of the active probe. All of
the curves follow a similar trend, showing a fast emission increase between 1 V
and 2 V and then stable (or slower increase) of the photon emission efficiency
for higher applied voltages. This expresses that most of the excited luminescent
states lay between 1 eV and 2 eV energy, as sketched in figure b).

emission efficiency until about 2.0 V. For higher voltages the emission efficiency
reaches a plateau. The fast emission increase together with the observation of a
saturation at higher applied voltages is partially explained by the APD’s spec-
tral detection efficiency, as discussed already in Figure 2.17. The increase also
suggests that the excited energy levels of most of the detected luminescent cen-
ters lay in an energy range between 1.1 eV and 2 eV. This energy range is also
close to the energy range of the emitted photons between 1.24 eV (1000 nm)
and 1.8 eV (700 nm) as observed in the spectra of Figure 2.25. It seems thus
that when a photon is emitted (for applied voltages up to 2 V) most of the ki-
netic electron energy is converted into photon energy. In this case the presence
of intermediate nonradiative steps resulting in considerable energy loss can be
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excluded to contribute to the emission process at the luminescence centers.
Nevertheless, in absolute value, there are important differences between the
runs: at 2 V applied bias, we observe photon emission efficiencies ranging be-
tween 10−7 photons/e− and 5 · 10−6 photons/e−. This might be intrinsic to the
electroluminescence mechanism itself, as light emission by electron injection into
luminescent defects competes with current conduction through non-radiative de-
fect states. Depending on the condition photon release might be at times more
or less probable. This range of efficiencies is comparable to what is observed for
similar gap devices relying on light emission from inelastic tunneling [35,107].

Figure 2.31.: The average detected photon emission efficiency (here in a linear
scale) versus the voltage dropped on the wide-gap junction in air is shown.
In a) extracted from the measurement shown in Figure 2.28. The statistics
features some well defined broad peaks. The detected photon counts below 1.1
V are probably due to background noise and an underestimation of the applied
voltage on the junction due to current transients and a measurement overshoot
in the TIA. In b) the same statistics extracted from a similar measurement
with constant voltage excitation of a junction in air is shown. Because no lower
voltage (dropped on the junction) was observed in the measurement, the curve
starts at 2 V. Also in this case one distinguishes the presence of peaks in the
average emission efficiency.

For the sake of completeness, we performed the same analysis for the wide-
gap gold junction in air under constant bias. Figure 2.31 shows the photon
efficiency for two runs. Here the graphs feature well defined resonances. Such
peaks are also present in Figure 2.30 but less visible due to the log scale in y-
axis. The peaks are thus a generic feature regardless of the chosen excitation or
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junction environment. The number of resonances and their position in voltage
are however not constant between runs. Their presence suggests the occurrence
of preferred energy states stochastically distributed in energy.

2.7.2. Current change and light emission

The large spread in emission efficiencies observed between different runs in Fig-
ure 2.30 rises the question if there are other physical observables correlated with
the photon generation process. For example, the high time resolution enabled
using the active probe allows to investigate the relation between current change
and photon emission, which will be presented in this section.
This is illustrated in Figure 2.32 a), where, for the same pulsed measurement

Figure 2.32.: a) For the same measurement of figure 2.29, the photon counts
(blue) and the normalized current change ratio R (orange) are shown for the
third pulse. b) the average photon emission efficiency versus the normalized
current change ratio R. One clearly observes a trend towards higher photon
counts for larger changes in current.
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displayed in Figure 2.29, the detected photon counts (blue) and the normal-
ized current change ratio R(t) = I(t+δt)

I(t) (red curve) are shown in time. In
Figure 2.32 a), the correlation between the two signals barely stands out. In
average over the whole measurement sequence we however observe a clear corre-
lation between current change R and the photon emission efficiency. As seen in
Figure 2.32 b), for larger current changes, or R further away from 1, the photon
emission efficiency typically increases. To explain this relationship is slightly
more challenging, I will try to provide here a hypothesis.
As mentioned in Sect. 2.3.1.3, trap-assisted tunneling is characterized by clear
current fluctuations due to charge trapping of electrons and the subsequent clos-
ing of conduction paths. The relation between R and the photon emission hints
therefore that charge trapping is associated to photon emission. This seems
reasonable if we consider again the electroluminescence mechanism sketched in
Figure 2.20: First an electron hops onto the excited state of a luminescent cen-
ter. Therein the electron is trapped until its decay to the ground state, while
emitting a photon, and subsequent hopping onto another state. The relation
between charge trapping and photon emission appears thus naturally. This as-
sociation between charge trapping, current change and photon emission will be
further confirmed in the following section about photon blinking.

2.7.3. Photon blinking

During the measurements not only the current is varying and showing abrupt
changes but so does the photon count rate. The presence of intermittent bright
luminescent spikes in the time trace resembles to photon blinking dynamics ob-
served in the photoluminescence of single or few emitters such as molecules and
semiconductor quantum dots [108–112]. Here I will also analyze the time dura-
tion and distribution of these spikes to further gain insights on the junction’s
behavior.

In photon blinking the emitters under constant excitation intensity show a
switching between periods of bright light emission and periods of dimmer light
intensity, the so-called on and off states. This is typically materialized in the
count rate occurrences as two well separated distributions [110], one for the
bright and one for the dark state. However, the wide-gap gold junction show
rather a broad distribution in the count rate histograms, as illustrated in Fig-
ure 2.33. This indicates a continuous distribution of grey states, which is due
to a continuously varying emitter brightness with time [110] or the observa-
tion of several emitters with different brightnesses over the whole measurement.
The fast decaying tail towards higher count rates, the straight decreasing line
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a) b)

Photon count rate [Hz]Photon count rate [Hz]

Figure 2.33.: Distribution of detected photon count rates for the measurements
of Figure 2.28 in a) and Figure 2.29 in b). The dashed lines are guides to the
eye marking the asymptotic behavior.

in log-log scale observed in the plots, is consistent with the bounded pareto
principle [113]. This statistical distribution is typically observed in surface en-
hanced Raman spectroscopy of single quantum emitters [114–116], or during
photobleaching processes [113] and is characteristic of rare but really intense
events.

A second parameter to characterize the intensity blinking is the distribution
of bright emission times and the dark times. The behavior of these distributions
additionally characterize the internal dynamics of the emitter [110]. Typically
for the photoluminescence of metal clusters a power law distribution as eq. 2.2
was observed [117–119]. This power law in blinking was reported consistently in
literature also for other structures (typically quantum dots) [110, 111, 117, 118,
120–122], with exponents varying between -1 and -2.2 and is usually explained
by charge trapping inhibiting the excitation or emission processes [111,121,123].
To distinguish between dark and bright states among a distribution of ”gray”
states we manually choose a threshold value separating the two emission regimes.
There are more refined ways of separating between bright and dark emission
states, see for example [124]. Here we kept the analyses the simplest as possible.
Once the bright and dark periods are known, one then calculates the duration
of the bright emission (on time) and the dark emission (off time), and plots a
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Figure 2.34.: Occurrences of bright (labeled on) and dark (off) photon emission
times for light emission from wide-gap gold junction in air (a) and embedded
in SiO2 (b). In a) the occurrences were obtained from the measurement of
Figure 2.28 with a threshold of 1.2 times the average photon count rate. In
b) the histogram extracted from the pulsed measurement of Figure 2.29 with a
threshold of 5 times the average photon count rate. In both figures the fitted
power law is shown (continuous line) together with its exponent α.

histogram of the occurrence of all on and off times. This is shown in Figure 2.34,
in a) for a continuous excitation of a junction in air, and in b) for a pulsed
excitation of a junction covered by SiO2.
For both on and off times, a linear decrease in the log-log plot of the occurrences
is observed irrespective of the excitation and junction geometry. The number
of occurrences N versus the time duration τ of on or off state obeys therefore a
power law relationship of eq. 2.2:

N ∝ τα (2.2)

The continuous measurement is characterized by slightly different exponents of
α = −2.5 and -2.2 for the on resp. off times. The last values are quite similar to
the power law of -2.28 extracted from the current fluctuation in Figure 2.13 of
section 2.3.1.3. The pulsed measurement features much smaller power law ex-
ponents of about -1.1 and -1.2. It is difficult to establish whether the difference
in the exponents is due to the dielectric environment or the excitation. It is also
not clear to me how the luminescence mechanism and dynamics in particular
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Figure 2.35.: The dependence of the occurrences of bright and dark time du-
rations on different thresholds extracted for the measurement of Figure 2.28.
Clearly in a) for the on times and in b) for the off times one still observes linear
slope in the log-log plot indicating a power law relationship for all the chosen
thresholds (the legend indicates the threshold level in function of the photon
average).

influence the power law exponent.

Figure 2.36.: The evolution of the power
law exponents of Fig. 2.35 in function of
the threshold.

The observation of this power law be-
havior in the occurrences of on and
off times is observed for wide range
of thresholds, as shown for the junc-
tion in air measurement in Figure 2.35
(a) and (b). The photon thresholds in
(a) and (b) are indicated as a multiple
of the mean photon count rate. The
choice of threshold does affect the ex-
ponent of the power law, as shown in
Fig. 2.36, where the fitted power law
exponents vary between -1.5 and -3.
The power law exponent is thus not
fixed parameter qualifying the light
emission as it varies with the chosen threshold [109]. It may be extracted more
robustly with a more refined method. The observation of the power law itself is
however robust.
The photon blinking links thus the photon emission again to the electrolumines-
cence of discrete emitters, as is the case for quantum dots and single emitters,
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whose light emission is modulated by charge trapping and detrapping.

2.7.4. Photon autocorrelation
The fluctuations can be further analyzed using the photon autocorrelation [125].
Despite its apparent simplicity the photon autocorrelation is a quite powerful
tool revealing the time dynamics of photon emitters [126], such as the diffusion of
gold nanoparticles [127] or the binding rates of DNA in cells [128]. Determining
the photon autocorrelation therefore allow us to investigate the dynamics of the
wide gap gold junctions and will be the last analysis presented in this chapter.
The (normalized) photon autocorrelation is defined as:

g2(τ) = < I(t + τ)I(t) >

< I(t + τ) >< I(t) >
− 1 (2.5)

where I(t) is the detected photon count rate at time t and the brackets indicate
averaging. The definition adapted here is typical for fluorescence correlation
spectroscopy experiments [128], considering time delays between 100 ns to 1 s.
The photon autocorrelation shall also be discussed in Chapter 5, but shorter
time delays below 60 ns will be considered. There, a different convention of the
autocorrelation will be adopted.

Figure 2.37.: Normalized photon autocorrelation in a) for a wide-gap gold junc-
tion exposed in air with constant voltage excitation. The measurement in time
is shown in Figure 2.28. In b) for a wide-gap gold junction embedded in SiO2
with pulsed electrical excitation. The time trajectory is shown in Figure 2.29.

The deduced photon autocorrelation curves are shown in Figure 2.37, in a)
for the junction in air and in b) for the gap embedded in SiO2.
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The autocorrelation curve in a) is obtained by connecting the APD to the TC-
SPC module (Hydraharp 400, Picoquant), which attributes to each photon ar-
rival with a time resolution of 1 ps.4 From these timestamps the autocorrelation
curve can then be deduced. For the pulsed measurement (shown in Figure 2.37
b) the time resolution of 10 ns was sufficient to calculate the photon autocorre-
lation directly from the oscilloscope time trace with a resolution below the dead
time of the APD of 35 ns.
In Fig. 2.37 a), the photon autocorrelation of the junction in air shows an almost
constant plateau for time delays between 10−6 s to 10−3 s, before decreasing to
zero at larger time delays. The decrease to zero towards is expected as any cor-
relation (or memory) within the same system will disappear after long enough
time.
For the pulsed excitation (Fig. 2.37 b)) of the junction embedded in SiO2 no con-
stant plateau in the autocorrelation is observed, the autocorrelation decreases
steadily since the shortest time delays (10−7 s) towards 0.
To fit the autocorrelation curves an anomalous diffusion model is chosen. A
detailed overview of anomalous (sub-) diffusion is found in [129]. Among the
various models presented which predict anomalous diffusion, the continuous time
random walk assumes particle (electron) hopping between disordered traps hav-
ing a continuous distribution of escape times. Anomalous diffusion seems there-
fore appropriate to fit the emission from the junctions, as we associated earlier
electron transport and photon emission to charge hopping and trapping.
The anomalous diffusion model predicts an autocorrelation of:

g2(τ) = 1
N

1

1 +
(

τ
τa

)β
(2.6)

where N is the average number of detected emitters, τa the active time of emis-
sion and β is the diffusion exponent. For normal diffusion, seen in brownian
motion, β = 1. If β < 1 one speaks about subdiffusion and if β > 1 about
superdiffusion.

The fitted curves overlap quite nicely with the experimental data, as seen in
Figure 2.37, with the extracted parameters shown in table 2.1.5 Both measure-
ments show subdiffusion with a similar anomalous diffusion parameter β around

4The detection setup for this measurement was actually slightly more complicated, instead
of a single detector, two APDs and a beamsplitter were used. This implements a so called
Hanbury Brown Twiss interferometer, see Chapter 5. It allows to avoid the dead time issue
when using a single APD and measure the photon correlation down to zero time delay and
was set-up to search (unsuccesfully) for antibunching of the light emission.

5For the anomalous diffusion fits I would like to thank Dr. A Leray for his input and help.
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N τa β

Fig. 2.28 Junction in air 0.77(1) 410(50) ms 0.52(4)
Fig. 2.29 Junction in SiO2 0.0325(4) 0.42(3) ms 0.44(2)

Table 2.1.: The fitted anomalous diffusion parameters of the autocorrelations
shown in Figure 2.37. The brackets indicate the uncertainty in the last digit,
i.e. 0.77(1) = 0.77 ± 0.01.

0.5.
The average number N of active centers, although differing between both mea-
surements, is in both cases below 1. It implies that (in average) less then one
center is emitting at a time. The statistics and analyses shown above are thus
not an average of many sources emitting at the same time, but a time integrated
average over various emitters emitting at different times. This demonstrates a
remarkable consistency with the previous analyses above such as the spectral
peak wandering or the photon intermittency. Both discussions relate the ob-
served features to the presence of one or few emitters.
From the average number of centers and the average photon detected photon
count rate Idet one can estimate the average emission rate of a single center γem
as:

γem = Idet
Nηcoll

(2.7)

where ηcoll = 0.14 is the estimated collection efficiency of our optical setup.6
This gives an average waiting time between two photon emission events of the
source of τphot = γ−1

em of 2.1 µs (63 ns) for the measurement of Fig. 2.28 (resp.
Fig. 2.29). All these values are found in Table 2.2.
This waiting time gives an upper limit on the lifetime of the excited state in
the luminescent centers τl (averaged over all emitters) as it is determined by the
following relation [130,131]:

1
τphot

= γem = Ielσhop
ηrad
τl

(2.8)

6The collection efficiency ηcoll is estimated as follows :

ηcoll = Rph · Tobj · ΓAPD = 0.5 · 0.7 · 0.4 = 0.14

where Rph = 0.5 is the estimated fraction of photons emitted into the objective, Tobj = 0.7
is the mean transmittance of the objective and ΓAPD = 0.4 is the mean detection efficiency
of the APD.
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where Iel is the electron current and σhop is the probability of single electron
to hop on the luminescent center. Because a single electron cannot excite more
then one luminescent center, one necessarily has that Ielσhop < 1. ηrad ≤ 1 is
the probability of the luminescent center to emit a photon into the far field.
The measurements performed do not allow to determine the remaining param-

Mean detected
photon count
rate Idet

Mean emitter
count rate γem

Mean photon
emission time
τphot

Fig. 2.28 Junction in air 54 kHz 472 kHz 2.1 µs
Fig. 2.29 Junction in SiO2 72 kHz 15.8 MHz 63 ns

Table 2.2.: The extracted mean emission time of the luminescent center according
to equation 2.7.

eters σhop, ηrad and especially τl experimentally. In order to do so one would
need to excite the junctions with a series short electrical pulses (about 1 ns or
below) and construct a histogram of the photon arrivals with respect to these
pulses, similar to a TCSPC lifetime measurements [132]. In photoluminesence
experiments the reported lifetime of gold clusters [96] and silicon clusters [97] is
given by a few ns, with a size dependent ηrad between 0.1 and 0.5 [96,98]. With
these values one can estimate that an average of Ielσext ≈ 0.001 − 0.2 electrons
are trapped into the excited state of a luminescent center when such is present.
The anomalous diffusion model provides also another time scale τa, the (aver-
age) active emission time of an emitter. In photoluminescence experiments this
is the time duration a single emitter remains inside both the excitation and de-
tection volume. Similarly we can consider it here as the mean emission duration
of an emitter, limited both by the diffusion of the emitter or the current path,
allowing electrons to excite the emitter, and the stability of the emitter itself.
τa is quite different between both measurements, see 2.1. For the junction in
air we observe τd = 410 ms, whereas the junction in SiO2 shows τd = 0.42 ms, a
factor 1000 lower.
The difference in τa between both measurements might be partially explained
by the nature of the excitation. Whereas the junction in air under constant
bias is all the time in a low resistance state and electrically stressed, the junc-
tion embedded in SiO2 is excited by pulses (10 ms duration) and thus switches
repeatedly between resistive states. The pulsed excitation seems to promote
a faster diffusion dynamics of the conduction path than a constant excitation
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together with stable current.
Still for both measurements the active time of a single emitter τa is at least
three order of magnitudes longer than the estimated photon emission time τphot.
In average an emitter emits thus more than 1000 photons before it is no longer
excited.
We note that the integration time of the spectra for junctions embedded in SiO2
shown in Fig. 2.21 d) and 2.25 is about 4 order of magnitudes longer than τa.
The spectra are thus a superposition off many emitters in time.
The integration time of the constant bias spectra of Figure 2.23 for wide-gap
junctions in air is with 5 s only about ten times higher then the observed τa for
the junctions in air, which allows to attribute the observed peaks to few (pos-
sibly even single) emitters. This is also supported by the narrower widths of
these peaks, as already discussed in section 2.6. The consistency of peaks across
successive spectra suggests that τa is mainly limited by current path variations,
rather than the formation and disintegration of these luminescence centers. The
disintegration of an emitter and the formation of a new luminescent defect or
cluster should instead result in almost no spectral continuity, as one would ex-
pect a different emission peak for the newly created emitter. This is observed
sometimes in the spectra of Figure 2.237 but seems to happen on a longer time
period and thus does not limit τa.
This is further confirmed by the observation that, for both junctions in air and
SiO2, τa is in the same order as the observed upper limit of on and off time
duration of the photon blinking seen in Figure 2.34.
Similar to the photon autocorrelation one can also extract a (normalized) cur-

Figure 2.38.: Photon and current autocorrelation for the same measurements as
of Figure 2.37 a) and b).

7For example between the red and green spectrum of Fig. 2.23 a)
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rent autocorrelation from the measurements, as illustrated in Figure 2.38. This
current autocorrelation can also be fitted by the anomalous diffusion model.
Both the amplitude (lower) and characteristic time scale (longer) are different
for current and light. The emitted radiation displays intrinsic dynamics not de-
termined by the current transport. We understand this as the current conduction
involves many trap states with possibly vastly different dynamics. Among all
defects, only a fraction may be optically active.

2.8. Conclusion and outlook

This chapter presented and discussed the current transport and light emission
from wide-gap gold junctions exposed to air and embedded in a deposited SiO2
matrix. Both type of devices show light emission upon electrical activation from
a diffraction limited gap located between two gold electrodes.
The observation of very similar behaviors for both type of devices strongly sug-
gests a common operation principle. Switching between a high resistance state
and a low resistance state is consistently associated with the emission of visi-
ble photons. This switching is explained as the passage from Fowler-Nordheim
tunneling to trap assisted electron tunneling allowed by the creation of localized
electron trap states in the dielectric. These trap states are either coming from
intrinsic and newly created SiO2 defects or the migration of gold ions and clus-
ters into the dielectric. The electron transport through trap assisted tunneling
is demonstrated by analyzing current fluctuations.
Experiments such as the emitted spectra or photon time trajectories clearly in-
dicate that light is emitted either by the electroluminescence of SiO2 defects or
gold clusters. The detected photon emission efficiencies are in the order of 10−6

photons per electron.
Statistical analysis of the light revealed also a correlation between light emission
and current changes, attributed to the excitation mechanism of the lumines-
cent emitters. The detected photon blinking and the photon autocorrelation
indicated further a contribution of few single emitters. In particular from the
photon autocorrelation further properties of the emitters could be studied, such
as the average emission rate γem and the active time of an emissive center τa.
For example γem provides an upper limit of the (averaged) luminescent lifetimes
of 2.1 µs (63 ns) in air (resp. in SiO2). These are compatible with the lifetimes
of silicon and gold clusters reported in the literature of a few ns.
To distinguish whether gold nanoclusters or silicon clusters in SiO2 is the dom-
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inant contribution is difficult since their emission wavelength coincides and the
expected dynamics and behavior are quite similar. In light of the gold diffusion
clearly observed by SEM images in Figure 2.14 I tend to consider light emission
by gold clusters as the most probable contribution. There is however no strong
evidence from the presented measurements as both species have very similar
emission characteristics.
In order to resolve this question more advanced characterization techniques such
as TEM or XPS may help. The XPS however lacks the necessary spatial reso-
lution (limited to ~10 µm) and the TEM would require a specific sample prepa-
ration, which was beyond the possibilities (time) of this thesis work.
Although in our measurements we have done more than just scratch the sur-
face of the emission phenomenon in wide-gap gold junctions, much more can be
done. Is it possible to stabilize the spectral emission and to increase the active
time τa? Between different measurements a wide range of emission efficiencies
in Figure 2.30 have been observed, although applying the same voltage and the
same current. Could this be controlled to achieve consistently higher efficiencies?
How fast can the light emission by the wide-gap gold junction be modulated?
Further experiments on these junctions are thus needed. Instead of using con-
stant DC bias one could also try using a high frequency AC electrical excita-
tion to drive the junctions. This may lead to an increased photon efficiency,
as shown in [133] for the electroluminescence of silver nanoclusters. Similarly
photon correlation Fourier spectroscopy [134] could extend the autocorrelation
measurements, potentially revealing even more about the dynamics of the emis-
sion process.
In addition different dielectric matrices and electrode materials could be investi-
gated to study and enhance the light emission. This has been partially adressed
in this thesis work and will be shown in the next chapter, where the light emis-
sion from silver-platinum gaps is presented.

56



Chapter 3.

Light emission in silver-platinum
memristors

The silver-platinum memristive devices studied in this chapter are almost identi-
cal to the wide-gap gold junctions of the previous chapter. The junctions consist
of two metallic electrodes (silver and platinum) separated by a gap and embed-
ded in SiO2, as shown in Figure 3.1. Like the gold junctions, these structures
show resistance switching and hysteresis with the application of a bias. This
resistive switching is even more reliable for the silver-platinum junctions [41,78]
so that these devices are used as memristive circuit elements1 to potentially
provide integrated and down scaled functionalities such as ultra compact digital
memories [136], energy efficient logical operations [135] or neuromorphic com-
puting [137,138].
This chapter presents the light emission of these memristive devices. This gives
an additional access to study the physics of such junctions and adds to these
devices a new functionality [139], while keeping the compact size and the same
fabrication effort.
The results presented here were obtained in a collaborative effort with Bojun
Cheng and Till Zellweger from the Institute of electromagnetic fields at ETH
Zurich, who provided the sample. The electro-optical experiments were carried
out in Dijon.

1“Memristive devices are electrical resistance switches that can retain a state of internal
resistance based on the history of applied voltage and current”, quoted from [135].
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Device fabrication and structure

Figure 3.1.: In a), sketch showing the profile of the silver-platinum memristor
structure. In b) SEM image of a silver-platinum memristive device.

The structure of a typical device is sketched in Figure 3.1 a). The devices are
fabricated on top of standard glass cover slips, by first depositing a silver layer
covering the entire substrate (30 nm with 1nm chromium adhesion layer) and a
small gold layer (15 nm) to protect the silver from oxidation. By using e-beam
lithography, an etch mask is patterned and the silver is then dry etched by ar-
gon ions. In a second step, platinum structures are deposited (50 nm thickness,
3 nm chromium as adhesion layer) by another e-beam lithography step and a
lift-off procedure. Finally everything is embedded into 60 nm amorphous SiO2
obtained by RF-sputtering. To access the electrodes with electrical probers, the
SiO2 on top of the electrodes is removed by dry etching with CHF3. A more
detailed description of the fabrication is found in [140, Chapter 5].
Like for the wide gap junctions of gold in SiO2, the silver and platinum elec-
trodes were designed to form an optical antenna with the intent of increasing
light emission and extraction. A series of distances, shapes and sizes were ex-
plored, with designed gaps varying between in contact up to gap sizes of 60 nm.
Due to alignment issues in the second step of e-beam lithography, a lateral shift
occurred between the two electrodes, shown in Figure 3.1 b).
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3.1. Memristive behavior

The structures show a qualitatively similar current behavior to the wide-gap gold
junctions in section 2.3, this is illustrated in Figure 3.2. At the beginning of each
voltage sweep, the device is initially in a high resistance state and then switches
to a lower resistance state after a threshold voltage. This is a so-called volatile
state as the device does not remain in the high conductive state after turning
off the applied voltage. In the non-volatile state the device keeps its conductive
state even after the bias is removed. In order to pass from a volatile state to a
non-volatile state different voltage sequences can be applied, depending on the
memristor structure [138].
The resistance switching of silver-platinum devices can be attributed to two
voltage driven effects: the migration of silver ions leading to a silver filament

Sweep 1

Sweep 2

Sweep 3

Sweep 4

Figure 3.2.: Four voltage sweeps of silver-platinum memristor, with positive volt-
age applied to the silver electrode (forward polarity) showing the activation of
the dielectric and the hysteresis behavior typical of a memristor. The compli-
ance current was increased from 100 nA (sweep 1), to 500 nA (sweep 2) up to
1 µA.
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growth [79, 140–142] and the creation of oxygen defects in the SiO2 matrix as
already discussed in 2.3. The two mechanisms of resistive switching, metallic
filament growth and accumulation of oxygen defects, are likely to be present
at the same time, as observed in [143], and interact with each other [79], for
example by providing nucleation sites for silver ions at oxygen vacancies [80].
The first mechanism will be briefly described here. The application of a positive
electrical potential leads to the creation of positively charged silver ions (Ag+)
at the silver electrode through an oxidation reaction [77,140]:

Ag 
 Ag+ + e− (3.1)

Due to the electrical field between the silver and the platinum electrodes, these
silver ions are driven towards the platinum electrode at negative potential. At
the platinum electrode, the silver ions reduce back to silver atoms. This results
into a growth of a silver filament from the platinum electrode towards the silver
electrode, this growth is facilitated by SiO2 defects and voids [80, 141]. The
filament growth leads to an increased conductivity of the device. For small fil-
aments, i.e. in a volatile device, the structure is not thermodynamically stable
without an electrical field and dissolves when the applied voltage is turned off.
For a positive potential on the platinum electrode on a pristine device one might
expect to observe a similar platinum filament formation. The filament growth is
however expected to be more dominant and faster for silver. First, the oxidation
potential of silver (0.8 V) is considerably lower than for platinum (1.2 V) [77].
Second, silver ions have a higher ion mobility and therefore diffuse more eas-
ily into SiO2 than platinum ions [79]. Thus, filament growth is expected to be
more important for a positive voltage on the silver electrode, which I will label
as ”forward bias” in the following. Indeed, the silver filament growth has been
already observed and studied using TEM imaging in [141], whereas I am not
aware of any platinum filament growth reported in the scientific literature.
The second mechanism contributing to the observed resistance switching, is the
same mechanism of dielectric breakdown of SiO2 presented in Chapter 2.3.1.
The applied bias and electrical current lead to the creation of oxygen vacancies
and defects [64] inside the SiO2. These defects provide an additional conduction
paths for electrons between the two electrodes [65], as the electrons can tunnel
from defect to defect reaching the opposite electrode. This mechanism is inde-
pendent of the polarity of the applied voltage.
The polarity of the voltage on the electrodes thus selects the desired conduc-
tion mechanism: whereas for forward bias both conduction mechanism, silver
filament and SiO2 defect trap assisted tunneling participate in the current trans-
port, in the case of reverse polarity only the SiO2 defect mechanism should be
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present. This can be exploited to identify the contribution of each mechanism
as will be seen throughout the measurements below.

3.2. Electrical light emission

2 um

Figure 3.3.: Superposed bright
field image in false color scale
showing the light emission from
a silver-platinum memristor
during a voltage sweep.

Like the wide-gap gold junctions, the mem-
ristive devices radiate light from the gap re-
gion between both electrodes when driven
by an external voltage. This is shown in
Figure 3.3, where the image is integrated
over a full voltage sweep. Light emis-
sion is observed both for forward and re-
verse polarity of the applied voltage, and
was the first objective of our collabora-
tive effort with Bojun Cheng and Till Zell-
weger from the Institute of electromag-
netic fields at ETH Zurich. In the fol-
low up experiments and analyses presented
here we will thus characterize and ex-
plain the emitted radiation in greater de-
tail.

3.2.1. Spectra

Both for forward and reversed applied voltages the observed spectra are emit-
ted into a broad spectral range between 500 nm up to the detection limit at
1000 nm. This is illustrated in Figure 3.4, displaying a spectrum acquired dur-
ing a voltage sweep with reversed bias and a spectrum acquired with forward
bias under pulsed excitation. This spectral range is similar to the one observed
in the wide-gap gold junctions of Chapter 2.6. It seems therefore reasonable to
attribute the light also to the electroluminescence from centers in the memris-
tors and ignore other mechanism such as light emission by inelastic tunneling.
Although not explicitly discussed anymore, this assumption is further confirmed
by the measurements and analyses discussed below. In the memristive devices,
besides luminescent silicon clusters embedded in SiO2, already considered in the
wide-gap gold junctions, silver nanoclusters [144] (instead of gold clusters) are
potentially contributing luminescent sources (in the case of forward polarity).
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Chapter 3. Light emission in silver-platinum memristors

Figure 3.4.: Spectrum of the emitted light under forward (red, 5 V on 80
5 ms pulses with 30 ms repetition rate) resp. reverse (black, voltage sweep
up to 10 V) applied electrical bias for two different memristors.

The observation of similar spectra for both polarities suggests a dominant con-
tribution of the SiO2 luminescent centers.
Considering the shifty spectra of the previous chapter and the marked differ-
ences between spectra acquired during voltage sweeps (Fig. 2.21 d)) or during
pulsed voltage excitation (Fig. 2.25), one might argue that the comparison be-
tween the two spectra in Figure 3.4 is not justified. However, the spectra of the
silver-platinum memristors are significantly more stable and display an almost
identical spectral shape for the same device over multiple excitation cycles. This
is seen in Figure 3.5 in several spectra emitted by four different devices. The
normalized spectra within each device (each subfigure) show a remarkable over-
lap (except for Fig. 3.4 c), where a slight between different runs is observed).
Despite a different electrical excitation (voltage sweep versus pulses), the spectra
of Figure 3.5 a) and b) stemming from two devices having the same electrode
design show very similar (normalized) emission spectra. This seems to confirm
the influence of the electrodes shaping of the emission spectra.
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5 V5 V

8 V 

5 V

4.5 V

5 V

5 V

5 V

a) b)

c) d)

Device
311 a

Device
311 c

Device
7222 a

Device
7113 d

Figure 3.5.: Series of normalized spectra taken for four different devices under
forward bias. The devices 311 a and 311 c shown resp. in a) and b) have the
same electrode design parameters. One spectrum of 311 c is shown in Figure 3.4.
The spectra of a) were integrated over voltage sweeps reaching 8 V. In b), c)
and d) all the spectra where acquired from a series of 5 ms pulses of 5 V (except
for the blue curve in b) where the voltage was 4.5 V). In all the measurements
1.25 MΩ resistance introduced by the ultrafast current probe was in series with
the junctions.
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Figure 3.6.: Simulated antenna enhance-
ment and spectral shaping of the mem-
ristor electrodes for the structures of
Figure 3.5 a) and b). Reprinted from
[102] (licensed under CC BY 4.0).

For comparison the simulated antenna
enhancement for device 311 c (Fig-
ure 3.5 b)) is shown in Figure 3.6. The
antenna has a resonance peak around
700 nm, which is at slightly shorter
wavelengths than the resonance peak
measured in Figure 3.5 a) and b)
around 770 nm.
In the spectra we observe already
some similarities and differences be-
tween the light emission of silver-
platinum memristors and the wide
gap gold junctions. Although both
devices emit in the same wavelength
range, the memristive devices show a
greater spectral stability (even though
the amplitude varies between different
runs). Since our initial research mo-
tivation was to look for light emission
from a memristive device, almost all of the experiments were performed in for-
ward bias conditions. This is slightly unfortunate as it prevents us to compare
both excitation modes in the time resolved measurements.

3.2.2. Light emission in time

Both the images and spectra provide only a time averaged view of the light
emission, as their acquisition is integrated over an entire excitation cycle. This
does not allow the characterization of the dynamics of the photon radiation. In
this section the dynamics will thus be studied using high resolution time traces.
These dynamics show some significant differences compared to the wide-gap gold
junctions of Chapter 2.
In particular, the observation of current in a low resistance state does not lead
consistently to light emission, but also other parameters (besides the applied
voltage) seem to condition photon emission, as illustrated in Figure 3.7. The
figure shows the photon emission (blue) during a voltage sweep (gray). Clearly
the photon counts are not continuous but feature some few bright periods fol-
lowed by times with no light emission at all.

Such behavior cannot be explained only by the voltage dropped on the junc-
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Figure 3.7.: Light emission detected during a voltage sweep applied on memris-
tor. In a), the gray curve shows the output bias of the SMU, applied onto the
memristive device in series with the active probe having a resistance of 1.25 MΩ.
The voltage dropped on the memristor itself is shown in black. The measured
current is shown in red in b). The blue curves on both graphs show the detected
photon counts. The light emission is clearly not continuous. There are only few
bright moments during which the device emits light.

tion2 shown in black in Fig. 3.7, as photon emission is observed at 2 V around
0.4 s but not at 0.3 s or at 0.5 s where the voltage has the same magnitude. For
the short burst around 0.6 s in Figure 3.7 the photon emission rather seems to
coincide with periods of larger current fluctuations.
A more reliable light emission can be obtained by using a pulsed voltage exci-
tation, as illustrated in Figure 3.8. The figure shows the first six voltage pulses
(of a total of 60 pulses) with 5 V, 5 ms duration and 40 Hz repetition rate (gray
curve). The measured current is shown in red, the estimated voltage dropped
on the junction is shown in black. Each of the first six pulses results in photon

2All the current measurements were performed with a high speed probe having a resistance of
1.25 MΩ, acting as voltage divider of the SMU output voltage Vout. The voltage applied on
the junction Vappl is thus estimated as Vappl = Vout − I · 1.25 MΩ, where I is the measured
current.
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Chapter 3. Light emission in silver-platinum memristors

Figure 3.8.: Pulsed excitation of a memristor with 60 × 5 V pulses, of 5 ms
duration and 25 ms repetition period, here the first six pulses are shown. The
voltage pulse is shown in gray, the voltage dropped on the memristor is shown
in black (forward polarity), the measured current in orange. The lower graph
shows the detected photon counts, which are binned over 5 µs. The blue circles
display (in a logarithmic scale) the integrated photon counts over 5 ms, allowing
more easily to differentiate between light emission and dark noise form the APD.

emission (lower graph). Initially the light emission during the pulses is rather
bright but decreases after several pulses. This seems to indicate that light is
radiated predominantly in the forming stages of the silver filament or when the
filament is rather unstable.
However, even in the beginning the photon behavior appears quite unpredictable
(as does the current). For further understanding the same statistical analyses
previously performed in section 2.7 will be repeated in the following on the
pulsed measurement. To allow for an easier comparison with the previous chap-
ter the same order in the analyses is kept.
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3.2. Electrical light emission

3.2.2.1. Photon emission efficiency in function of the applied voltage

Although the light emission displays erratic behavior in time, showing widely
different photon counts for the same applied voltages, the (detected) average
photon emission efficiency in function of the applied voltage is still an interest-
ing measure to understand the emission mechanism, as the voltage limits the
energy states which electrons can explore.
The analysis is thus shown in Figure 3.9, each curve representing one third of
the measurement (20 pulses). This subdivision is necessary due to the long term
emission drop in the pulsed measurement, the choice of three parts is somehow
arbitrary: instead of 3 parts one could also choose to divide the measurement
more finely in 5 or 10 parts.
The efficiency drop is confirmed in Fig. 3.9, as clearly the first 20 pulses (blue
curve) show a consistently higher emission efficiency, than the other two parts
of the measurement. The efficiency values up to 10−6 photons/electrons are in
a similar range as observed in the wide gap gold junctions.
All three curves show more than an order of magnitude increase of the emission

Figure 3.9.: The mean extracted photon emission efficiency, photons emitted per
electron, in function of applied bias for the first, second and last 20 pulses of the
pulsed measurement of Figure 3.8. The y-axis is plotted in a logarithmic scale.
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Chapter 3. Light emission in silver-platinum memristors

efficiency towards higher voltage in the range of 4 V and 5 V. The onset of the
photon efficiency rise starts however around 3.5 V applied to the junction. Below
2.7 V no photons event are detected. This is a considerably higher voltage V and
therefore potential electron energy eV than the emitted photon energy observed
in the spectra of Figure 3.5. In all the experiments performed on silver-platinum
memristive devices no photon emission was detected for voltages below 2 V. The
energy difference between the excess energy of the electrons and emitted pho-
tons suggests an important inelastic contribution to the radiation process for the
silver-platinum memristors. This is in contrast to the wide-gap gold junctions
who show light emission for voltages coinciding with the detection limit of the
APD at 1.1 eV. This may indicate that different luminescent centers contribute
are involved in the electroluminescence of the gold and silver-platinum junctions.
Alternatively, the voltage onset observed in the memristive device may just be
a coincidence due to experimental settings such as the resistance in series, as
potentially only a certain conductance value or device configuration could allow
light emission. This would however require further experimental studies, which
we did not carry out so far.

3.2.2.2. Current change and light emission

If one looks carefully with smaller time resolution into a single pulse of Fig-
ure 3.10 one notices a striking overlap between short and bright photon peaks
and current jumps. This is shown in the upper plot of Figure 3.10. Such exam-
ples are seen at 50 ms or at 51 ms.
It is even clearer when looking at the normalized current change ratio Rt =
It/It−δt shown in the lower plot in orange. One observes a consistent overlap
between R, deviating from 1, and light emission bursts.
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3.2. Electrical light emission

Figure 3.10.: Details of a single pulse showing the relationship between light
emission and current change. In the upper plot, the pulse voltage (gray), the
voltage on the memristor (black), the measured current (orange) and the de-
tected photon counts (blue) are shown. The lower plot displays the photon
count rates (blue) and the current change ratio R (red). The scale of the photon
counts in the upper graph (not shown) is the same as in the lower graph.

Figure 3.11.: The average pho-
ton emission efficiency versus
current change R.

This correlation is also confirmed by the
average emission efficiency versus the current
change ratio R, displayed in Figure 3.11. The
further R deviates from 1, the higher (in aver-
age) the photon count rate. The link between
current change and light emission was already
observed in section 2.7.2 for the wide gap gold
junctions, where the current variation was at-
tributed to charge trapping resulting into a
conductance path change. This applies also
for the silver-platinum memristors and con-
firms thus the luminescent origin of the emis-
sion.
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Figure 3.12.: The figure shows the mean photon yield (blue) and the integrated
normalized current variance (red) in logarithmic scale for each pulse of the mea-
surement shown in Figure 3.8. Both curves follow a similar trend over time.

The importance of current fluctuations and charge trapping for the light emis-
sion is particularly highlighted when looking at the averages over all single
pulses. This is shown in Figure 3.12, displaying mean photon emission effi-
ciency per pulse and the total integrated current variance (red dots) over each
pulse.3 Strikingly, even without taking into account the voltage dependence
on the emission efficiency, one clearly observes that both curves are correlated,
showing a higher mean photon yield for pulses with more current variation and
vice-versa.
Since photon emission is only possible when luminescent centers are excited by
electrons, one can thus conclude that the excitation of these luminescent centers
occurs predominantly when the conduction path shows some instabilities. This
also would explain the decrease of light emission after many pulses in Figure 3.9
as a result of a stabilization of the conduction path over time. Such stabilization
is reasonably associated with the growth of the silver filament, which appears
therefore to be detrimental to light emission.

3The current variance is given by [Rt − 1]2 and is integrated over the whole pulse. We use
the current variance instead of the current ratio Rt, because Rt shows values both above
and below 1 and would in average show almost no difference to a constant current pulse.
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3.2. Electrical light emission

3.2.2.3. Photon and current blinking

Figure 3.13.: Photon blinking statistics in silver-platinum memristors. In a) the
distribution of detected photon count rates. In b) the distribution of detected
photon on and off times, together with the fitted power law (dashed line) and
exponents. As a comparison in c) the current blinking with the fitted power law
and exponent (-1.7).

Photon blinking is (quite expectedly) also observed in the silver-platinum mem-
ristors, featuring similar characteristics as the wide gap gold junctions. This is
summarized in Figure 3.13. In a) the occurences of detected photon count rates
shows similarly a broad distribution of grey states, with a fast decaying tail.
The shape is similar to what is observed in Figure 2.33 for the wide-gap gold
junctions, except for an additional bump at low count rates. In Figure 3.13 b)
the distribution of the on and off times for the photon counts are shown. The
observation of a power law is in this case not so clear (especially for the off times)
as the occurences span a smaller range. Still a power law can be fitted obtaining
exponents of -1.0 for the off times and -2.7 for the on times. The former value is
closer to what we observed for the wide-gap gold junctions embedded in SiO2,
whereas the latter resembles more the values observed in the measurements for
the junctions in air. Blinking is also observed in the current, Figure 3.13 c),
where both the on and off times show almost overlapping curves, with an al-
most identical power law exponent of about -1.7.
These power laws, both in current and photon count rates, although with differ-
ent characteristic exponents, suggest again that both phenomena are related or
modulated by electron trapping, as previously discussed for the wide-gap gold
junctions in sections 2.3 and 2.7.3.
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Chapter 3. Light emission in silver-platinum memristors

a) b)

Figure 3.14.: Photon and current autocorrelation of the measurement shown in
Figure 3.8. a) displays the photon autocorrelation with the fitted anomalous
difuusion model (dashed line). Similarly in b) the current autocorrelation and
its fit are shown.

N τa α

Fig. 3.14 a) Photons 0.022(1) 0.06(1) ms 0.44(2)
Fig. 3.14 b) Current 6.73(1) 3.6(1) ms 0.52(1)

Table 3.1.: The fitted anomalous diffusion parameters of the autocorrelations
shown in Figure 3.14.

3.2.2.4. Autocorrelation

Inspired by the analysis presented in the previous chapter, the dynamics of light
emission are investigated by the photon and current autocorrelation, shown in
Figure 3.14 a) resp. b). Both curves can be fitted by the anomalous diffusion
model of eq. 2.6. The fit parameters are found in Table 3.1. The anomalous
diffusion parameter α = 0.44 is similar to the ones inferred for the wide-gap
gold junctions in table 2.1. From the plots one observes that the photon and
current dynamics are again independent, with 60 times longer active time τa

for the current than for the photon emission. For the photons the active time
τa is a factor 7 shorter than observed for the wide-gap gold junctions in SiO2
under the same excitation conditions. It seems thus that for silver to platinum
memristive devices the electron paths to luminescent centers are less stable than
for the gold junctions. This is probably due to the improved current switching
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3.3. Photoluminescence studies of silver-platinum memristive devices

characteristics in the silver-platinum memristive devices.
Despite a shorter active emission time, at a given time t the average number of
actively emitting centers N is almost the same. The spectra acquired (pulsed)
in Figure 3.5 are thus an even greater average over many emitters as for the
wide-gap gold junctions in SiO2 explaining the observed spectral stability.

Mean detected
photon count
rate Idet

Mean emitter
count rate γem

Mean photon
emission time
τphot

Fig. 2.28 a) 15.4 kHz 5.0 MHz 200 ns

Table 3.2.: The extracted average count-rate and mean emission time of the
luminescent centers for the silver-platinum memristors.

From the average number of emitters N present during the experiment and
the mean photon count rate (averaged also over the periods, where no voltage
is applied) the average emission rate γem of an emitter can be estimated. Using
equation 2.7 one obtains γem = 5.0 MHz as shown in Table 3.2. This is about
one third the emission rate of the wide-gap gold junctions embedded in SiO2
(15.8 MHz) and gives an upper (average) lifetime limit of 200 ns. This is again
compatible both with emission of embedded silicon clusters [97] or silver cluster
lifetimes [145] of a few ns.
As the count rate of a single centers depends on too many variables, such as
the antenna enhancement of the emission, which cannot extract from our exper-
iments, I believe it is not reasonable to further dwell in the differences of the
average emission rate of both structures from the presented measurements.

3.3. Photoluminescence studies of silver-platinum
memristive devices

The luminescent species, silicon and silver nanoclusters, can also be optically
excited. This allows potentially to further study some of their intrinsic charac-
teristics, such as their lifetimes, and is presented in this section.

Excitation and detection The measurement setup for the photoluminescence
experiments is sketched in Figure 3.15. To excite the photoluminescence a diode
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tube lens
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Figure 3.15.: Sketch of the setup used to excite and measure the photolumines-
cence of the silver-platinum junctions. Light from a laser at 515 nm (green line)
is sent into the inverted microscope, reflected by a dichoric beam splitter and
focused by a high NA objective onto the sample. The luminescence is then col-
lected by the same objective (red line) transmitted through the dichroic beam
splitter and sent onto a spectrometer or an APD.

laser emitting at 515 nm is used (Becker&Hickl BDL 515 SMC). This laser pro-
vides either continuous emission or short light pulses (about 85 ps duration and
20 MHz repetition rate). Its output power is controlled by an optical density.
The laser beam is expanded by a pair of lenses, sent into an inverted microscope
and focused onto the sample with a high NA oil immersion objective. The emit-
ted photoluminescence is collected by the same objective and separated from the
excitation by a dichroic beam splitter, which transmits only wavelengths longer
than 550 nm. By choosing the desired output port, the light is sent to an APD,
a camera or a spectrometer. The piezo-electric stage together with the APD
(and a scanning controller) allows to perform confocal scans and spatially locate
the origin of different luminescent species, as seen for example in Figure 3.16 a).
Additional optical filters can be added in the APD’s beam path to for example
perform confocal scans or lifetime measurements in a desired wavelength range.
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3.3.1. Pristine devices

Figure 3.16.: a) shows a photoluminescence confocal map of a pristine silver to
platinum memristive device. b) The photoluminescence spectra normalized to
their maxima acquired both in the gap (blue circle) and on SiO2 background.

Before any electrical activation of the memristive devices the brightest part
of photoluminescence seen in the confocal scans comes from luminescent impu-
rities of the sputtered SiO2, as displayed in Figure 3.16 a). The dark shadows
correspond to the metal electrodes, these act as a filter partially blocking the
laser excitation and the transmission of the generated photoluminescence to the
objective.
The measured spectra before the electrical activation of the device, Figure 3.16 b),
show the same (normalized) shape both for the photoluminescence collected in
the gap and on the sputtered SiO2. The luminescence in the gap is thus emitted
by the same native luminescent defects in the SiO2 layer.
As SiO2 is a widely used and studied material, there is a rich scientific literature
about its luminescent defects, an overview of the reported defects can be found
in [94, 146]. Nonetheless, the association of the photoluminescence peak from
our measurements is not completely trivial. The main peak observed in our
photoluminescence spectra around 600 nm (2 eV), has been attributed in the
literature to non-bridging oxygen hole centers (NBOHC) [94, 97, 147]. Alterna-
tively the luminescence can be attributed to oxygen deficiency centers [148] or
silicon nano-clusters [97] inside SiO2. Both emit in the observed spectral range.

XPS analysis

To determine the nature of the pristine luminescence defects we measured the
composition of the thermally sputtered SiO2 using X-ray photoelectron spec-
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troscopy (XPS).

Figure 3.17.: X-ray photoelectron spectroscopy measurements on sputtered SiO2
(left) and the bare glass substrate (right). The deduced silicon to oxygen ratios
are of 29.1 : 70.9 for the sputtered SiO2 and of 33.6 : 66.4 for the glass substrate.

These measurements reveal an excess of oxygen, see Figure 3.17. This sug-
gests that the observed luminescence from the sputtered SiO2 is due to NBOHC
defects, and not oxygen deficiency centers or silicon nanoclusters, which are both
oxygen vacancies.

3.3.2. Electrical stress

Forward bias polarity

After several voltage sweeps a new photoluminescent species appears in the
center of the electrode gap, as seen in Figure 3.18. This species shows a complete
new spectral feature around 875 nm wavelength. This peak is limited by the
detection range of the spectrometer for long wavelengths. According to [94],
silicon nano-clusters are the only luminescent defect centers of SiO2 emitting in
the spectral range. This is consistent with an oxygen vacancy creation [67,149]
during the SiO2 breakdown discussed in 2.3.1.
Alternatively the new photoluminescence features could be explained by few
atom silver clusters [150]. These clusters feature an emission spectrum over the
whole visible range, depending on their size and structure [106,150]. Because of
the dominant SiO2 contribution at 600 nm, one may detect only contributions
of silver clusters emitting in the range of 700 nm to 1000 nm.

Reverse bias polarity

To further clarify the origin of the defects we performed the same photolumines-
cence experiments also for devices activated with reversed polarity. Also in this
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Figure 3.18.: In a) photoluminescence confocal map taken after electrical ac-
tivation (forward applied bias) of the same device shown in Figure 3.16. The
difference of background count rates between a) and Figure 3.16 a) is due to
a different excitation power (1 µW versus 300 nW) and a partial bleaching of
the SiO2 luminescence over time and repeated scans. In b) the photolumines-
cence (normalized) spectra taken again in the gap (blue circle) and on SiO2
background after the voltage was applied on the device.
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Figure 3.19.: In a) and b) photoluminescence confocal maps reps. before and
after electrical activation of the same device with reverse applied bias obtained
using the same laser power of 300 nW. In c) photoluminescence spectra after the
electrical activation of the gap.

case a new luminescent species appears in the gap, see Figure 3.19 after elec-
trical stressing the device. Although not as prominent as seen in the forward
polarity, the new species features also a shoulder of increased photoluminescence
between 750 nm to 900 nm. We associate thus both luminescent species observed
under forward and reverse applied electrical stress to newly created silicon clus-
ters in the SiO2 matrix. The same luminescent centers are also involved in the
electroluminescence of section 3.2.
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Lifetimes

To characterize the photoluminescent species further we also looked at their life-
times. To do measure these, we excite the sample with short laser pulses (85 ps,
20 MHz repetition rate, average power of 300 nW ) and connect the APD to the
time correlated single photon counting (TCSPC) module, shown in Figure 3.15.
The results are displayed in Figure 3.20 a) and b). To select light emitted from
the newly created species we additionally filtered the emitted light at the gap by
inserting an optical filter centered at 850 nm with a width of 50 nm. The lifetime
curves of Fig. 3.20 were obtained on a single device stressed under forward bias.
For devices activated with reverse bias the curves are however almost identical.
The measured decay curves were fitted by the convolution of a double exponen-
tial decay

A1 exp
(

− t

τ1

)
+ A2 exp

(
− t

τ2

)
with the instrument response function. The fit of A1, A2, τ1 and τ2 were kindly
provided to us by Dr. Aymeric Leray. The obtained values are shown in Table 3.3.
The new luminescent species created by the electrical activation inside the gap

shows clearly a longer lifetime in the second exponential decay of 9 ns for the
full spectrum, and 8 ns for the filtered spectrum, 4-5 times longer than the

a) b)

Gap filtered at 850 nm

Time (ns) Time (ns)

Figure 3.20.: TCSPC-lifetime measurements of the observed photoluminescence.
In a) the lifetime measurement (blue), its double exponential fit (red -dashed)
convoluted with the instrument response function (IRF) and the IRF itself
(cyan) are shown. In b) the lifetime measurement of the gap luminescence
is shown: in blue obtained with 850 nm 50 nm bandwidth filter, in brown with-
out any filter. The dashed lines (red, resp. black) plot again the fitted double
exponential decay (convoluted again with the IRF).
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3.4. Conclusion

SiO2 Gap (full spectrum) Gap (850 nm)

A1 = 0.81, τ1 = 0.19 ns A1 = 0.89, τ1 = 0.08 ns A1 = 0.55, τ1 = 0.19 ns
A2 = 0.16, τ2 = 1.94 ns A2 = 0.11, τ2 = 9.16 ns A2 = 0.45, τ2 = 7.93 ns

Table 3.3.: The extracted fit parameters for the measurements of Figure 3.20.

2 ns measured for the luminescent defects in SiO2. The spectral filtering clearly
increases the weight of the longer decay component, it is therefore more than
reasonable to associate the longer decay component to the newly created species
in the gap.
The lifetimes of the native SiO2 luminescent centers of 0.19 ns and 1.94 ns are
magnitudes of shorter then what is reported in literature of 15 µs for NBOHC
[94, 148] and 200 ns for oxygen deficiency centers [148]. This might be due
to a different measurement technique looking for longer lifetimes and probing
therefore only long-lived triplet states, as shown in [151] for silver nanoclusters
embedded in glass.
The reported lifetimes of silicon nanoclusters [97] (1 ns up to 28 ns) are consistent
with our measured lifetimes and supports therefore our identification of the
electrically-induced luminescent defects with silicon nanoclusters.

3.4. Conclusion

This chapter presented the light emission of silver-platinum memristive devices.
By their structure these devices are similar to the wide-gap gold junctions stud-
ied in the preceding chapter, this reflects in a similar current and photon gener-
ation behavior.
These memristive devices, as the gold junctions, show under electrical stress a
history dependent switching from a high resistance state to low resistance state.
For a positive (forward) voltage on the silver electrode, the switching is due to
a combination of silver filament growth and the creation of SiO2 defects leading
to a higher junction conductance, whereas for a negative (reverse) voltage on
the silver electrode only the latter mechanism contributes.
Under both forward and reverse electrical voltage the memristive junctions emit
light featuring a similar spectral range and shape for both polarities, similar also
to the wide-gap gold junctions. Because of this symmetry under the polarity of
the bias, we attribute the electricaly generated light to the electroluminescence
of defects in the SiO2, more in particular silicon clusters. The spectra are once
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again shaped by the resonances induced by the electrodes.
The dynamic behavior of the light emission in the memristive junctions (forward
bias) however reveals quite marked differences with the wide-gap gold junctions.
The photon emission is not continuous but rather features bright emission pe-
riods correlated with current fluctuations separated by periods with no photon
radiation. This is attributed to the possibility of electrons to access luminescent
centers when the electron conduction involves also the SiO2 defects and the cur-
rent is unstable. Also the voltage required to generate photons are consistently
higher than the 1.1 V required for the wide gap gold junctions, which suggests
that different luminescent centers for the gold and the silver-platinum junction
are at play.
The creation of the luminescent centers involved in the electrical light emission
was also confirmed in photoluminescence experiments. Once again the indepen-
dence on the voltage polarity and their spectral characteristics leads to identify
these centers as silicon nanoclusters embedded in SiO2. Further the lifetimes
of these new species of a few ns is consistent with the values of silicon clusters
reported in literature.
From the discussion of this chapter it seems that the growth and electron con-
duction through a connected silver filament is detrimental to light emission.
Paradoxically, when further increasing the filament growth light emission is still
observed, although with different characteristics. This will be discussed in chap-
ter 6 studying the behavior of silver to silver junctions embedded in PMMA.
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Chapter 4.

Overbias light emission in
electromigrated gold constrictions

When the gaps are almost closed, a new light emission mechanism may be ob-
served, the so called overbias photon emission. This mechanism distinguishes
itself fundamentally from the previously discussed mechanism of inelastic elec-
tron tunneling and electroluminescence as photons with energies greater than
the standard limit of inelastic tunneling (eq. 2.3) are emitted. This limit corre-
sponds to the maximum kinetic energy of a single electron. Overbias emission
is thus a multi-electron process and shows generally a nonlinear dependence in
the current [40,43].
This overbias emission is obtained here in gaps created by electromigration of
small gold constrictions [40]. This source will be presented first before to review
the different hypotheses of overbias photon radiation.

4.1. Electromigrated gold constrictions

4.1.1. Small gaps to observe overbias light emission

Since the overbias emission depends nonlinearly on the current flowing through
the gap, it is not surprising that this regime is typically observed in junctions
with rather high current densities and a conductance close to the quantum of
conductance G0 = 7.75 × 10−5 S [40, 42, 43]. A conductance of G0 indicates the
presence of conductive bridge between both electrodes with the thinnest part
being one atom thick [152]. In the following of our discussion I will discuss the
measured conductance in units of G0.
To obtain planar gaps with such a conductance is not straightforward. The
fabrication of metallic connections of few (less than 10) atoms thickness or
small gap sizes below 1 nm is not achievable by using solely traditional clean
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room fabrication techniques such as e-beam lithography or focused ion beam
milling [153, 154]. These techniques are typically limited to some feature sizes
of a few nm. Fabricating junctions with a conductance close to G0 therefore
requires additional fabrication steps.
One solution to access the overbias emission regime is to approach, put in
contact and retract an electrically contacted metallic tip on a metallic sub-
strate [155–157], as is done in the STM community. While retracting the tip,
the measured conductance transitions continuously from above G0 to values
below G0. By properly controlling the retraction one can attain the desired
junction conductance value [157].
A conceptually similar approach is implemented in mechanical break junctions,
where a substrate with a thin metal constriction on top is bent mechanically
in such a way to stretch the gold until the deformation leads to the opening
of a small metal gap [158, 159]. In this process a gap forms and the junction
conductance transitions from conductances above G0 to below G0. By releasing
the mechanical stress on the substrate, the newly created gap typically closes,
and the device can be recycled several times.
However, using a tip or relying on the mechanical deformation of a substrate is
hardly practical for applications having several devices (with possible different
orientations) on a single chip. Through the electrical current induced mass mi-
gration (electromigration) [160, 161] in small metallic constrictions small gaps
can be fabricated [40,162].
These electromigrated constrictions will be discussed here in the following.

4.1.2. Sample fabrication

Figure 4.1.: SEM image
of a fabricated gold con-
striction.

The gold constrictions are fabricated following the
procedure explained in section 2.1, typically with 2 nm
of titanium and 25 nm of gold. A typical constriction
is shown in Figure 4.1
The focus of the electron beam fabrication is to make
the central constriction as small as possible. This
insures in my experience an easier and better elec-
tromigration process. The size of the constriction is
reflected in the total resistance, the smaller the con-
striction the higher the resistance. Typical initial re-
sistances (for the whole circuit, including the contact
electrodes and tungsten tips) achieved in were in the order of 200 Ω.
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4.1.3. Electromigration
Electromigration is the mechanical deformation of conductors induced by an
electrical current, which is essentially caused by electrons scattering with impu-
rities inside the lattice [160,163]. This scattering results in a momentum transfer
to the lattice and a subsequent dislocation of impurities, which leads to a defor-
mation of the conductor and finally its rupture. This is a well-known issue for
electrical interconnects of integrated circuits [160,163,164].
However when monitored carefully, electromigration can be used to create gaps
with sub-nm separations [40,81,162].
In my case, the electromigration is performed with the sample already installed
on an inverted microscope. The constriction under study is connected to a volt-
age source and the trans-impedance amplifier (TIA) measures the current.
For the controlled electromigration of the constriction a DC voltage (typically
up to 3 V ) plus a small AC component is applied [165]

V = Vb + VAC cos (ωt)

The AC component of the voltage, with an amplitude of about 10 mV and a
frequency around 4 kHz, allows to monitor the dynamic resistance of the con-
striction through a Lock-in measurement (Lock-in UHFLI/HF2LI Zurich in-
struments) of the corresponding AC part of the current. In parallel also the
DC-current flowing through the junction is monitored.

Gap creation by electromigration To create small gaps with a resistance close
to 1/G0 = h

2e2 = 12.9 · 103 Ω, the constriction should break at low voltages,
ideally below 1 V. This limits the power dissipated at the constriction, leading
otherwise to a catastrophic failure of the constriction and large gaps.
To localize the gap formation a thin constriction within the structures is fab-
ricated, see Figure 4.1. A higher resistance typically facilitates a controlled
electromigration process. This is probably due to several factors. First, a higher
resistance of the constriction implies a thinner constriction. Therefore less ma-
terial needs to be removed through the electromigration. Second, as there is a
residual contact resistance to the constriction acting as a passive voltage divider,
for a fresh device the applied voltage is only partially dropped on the constric-
tion. For lower constriction resistances one needs therefore to apply a higher
voltage to initiate the electromigration. High voltages are however quite critical
as the constriction can suddenly break. This is due to a self reinforcing cycle:
once material from the constriction is removed, the resistance of the constriction
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Figure 4.2.: The final stages of the electromigration process of a small gold con-
striction resulting in the opening of a gap is shown. In orange the applied bias,
in green the measured current (in a log scale), in gray the resulting conductance
(in units of G0). At time 0.24 s the current drops one order of magnitude due
to the gap creation inside the constriction.

increases and consequently the fraction of power dropped on the constriction.
This leads to an even faster resistance increase which again increases the power
dropped by the electrons on even thinner constriction and so forth.
The migration process is started by increasing the DC bias until the measured

dynamic conductance decreases (typically between 2 to 3 V). Especially at high
applied biases the DC bias needs to be reduced rather quickly for relative small
resistance increases.
The initial objective of the electromigration process is to lower the applied volt-
age while still observing electromigration of the constriction, seen in a con-
ductance decrease. This is usually the most critical and longest step in the
electromigration process. Especially at the beginning of the electromigration,
the conductance behavior of the constriction is not predictable. Typically, the
power dissipated at the constriction leads to a local temperature increase which
decreases its conductance. Sometimes however, a increase of the conductance
is observed instead. This increase might be caused by water desorption or by
an induced thermal annealing of the constriction [165]. The latter step reduces
grain boundaries and impurities in the metal resulting in a conductance increase.
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Once the electromigration is stable and a constant increase of resistance at volt-
ages around or below 1.5 V is observed, reaching low breaking voltages and
creating small gaps is almost guaranteed.
An example of a formed tunnel junction by breaking a constriction is shown in
Figure 4.2. Initially for an applied bias of 1.2 V (green curve) we observe current
of 200 mA. Over time the current decreases slightly until around the time 0.24 s,
were we observe suddenly a large jump in the current, which decreases to about
100 µA. The conductance (gray curve) decreases to about 0.7 G0. The junction
is thus in the tunneling regime. At the time 1.6 s we observe an additional
conductance jump to about 0.5 G0. This underlines how fragile such a tunnel
junction exposed in air is.

4.1.4. Overbias photon emission

Concomitant with the creation of the gap light is emitted, as shown in Fig-
ure 4.3. This bright photon emission, occuring at voltages below 1.1 V down
to 0.8 V, proofs that overbias emission is observed in the electromigrated gold
constriction, as according to eq. 2.3, the applied voltage would only allow to

Figure 4.3.: Photon emission during the electromigration of a gold constriction,
for the same measurement shown in Figure 4.2. In blue the detected photon
counts, in orange the applied bias, in green the measured current (log scale) and
in gray the resulting conductance.
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emit photons having energies below the APD’s detection range.
The detected photon count rates depend both on the applied voltage and the
current, as is seen in at 0.27 s showing a concomitant voltage and photon count
drop and in between 0.5 s and 0.75 s, where for a constant applied voltage, the
measured current and photon counts increase and decrease together.
Although not observed in Figure 4.3, light emission from the constriction is
also sometimes seen even before the opening of a gap [42], when the conduc-
tance equals a few G0. This emission increases in intensity as the conductance
approaches towards G0.

Spectra

The overbias photon emission is reflected also clearly in spectra acquired for a
constant applied electrical voltage, as shown in Figure 4.4.
The spectra of Figure 4.4 a) show a broad peak, with a fast increase starting
around 700 nm, whereas for long wavelengths (950 nm) the detected photon
counts decrease due to the efficiency cut-off of the detector. These spectra are

1.0 V

1.2 V

1.3 V

1.5 V

a) 0.9 V

1.0 V

1.1 V

1.3 V

0.25 x

0.35 x

b)

Figure 4.4.: Two series of spectra from two different electromigrated constric-
tions. In a) for a thicker gold constriction (5 nm chromium and 50 nm of gold)
in b) for a thinner one (2 nm of titanium and 25 nm of gold). Additionally in
a) the standard limit of inelastic tunneling is indicated for 1.3 V (954 nm) and
1.5 V (826 nm) by dashed lines. For applied voltages of 1.2 V and below, the
limit lays outside the spectral measurement window. For a better readability
in b) the spectra acquired at a constant voltage of 1.1 V and 1.3 V have been
downscaled by a factor of 0.35 resp. 0.25.
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obtained from an electromigrated constrictions with slightly thicker metal layers
(5 nm chromium, 50 nm of gold). Except for the spectrum at 1.2 V, the light
intensity increases with higher applied voltage and seems to slightly blue-shift.
To deduce a dependence is however difficult as the junction modified its conduc-
tance during the spectral acquisition, such a study is found in [40] confirming
the previously mentioned trends.
In Figure 4.4 b) (for a junction with 2 nm of titanium and 25 nm of gold) similar
spectral characteristics are observed, a broadband spectrum with a rise in pho-
ton counts around 600 nm spanning the whole range until the detection efficiency
drop at long wavelengths. Additionally one distinguishes the presence of 4 over-
lapping peaks. Similarly, spectra taken at higher voltages show consistently a
higher photon emission. The presence of multiple peaks in the overbias emission
has also been observed in [157,166,167]. In [166] this presence was attributed to
plasmon resonances of the junctions. These peaks were shown to be absent when
using a thicker chromium adhesion layer, attributing this lack of peaks to the
plasmon damping of the chromium adhesion layer. Still the similarity with the
electroluminescent spectra of the wide-gap junctions in Figure 2.23 c) is quite
surprising. This could indicate that these peaks may be originated by electronic
transitions, as for example in small gold clusters possibly created during the
electromigration process.

4.2. The origin of overbias light emission

Hypotheses explaining the emission mechanism found in scientific literature can
be regrouped into two categories: light emission by or involving an out of equi-
librium hot electron bath [40, 42, 55, 168] or coherent multi-electron inelastic
tunneling [43,156,169]. In the following these will be discussed in greater detail.

4.2.1. Thermal radiation by an out of equilibrium hot electron
distribution

Already in 1988 overbias emission observed in discontinuous gold films was ex-
plained by thermal radiation [55]. Because each gap has an electrical resistance
Rgap, by applying a bias V an electrical power of V 2

Rgap
is dissipated in the junc-

tion. This power is carried by electrons tunneling from the source electrode into
the drain electrode.
As most of the electrons tunnel elastically through the gap, the electrons flowing
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into the drain electrode have an excess energy of eV compared to the initial local
equilibrium distribution of electrons. The electron-electron scattering between
these energetic electrons and the electrons present in the drain, leads to a local
redistribution of the electron energies, creating a more energetic electron distri-
bution or a hot electron bath. Usually this electron bath dissipates its energy
through electron phonon scattering to the lattice leading to a general increase
of the local (lattice) temperature but without any photon emission detectable
in the visible. When the dimensions of the drain electrode are small (below
100 nm), electron-phonon scattering is however reduced, this allows to reach
higher temperatures of the electron bath whose energy is partially released as
light [40,42].

Hot electron distribution

As the interactions and energy transfer among electrons is faster (a few 100 fs)
[170–173] than between electrons and phonons (about 1 ps) [174, 175], one can
model the electron energy distribution as a thermal bath with its own elec-
tron temperature Te, which is in general different from the temperature of the
phonon bath Tph. This is the so called two temperature model, widely used in
the nonlinear photoluminescence of metals for ultrafast pulsed excitation, see
also Chapter 5.
Such a two temperature model has also been developed in [40, 176] to explain
overbias light emission as a thermal radiation from the hot electron bath. The
main difference is that the model does not assume a temporal relaxation of the
electron bath temperature, but a spatial relaxation of the hot electron temper-
ature in the drain electrode.
To predict the electron temperature Te, the model further assumes that in elec-
tromigrated tunnel junctions the electron scattering at edges is predominant over
electron phonon scattering, meaning that the electrode dimensions are smaller
than the electron phonon interaction length (about 1.1 µm [175]). Such small
structures have been observed on SEM images of such junctions [176]. The
highest electron temperature predicted by the model is given by:

kBTe =
√

(kBTph)2 + αIV '
√

αIV (4.1)

where Tph is the lattice temperature, kB the Boltzmann constant, I, V the cur-
rent resp. the bias at the junction. In the approximation of equation 4.1 the
lattice temperature is neglected, which is valid for high temperature differences.
α is a parameter taking into account the interaction between electrons and the

88



4.2. The origin of overbias light emission

electronic thermal conductivity. A similar model has been derived in [177] and
applied to light emission from electromigrated graphene tunnel junctions.

Light emission by a hot electron bath

As any object at finite temperature which interacts with light, a hot electron bath
radiates light according to Kirchhoff’s Law. Kirchhoff’s law has been extended
and shown to be valid also for nanoscale and nonequilibirum systems [178]. The
thermally radiated light at a given frequency (and wavevector) Pe(ν, T ) is for all
bodies proportional to their absorption at the same frequency αabs(ν):

Pe(ν, T ) dν = αabs(ν) · BP(ν, T ) dν (4.2)

with 0 ≤ αabs(ν) ≤ 1 and BP(ν, T ) is the universal (temperature dependent)
proportionality function equal to Planck’s law:

BP(ν, T ) = 2hν3

c2
1

e
hν

kBT − 1
(4.3)

The spectra of thermal blackbody radiation at different temperatures according
to eq. 4.3 are plotted in Figure 4.5. For a better comparison with experiments
the spectra have been multiplied by a (idealized) detection curve having an
efficiency decrease for longer wavelengths which is shown in the inset. These
spectra resemble to the overbias spectra of Fig. 4.4 a).
The frequency dependence of the absorption coefficient αabs(ν) in equation 4.1
allows additionally to account for the spectral resonances observed in Fig. 4.4 b).
These resonances can be either induced by electronic states coupling to light
(e.g. in molecules) or induced by local optical resonances (plasmonic gold nano-
particles).
As the electron temperature according to equation 4.1 does not depend on the

applied voltage alone but also on the electron current, the same spectra can be
obtained for different applied voltage and overbias photon are predicted. Using
this model in [40], typical electron temperatures between 1000 K to 2000 K were
fitted to the observed overbias spectra.
Additionally the model predicts a power law behavior of the detected photon
counts Ip(ν, Te) at frequency ν in function of the applied electrical power as [40]:

log(Ip(ν, Te)) = log(D(ν)) − hν√
αIV

(4.4)

where D(ν) is a prefactor taking all the temperature independent spectral com-
ponents into account. This

√
IV dependence has been observed several times in
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Wavelength (m)

Wavelength (m)

Figure 4.5.: Blackbody spectra at different temperatures according equation 4.3
multiplied with an idealized detection efficiency showing an efficiency drop at
long wavelenghts (shown in the inset). For an easier visibility of all spectra in
the same graph, the spectra have been normalized by their spectral intensity
at 1100 nm, this normalization ensures that the spectral intensity is higher for
higher temperatures.

electromigrated constrictions [40,166,167].
From the Stefan-Boltzmann law of thermal radiation, the total radiated power
emitted by the junction should follow a quadratic dependence on the electrical
power dropped on the junction (neglecting spectral resonances):

P = σ∗T 4
e ' σ∗ (αIV )2 (4.5)

where σ∗ is a modified Stefan Boltzmann constant taking into account the finite
area and a mean absorption coefficient αabs. Such a quadratic dependence has
been observed in overbias STM emission spectra for constant applied voltage
but varying current intensities in [179].
One may naively consider that thermal radiation might be a slowly modulable
process. The thermal temperature decay of hot electrons is however fast in the
order of only a few ps [180, 181], allowing potentially up to THz modulation
speeds of the light source.

4.2.1.1. Light emission from inelastic tunneling or plasmon decay into a hot
electron bath

Two slightly different approaches from the direct thermal radiation of the hot
electron bath have been proposed [168, 179]. In [179] inelastic tunneling into
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the hot electron bath is considered. The energetic distribution of hot electrons
leads to a thermal broadening of the strict inelastic tunneling limit allowing thus
a partial overbias emission of the inelastic tunneling process. It is to be noted
that in [179] the deduced electron temperature difference is quite weak, typically
below 60 K, and the detected overbias emission fraction is spectrally quite small.
In [168] among other models to explain overbias light emission, inelastic electron
tunneling exciting a surface plasmon, decaying into electron-hole pairs whose
recombination leads to light emission is proposed. As in the previous case,
because of the hot electron bath distribution, the electron hole pair decay can
lead to light emission having greater energy then the tunneling electron itself.

4.2.2. Coherent multi-electron inelastic tunneling

E

eV

hν

Source DrainInsulator

e-
e-

a) b)

Figure 4.6.: In a) sketch of a coherent two electron inelastic tunneling process,
showing two electrons tunneling from the source to drain electrode whilst emit-
ting a single photon. In b) plot of the theoretical predicted photon emission
rates for inelastic electron tunneling at 0 K and 500 K with the contribution of
single and multiple electron tunneling shown in dashed lines. Figure b) reprinted
from [43] © 2017 by the American Physical Society.

The other approach to explain overbias light emission is to invoke coherent
multi electron interactions in the tunneling process [43,169,182]. As illustrated
in Figure 4.6 a), in this hypothesis two electron tunneling together emit a single
photon. Since the available energy to create a photon is now doubled, the
quantum cut-off for the emitted photons is pushed to 2 eV , i.e. twice the cut-
off for single inelastic tunneling. By considering N electrons interacting and
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emitting a single photon the limit is pushed to N eV .
As for second or third harmonic generation process in optics, the creation of a
single photon from the interaction of two or three photons, the photon emission
by coherent multiple electron tunneling is proportional to a power law of the
current, which reflects the number of electrons involved; i.e. for two electron
inelastic tunneling the emitted photon count rates Iph is proportional to the
square of the electric current Ie [43, 169]:

Iph ∝ I2
e

This would naturally explain the observed quadratic power law observed in [179]
for the overbias photon emission.
The predicted spectrum (without any resonances) of the photon emission in-
volving single and multiple electron emission processes is sketched in Figure 4.6
in a semi logarithmic plot. At low temperatures (0 K) the model shows a sharp
transition between single electron inelastic tunneling and two-electron inelastic
light emission. Around the standard limit of inelastic tunneling hν

eV = 1, one
observes a sharp drop in photon count by two order of magnitudes as the two
electron emission process is the only left for photon emission. At higher tem-
peratures these sharp transitions at hν

eV = 1, 2, ... are smoothed due to thermal
broadening.
Such kinks in the spectra indeed have been observed in [43] for the overbias
emission for a STM controlled silver tip on top of a smooth silver surface in
ultrahigh vacuum cooled at 6 K.
Additionally, in [156] the observed power law dependence ∝ (IV )−0.5 of equation
4.4 for light detected at a given wavelength has been reproduced by invoking
coherent multi-electron inelastic tunneling model with the three electron inter-
action.

4.2.3. Photon correlation measurement of overbias emission
Both hypotheses, the incandescence from a hot electron bath and the coherent
two electron tunneling, can explain all the experimental observations so far. The
origin of the overbias light emission remains thus debated.
Whereas overbias emission obtained using STM tips tends to be explained by
multi-electron processes, overbias emission obtained in electromigrated constric-
tions is typically explained by hot electron emission. The overbias emission in
the two structures might be indeed different since the two experimental systems
are not the same. For the hot electron emission model small drain electrode
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dimensions are required to decouple the electron and phonon bath sufficiently
and allow high electron bath temperatures. These small feature size might be
naturally obtained in the electromigration process, not however for the STM
tips, which show overbias emission by the multi-electron process instead.
Still, one would like to experimentally differentiate between both emission mech-
anism for the overbias emission in the electromigrated gold tunnel junctions, as
both theories explain the spectral and photon emission properties observed in
experiments and presented so far.
To attempt such an experimental distinction one objective of this thesis was to
measure the second order photon correlation of the overbias emitted light as will
be detailed in 5.2.2. This goal finally results to be too ambitious for the present
thesis work.

4.3. Conclusion
This chapter discussed a new light emission mechanism in small gap junctions:
the overbias photon emission. This regime requires rather large current densi-
ties typical to small gaps, with a junction conductance close to the quantum of
conductance G0. Among other devices and configurations, such conductances
are achieved in carefully electromigrated gold constrictions. The fabrication of
these devices were presented in greater detail together with their overbias pho-
ton emission.
In the second part two possible mechanism of the overbias radiation were dis-
cussed: the creation of a hot electron distribution in the drain electrode, emitting
light by thermal radiation, or coherent multi-electron interactions in the tunnel-
ing process shifting leading to overbias photon emission. Both hypotheses are
able to explain the so far reported experimental observations.
The desire to distinguish in between both hypotheses motivates the photon cor-
relation measurements of the next chapter.
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Chapter 5.

Photon correlation measurement of the
nonlinear photoluminescence generated
in metals

In this chapter my photon correlation measurements on the nonlinear photolu-
minescence in small metallic structures are presented. These measurements are
intended as an intermediate step to further investigate the overbias emission of
electromigrated tunnel junctions of chapter 4. As mentioned therein, measuring
the photon statistics of the overbias emission might help to distinguish between
the different overbias hypotheses (thermal radiation or two-electron tunneling).
The choice of first studying the photon correlation of upconverted photons re-
leased by metals instead of the overbias emission from gold nanowires is moti-
vated by experimental constraints. Both the nonlinear photoluminescence and
the overbias emission share many similarities and can both be explained by a
hot electron radiation. Compared to the overbias photon emission of electromi-
grated nanowires, the nonlinear photoluminescence of metals is both more stable
and brighter, allowing therefore to measure for longer time, while the required
integration time is shorter. Because I first sought to understand the intricacies
of photon correlation measurements, it seemed reasonable to start with an easier
version of the measurement.
The main results of this chapter are published in [44]. Here I will discuss some
aspects of the photon correlation measurements in greater detail.

5.1. Photoluminescence in metals

Before discussing the photon correlation measurements, I will present the pho-
toluminescence of metals in greater detail.
When we usually think about light impinging on metals, we typically think
about reflection if we consider large flat surfaces or scattering for small particles.
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Nonetheless metals show also photoluminescence, and emit photons in a broad
spectral range. These photons have typically a lower energy than the incoming
photons (downconversion), however at sufficient excitation powers photons at
higher energies are also observed (upconversion).

5.1.1. Optical setup

Ti:Sapphire 
laser

beam splitter

tube lens

plasmonic object

polarizing
beamsplitter

half-wave
plate

expander

excitation beam

photoluminescence

Spectrometer, 
Camera or APD

Laser 
clean-up 
filter

Oil immersion 
objective

dichroic

Figure 5.1.: Sketch of the setup used for the photoluminescence measurements.
The red lines indicate the path the excitation beam, the blue lines indicate the
collection path of the emitted photoluminescence.

The setup to excite the photoluminescence in metallic structures, is sketched
in Figure 5.1. It resembles quite to the one shown in Fig 3.15 used for the
confocal PL scans in Chapter 3. The main difference is that, to also excite
the upconverted photoluminescence, a nonlinear ultra short pulsed Ti:Sapphire
laser (Chameleon, Coherent, Inc., 180 fs pulse width, 80 MHz repetition rate)
with tunable wavelength range is used. In all the measurements presented in
this chapter an operating wavelength of 808 nm was chosen. At this wavelength
the laser provides the highest power output. To control the power sent on the
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structures, the laser beam is sent through a half waveplate and a polarization
beam splitter. A second half waveplate allows to tune the polarization of the
beam independently.
The laser beam is expanded by two lenses in a telescope configuration, to overfill
the objective and obtain a diffraction limited excitation spot, and then filtered
by a narrowband spectral line-filter at 808 nm (Chroma, Inc.) to remove residual
laser luminescence. The beam is then sent to the entry of an inverted micro-
scope (Eclipse, Nikon). Inside the microscope the beam is reflected by a dichroic
splitter and focused through an high NA immersion Oil objective (100x, 1.49
numerical aperture, Nikon) onto the sample.
The emitted photoluminescence is collected by using the same objective and
transmitted through the dichroic beam splitter. The dichroic, however, trans-
mits only light at wavelengths shorter than 700 nm. To detect light at longer
wavelengths the dichroic beam splitter is replaced by 50/50 beam splitter (Thor-
labs) and two notch filters at 808 nm (2 nm width, Chroma, Inc.) are inserted
into the beam path.
The collected luminescence is then sent to various instruments (camera, spec-
trometer or APD) or onto the photon correlation measurement setup shown
below in Figure 5.8.
Again the combination of a piezo stage and an APD allows to perform confocal
scans of the sample and position the excitation beam on a particular nanopar-
ticle or a local emission hotspot.

Spectra

The luminescence of metals is observed in different geometries, material qualities,
and is shaped by optical resonances. Such a variety of structures is investigated
in the photon correlation measurements. To illustrate the photoluminescence
of metals, here (only) the spectrum of a thin layer (2 nm titanium, 25 nm of
gold) is shown, see Figure 5.2. The thin layer is excited at 808 nm with an
input power of 1.37 MW cm−2 and integrated over 30 s. The spectrum shows
both the upconverted (for wavelenghts shorter 808 nm) and the downconverted
(wavelenghts longer 808 nm) part of the photoluminescence spectrum. In this
case a 50/50 beam splitter in combination with two notch filters is used to
capture the spectrum also at long wavelengths.The spectrum features an increase
of intensity towards longer wavelengths until it decreases at 900 nm limited
by the detection efficiency. Still the intensity of down converted photons is
higher than of the upconverted photons. The yellow part of the spectrum is
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a)

Figure 5.2.: The figure shows the photoluminescence
spectrum of a thin thermally evaporated gold film. The
yellow part of the spectrum is removed due photolumi-
nescence contribution coming from the glass substrate.

removed due to background photoluminescence of the glass substrate [183] whose
origin is not entirely clear to me (but most likely due to raman scattering or
photoluminescence). In the next sections I will discuss the different mechanism
of the down- and up-converted luminescence.

5.1.2. Mechanism of the linear photoluminescence in metals

To explain the linear photoluminescence (down converted photons) different ap-
proaches exist. These are sketched in Figure 5.3 and presented in the following
paragraphs.

Interband transitions The first observation of luminescence in gold and copper
in [184] was explained by electronic interband transitions [185]. In this model,
Figure 5.3 (a), an incoming photon is absorbed inside the metal by promoting
an electron from the energetically lower lying d-band to the conduction band.
This leaves a hole (an electron vacancy) inside the d-band (indicated by (1) in
the Figure). The hole can then be filled by an electron transitioning from the
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conduction band to the d-band (2), which at the same time releases a photon
(at lower energy).

In gold, the interband transitions between the d-band and the conduction
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Figure 5.3.: The different emission mechanism for linear photoluminescence in
gold, in (a) interband transitions, (b) intraband transitions and in (c) electronic
raman or inelastic light scattering, are shown. In all three figures the the energy
(E) dispersion in function of the electron momentum (k) for both the conduction
band and the d-band are sketched. The Fermi energy of the metal is shown
in gray dashed line. The blue arrow represents the incoming photon, the red
(dashed) arrow the emitted photon.

band have however a gap of 1.8 eV (688 nm) and 2.3 eV (540 nm) [100,185], this
mechanism can therefore not account for the luminescence excited with photons
of 1.53 eV (808 nm) energy.

Intraband transitions Also in [186] the photon energies (at 780 nm) of the
excitation beam are below the interband gap energy and still linear photolu-
minescence is observed. Therein the luminescence was attributed to intraband
transitions, sketched in Figure 5.3 (b).
The mechanism is quite similar to the interband transitions. In a first step an
electron absorbs an incoming photon and is promoted to higher energy, the tran-
sition occurs within the same conduction band (no energy gap). Then a second
electron (still from the same band) fills the hole by emitting a photon. Usually
transitions within the same band are forbidden due to the momentum mismatch
between the different states. This momentum mismatch cannot be provided by
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5.1. Photoluminescence in metals

a free propagating photon1, yet in this case the tight confinement and large field
gradients of the plasmon modes allow to overcome this mismatch [187].

Electron Raman scattering Inelastic light scattering or electron Raman scat-
tering (usually found as ERS in the literature) is also invoked to explain the
observed photoluminescence, sketched in Figure 5.3 (c). In electronic raman
scattering, electrons in the conduction band absorb incoming photons to transi-
tion to a virtual electronic state, as in common non-resonant Raman or Rayleigh
scattering. The electron in the virtual state then transitions to an unoccupied
higher lying electron state in the conduction band accompanied by the emission
of a photon. The momentum mismatch is again provided by the localization of
the photon mode. In [188], the comparison between theoretical calculations and
dark field scattering spectra was used to support this claim.

5.1.3. Origin of the nonlinear photoluminescence in metals

Let us now discuss the origin of the upconverted photons. As different hy-
potheses are advanced for the linear photoluminescence (considering only one
photon absorption processes), it is not surprising that also several mechanisms
are proposed to explain the origin of the up converted photons.
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Figure 5.4.: Sketch of the incoherent (a)
and coherent (b) two photon absorption
and subsequent interband luminescence.

Two photon absorption interband
light emission The first observations
of up converted photons from met-
als were explained by a two pho-
ton absorption and subsequent inter-
band emission process [189]. This ac-
counts for the creation of an electron
hole in the d-band although incom-
ing photons may have energies less
than the interband gap. The ob-
served quadratic power dependence in
[186, 189, 190] of the nonlinear photo-
luminescence indeed seems to confirm
that a two photon absorption process
with consequent light emission is at play.

1Compared to the electron momentum, the photon momentum is negligibly small, allowing
only vertical transitions in the E-k diagram of Figure 5.3
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Two possible absorption pathways (coherent and incoherent) are considered
[191, 192]. These are illustrated in Figure 5.4 a) and b). In the incoherent
two photon absorption process (a) an electron in the conduction band lying be-
low Fermi energy is excited by an incoming photon to a state above Fermi energy
(an intraband transition), leaving a hole in the conduction band (1). This hole
is then filled by a transition of a electron from the d-band absorbing a second
incoming photon (2). The lifetime of the hole in the conduction band is esti-
mated to be about 1 ps [190]. In the coherent absorption process (Fig. 5.4 b)),
an electron in the d-band absorbs two photons (1,2) at the same time and tran-
sitions immediately to a state in the conduction band above the Fermi energy.
In both cases a hole is left in the d-band, which can be filled with an electron
from the conduction band (3) leading to emission of photon (green dashed).
The polarization dependence of the excitation beam for the nonlinear photolumi-
nescence in gold nanorods [191,192] and on the pulse duration of the excitation
beam [190] favor the incoherent two photon absorption process. According to the
theoretical calculations in [192] for laser pulses shorter than 50 fs, the coherent
absorption should become dominant instead.

Non-quadratic and non-integer power law behavior The dependence of the up
converted photoluminescence in function of optical excitation power is however
not always quadratic. In [193] using short laser pulses (below 100 fs) and high
laser intensities a power to the fourth dependence has been reported. This was
subsequently explained as a four photon absorption process. Also non-integer
power exponent have been observed, such as 1.9 in [194], and 3.6 and 4.7 in [195].
In [181] the observed power exponent could be tuned from below 2 until beyond
7, challenging thus the simple two (or multi) photon absorption model.

The photoluminescence intensity in function of the excitation becomes even
more surprising if one considers the behavior of individual wavelengths and not
of the whole photoluminescence spectrum, as shown in Figure 5.5. This measure-
ment was obtained by successively increasing the power excitation and acquiring
a spectrum on the same thin gold film as for Figure 5.2.
Although at each wavelength the radiated intensity Iλ versus the excitation
power Iexc obeys a power law Iλ ∝ I

p(λ)
exc , the exponent p(λ) is wavelength de-

pendent. As shown in Figure 5.5 b) in the up-converted part of the spectrum, p
lays between 2 and 4 and increases with decreasing wavelength. On the contrary
for wavelengths of the down-converted region, for wavelengths between 900 nm
and longer, p is almost constant and close to 1, indicating indeed a linear pho-
toluminescence mechanism as presented above.
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5.1. Photoluminescence in metals

Figure 5.5.: In (a) the normalized detected photon intensity in function of the
beam excitation is shown for three wavelengths, dots. Each data set is normal-
ized by the second highest power. The straight line indicates the power law fit.
In (b) the law exponents p for each wavelength are shown.

Light emission from a hot electron bath The wavelength dependence of the
power law exponent p(λ) can be hardly explained by a multiphoton absorption
process. Instead thermal radiation from an out of equilibrium hot electron bath
is invoked [196–198] to account for the observed p(λ).
When exciting the metal structures (gold, silver or similar) with the intense
pulsed excitation (pulses shorter than 1 ps), part of the energy is absorbed by
electrons in the metal. This creates electrons with an excess energy. These
electrons then relax their energy due to scattering with other electrons and
phonons. Since electron-electron scattering is faster than the electron-phonon
coupling, for a short period of time a hot electron bath is created at an electron
temperature Te higher than the lattice temperature under pulsed excitation.
The hot electron temperature eventually relaxes to the lattice temperature by
electron phonon coupling [170,171,199–202].
The creation of the hot electron bath thus resembles quite the one already pre-
sented in section 4.2.1 with an electric excitation the overbias emission. This
similarity also motivated the experimental study presented in this chapter. As
in section 4.2.1, the hot electron bath radiates according to Kirchhoff’s law of
thermal radiation 4.2, which I write here in a slightly different, wavelength de-
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pendent form:
I(λ, Te) dλ = φ(λ)2πc

λ4
1

e
hc

λkBTe − 1
dλ (5.1)

with I(λ, Te) the spectral photon flux, c the speed of light, h the Planck’s con-
stant, kB the Boltzmann constant. φ(λ) takes into account the emissivity of
the material and possibly the detection efficiency at wavelength λ. Since, the
electron bath is decoupled from the phonon bath, the electron temperature may
reach values higher than the melting temperature of gold (1340 K [203]).
As in the approximation of equation 4.1, the electronic temperature is assumed
here to obey a power law with respect to the excitation power Iexc [197, Ap-
pendix]:

Te = Te,0

(
Iexc
I0

) 1
a

(5.2)

where I0 is some normalization coefficent, a the power exponent. For equa-
tion 4.1 a is thus equal to 2.
From the considerations above one can calculate the power law p(λ) behavior
as [196,197]:

p(λ) = d ln(I(λ, Te))

d ln(Iexc
I0

)
' hc

aλkBTe
(5.3)

which reflects the power law trend for short wavelengths in Figure 5.5 (b). In
[197], more elaborate calculations considering also inelastic light scattering for a
hot electron bath or hot electron interband transitions, are presented. A further
extension of the theory is also presented in [204].

By assuming a constant φ over the wavelength range of 600 nm to 730 nm,
I fitted equation 5.2 directly onto the measured spectra. I assumed a constant
φ for all spectra and used the electron temperature as fit parameter, this is
shown in Figure 5.6 (a) for 5 different excitation powers. The fitted electron
temperature in function of excitation power is shown in Figure 5.6 (b). As can
be seen the temperatures are well fitted by a power law (black line) from which
a value of a = 3.4 is extracted. This value is higher than a = 2, predicted for an
electron gas at low temperatures [44, 197], but is consistent with the scientific
literature, reporting even higher values of a = 3.85 and a = 4 in [196,198]. These
higher values of the a exponent indicate that it is harder to heat the electron
temperature to higher temperatures than what assumed so far. The discrepancy
might be an indication that the low-temperature linear heat capacity of the
electron gas is not anymore justified [205]. Additionally one could also consider
a depleted absorption of electrons at higher excitation fluxes or the negligence
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a) b)

1798 K

2095 K

2343 K

2545 K

2615 K

Figure 5.6.: In (a) five spectra taken at different excitation powers are shown
(solid lines). Each is spectrum is fitted with equation 5.1, dashed lines. In (b),
fitted temperature in function of excitation power is plotted. The power law of
equation 5.2 is shown as the line with a = 3.4.

of the scattering mechanism contributing to an appreciable energy loss already
in the first few fs. However, to the best of my knowledge, so far no hypothesis
in the literature has been investigated or proposed.
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Figure 5.7.: Inelas-
tic light scattering
resulting in the
emission of an up
converted photon.

Electron raman scattering of hot electrons Inelastic
light scattering (or elastic raman scattering) together with
a hot electron distribution can also account for the ob-
served upvconverted part of the luminescence spectra
[206]. This is sketched in Figure 5.7.
Due to the higher temperature, some electrons are found
in energetically higher states in the conduction band.
When such an electron absorbs a photon (1) and tran-
sitions to a virtual state, it may then decay to a lower
lying electron state while emitting a photon (2). As the
final electron energy is lower than its initial energy, the
emitted photon (green dashed) has a higher energy than
the excitation.
The main difference between inelastic light scattering and
thermal emission is the time scale involved in the two pro-
cesses, whereas the hot electron emission occurs as long
as the electron bath is hot (in the order of 1 ps, [180, 181]), the inelastic light

103



Chapter 5. Photon correlation measurements of the NPL in metals

scattering has a intrinsic interaction time less 10 fs, and should occur only dur-
ing pulsed excitation [188, 206]. Indeed for the linear photoluminescence both
an ultrafast component (limited by the intrument response function of the ex-
periment to 50 fs) and a slowly decaying contribution have been observed by
upconversion measurement techniques [207]. One may could repeat this exper-
iment also for the nonlinear photoluminescence to distinguish between the two
contributions.

Relation to overbias light emission in tunnel junctions As it is clear from
the discussion above, overbias light emission in electromigrated tunnel junctions
and the nonlinear photoluminescence share many similarities. Both share a sim-
ilar spectral emission range and nonlinear dependence in the emission and are
explained by a similar hot electron emission hypothesis. This has been further
exploited in [167], where the overbias emission was additionally excited with
785 nm CW laser. The increased photon yield by a factor of 1000 over the sin-
gle electrical or laser excitation was explained within the hot electron model, as
the nonlinearity of emission yield with the variation to the electron temperature.

5.2. Photon correlation measurements of the nonlinear
photoluminescence in metals

This section will finally present the photon correlation measurements and elu-
cidate their initial motivation. The discussion of the photon correlation in the
following may appear to be quite detailed and long before presenting the results
and interpretation of the measurements. Nonetheless I think it is interesting
to present the relevant theoretical and experimental aspects (in particular the
integration times) needed to perform such measurements.

5.2.1. The photon correlation

The normalized (second order) photon correlation of a (stationary) light source
is defined as [208]:

g2(τ) = 〈I(t)I(t + τ)〉
〈I(t)〉〈I(t + τ)〉 (5.4)

where I(t) is the intensity of the light source at the instant t and the brackets
indicate statistical averaging. It has already been encountered by the reader
in the Chapters 2 and 3 where the intensity fluctuations in light emission from
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wide gap gold junctions and the silver memristors were characterized. There, the
considered time delays ranged from roughly 100 ns up to some ms and seconds.
For the photon autocorrelation discussed here I will only consider its behavior
at almost zero time delay. At such short time delays the photon autocorrelation
is not only an expression the emitter dynamics but is also intrinsically linked to
emission process [208].
The photon correlation can also be expressed in function of the (single mode)
photon creation Ê†

k(t) and annihilation Êk(t) operators:

g2(τ) =

〈Φ|
N∑
k,j

Ê†
k(t)Ê†

j(t + τ)Êj(t + τ)Êk(t)|Φ〉

〈Φ|
N∑
k

Ê†
k(t)Êk(t)|Φ〉 · 〈Φ|

N∑
k

Ê†
k(t + τ)Êk(t + τ)|Φ〉

(5.5)

where Φ is the light state emitted by the source, the sum runs over all detected
photon states N , in the case of continuous photon states the sums should be
replaced by integrals. The photon correlation indicates the ratio of observed
photon pairs spaced in time τ normalized by expected photon pairs with same
time delay for independent photon arrival which is given by 〈I(t)〉〈I(t + τ)〉.
As mentioned in chapter 2 the limit of long time delays the photon correlation is
equal to 1. There is no correlation between photons emitted at long time delays.
One usually distinguish between three behaviors. In the following we will thus
be only interested at the photon correlation at zero time delay.
The case of g2(0) < 1 is referred to as antibunching. This signifies that it is
less probable to observe two photons arriving at the same time than to observe
a random coincidence of two uncorrelated photons at an arbitrary time delay.
Antibunching is usually observed in the case of few photon emitters. For exam-
ple a single photon emitter does not emit more than one photon at a time. It is
therefore impossible to observe two photons at the same time and g2(0) = 0.
g2(0) = 1 is observed for coherent sources, such as most of the laser sources or
light emitted by classical currents [209]. It implies that photon arrivals are com-
pletely independent one of each other. A transition in the photon correlation
towards g2(0) = 1 is observed in lasers at the passage from amplified sponta-
neous emission towards lasing [210].
The case of g2(0) > 1 is called photon bunching. In this case the probability of
observing two photons at the same time is higher then observing two times a
photon independently, the photons ”are bunched” together. This is observed for
light sources of many independent emitters, called chaotic light sources, and is
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a consequence of the photons being bosonic particles [211–214]. This applies for
example to thermal emission, but also amplified spontaneous emission [208,215]
or to arc discharge lamps. For chaotic light sources there exists an upper limit
of g2(0) = 2 [208].
Photon bunching with values of g2(0) > 2, can indicate an unusual correlation
within the light such as photon pair emission. However for pseudo thermal
light, schemes to increase the photon bunching beyond g2(0) > 2 have also been
demonstrated [216].

5.2.2. Photon statistics of overbias emission
At this point I will briefly discuss the predicted photon correlation for both
overbias emission hypotheses (hot electron radiation and coherent multi-electron
inelastic tunneling).

Photon statistics of thermal radiation Thermal radiation behaves as a chaotic
source. The photon correlation observes thus 1 ≤ g2(0) ≤ 2. Whether this value
is closer to 1 or 2 will be discussed further below.

Photon statistics of inelastic tunneling The light emission statistics emitted
by fluctuating currents has been derived in [217]. Whereas generally it predicts
photon bunching emission statistics, with (g2(0) ≥ 1), for light emission from
metallic conductors with conductance values equal to G0, photon antibunching
(g2(0) ≤ 1) at specific photon energies [218] is predicted. Performing the photon
correlation measurement at finite temperatures adds additional limits on the
time resolution required to observe the predicted photon antibunching [219].
To add further challenges on the measurement, the photon counts (overbias
and normal) at conductances equal to G0 are expected to drop almost to zero
[182]. This is explained [169,182] by current fluctuation suppression due to the
fermionic nature of electrons, which are at the origin of the antibunching statis-
tics [218].
The experimentally measured photon statistic of inelastic electron tunneling
shows even more surprising behavior. Instead of simple bunching, superbunch-
ing (g2(0) ≥ 2) and photon pair generation has been observed [220–222].
In [220], a two photon emission model has been proposed to explain the super-
bunching in inelastic tunneling. This model however still underestimates the
amount of created photon pairs. A part from this, to the best of my knowl-
edge no theoretical explanation for this superbunching in inelastic tunneling has
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been provided. An approach may be found in [223,224], where resonant electron
phonon interactions lead to avalanche electron transmission behavior.
Measuring for the overbias emission, a photon correlation outside standard pho-
ton bunching, i.e. g2(0) < 1 or g2(0) > 2, would clearly indicate a two electron
emission process and discard the hot electron emission hypothesis. On the other
hand observing 1 ≤ g2(0) ≤ 2 does not rule out a multi coherent inelastic elec-
tron tunneling as source of the observed overbias photon emission.

5.2.3. Chaotic sources

Since the nonlinear photoluminescence in metals results from many (emitters)
electrons it is expected to behave as a chaotic source. In the following I will thus
focus in more detail on the photon correlation behavior of chaotic sources. For
chaotic sources one can show that the photon correlation obeys [208,212–214]:

g2(τ, ~x) = 1 + |g1(τ, ~x)|2 · (1 + P 2)
2 (5.6)

where I haven taken into account also the spatial separation dependence in the
photon correlation, P is the total polarization of the detected light2 and g1(τ, ~x)
is the first order coherence of the light, which as both a spatial (~x) and a temporal
(τ) component.

5.2.4. The first order coherence of light

Because the bunching peak height of a chaotic sources depends essentially on its
first order coherence, it is worth to spend a few sentences on it. The first order
coherence of light determines the visibility of fringes in interference experiments
and is defined as [208,214,225]:

g1(τ, ~x0, ∆~x) = 〈E∗(t, ~x0)E(t + τ, ~x0 + ∆~x)〉√
〈E∗(t, ~x0)E(t, ~x0)〉〈E∗(t + τ, ~x0 + ∆~x)E(t + τ, ~x0 + ∆~x)〉

(5.7)
where E is either the complex field amplitude of the electric field or the electric
field photon annihilation operator in a quantum optics view point.
From this definition of the first order coherence one can deduce that for zero
time delay (τ = 0) and perfect spatial overlay (∆~x = ~0), g1(0, ~x0,~0) = 1 i.e.
light always interferes with itself. This is a direct consequence of the superpo-
sition principle of electromagnetic waves. For long time delays or large spatial

2P = 1 for totally polarized light, P = 0 for totally unpolarized light.
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Figure 5.8.: Sketch of the setup used to measure the photon correlation of the
nonlinear photoluminescence of different metal structures. The excitation part
of the nonlinear photoluminescence is shown in Figure 5.1. The collected photo-
luminescence is then sent onto a Hanbury Brown Twiss interferometer consisting
of a 50/50 beam splitter and two avalanche photodiodes connected to a TCSPC
module. All lenses after the tube lens have the same focal length. The nar-
row band filter is used to increase the coherence time of detected light. Two
shortpass filters (cutoff wavelength 714 nm) are inserted to reduce background
correlations due to the afterglow from both APDs [227].

separations any coherence between light is lost and therefore g1 → 0. There
typically exists a characteristic time τc (the coherence time) and length scale xc

(coherence length) over which (the modulus) the first order coherence decays.
Both the coherence time τc and the coherence length xc can be altered by
spectral (Wiener-Kinchin theorem) or spatial filtering (van-Cittert-Zernike the-
orem) [208, 226]. In particular the possibility to increase the coherence time by
using narrow spectral filtering is exploited in my measurements, see section 5.2.5.
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5.2.5. Photon correlation measurement setup

The first photon correlation experiments were performed in 1956 by Hanbury
Brown and Twiss in 1956 [228]. Their setup to measure the photon correla-
tion consisted of a 50/50 beam splitter and two photon detectors connected to
a coincidence counter. This is today called a Hanbury Brown Twiss (HBT)
interferometer and probably the most used setup to measure photon correla-
tions. Modifications of this setup have tried to increase the time resolution of
the detection [229] by using gated sum frequency generation or to increase the
coherence time of the light source by narrow spectral filtering before the inter-
ferometer [226]. Spectral filtering increases the coherence time τc and therefore
the bunching peak height, but the integration time To is at best unchanged.
A different approach was shown in [215], where a Michelson-Morley interferom-
eter together with two photon absorption in a diode was used to measure the
photon correlation. This allows time resolution of a few fs, much higher than
what is achievable with any photodetector. However, the two photon absorp-
tion process is rather inefficient compared to single photon detectors such as
avalanche photodiodes (APDs) and requires thus rather bright sources.

Setup After exciting and collecting the luminescence as explained above in
Section 5.1.1 the light is then sent to a Hanbury Brown Twiss interferometer to
measure the photon correlation, as shown in Figure 5.8.
First the nonlinear photoluminescence is spectrally filtered using a narrowband
line filter (Melles Griot) centered at 632.8 nm with a spectral width of 4 nm.
The light is then divided by a beam splitter and focused onto two APDs (Micro
Photon Devices, PD 050 CTC), with 50 µm detection area, 30 ps time resolu-
tion and 77 ns dead time. For my measurements I reached typical count rates
between 104 − 105 Hz at each APD.

Figure 5.9.: Normalized photon auto-
correlation of background stray light
featuring two characteristic afterglow
peaks. Their presence is due to cross-
talking of both APDs [227]. The peak
height asymmetry is due to a higher
count rates at one detector.

Both APDs are then connected to a
time correlated single photon count-
ing (TCSPC) module (Hydraharp
400, Picoquant), which for each de-
tected photon event records its detec-
tion time to a file. These are then fur-
ther processed in order to extract the
photon correlation.
To avoid an afterglow contribution of
the APDs to the photon correlation
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histogram [227], as shown in Figure 5.9, a shortpass filter (Semrock, 714 nm)
and a pinhole were inserted before each APD. Additionally I slighted tilted all
elements and carefully shielded both APDs to reduce cross talking as much as
possible.

5.2.6. Integration times and predicted bunching peak heights
If one considers zero time delay and perfect spatial overlap between the two
detectors, one has that g1(0, 0) = 1. From equation 5.6 it seems thus that
one measures g2(0) = 2 (1.5 for unpolarized light) as long as one manages to
precisely overlap spatially and temporally both detectors. But this does not
take into account the finite time resolution τd (30 ps) and the nonzero detection
area of Ad = π 50 µm2

4 in the measurements. Especially the time resolution of
detectors is typically greater than the coherence time of the source (0.122 ps for
the filtered light in my measurements).
For spectral narrow (intrinsic or filtered) chaotic sources [230, 231] the spatial
and temporal characteristics of the source are independent, one can therefore
write the measured photon bunching height, as product of spatial, temporal and
polarization dependencies:

g2(0) − 1 = Cpolarization · Cspatial · Ctemporal (5.8)

For all factors it is that 0 ≤ Cx ≤ 1, where Cx is either the polarization, spatial
or temporal factor.

Polarization dependence From equation 5.6 it is clear that

Cpolarization = 1 + P 2

2 (5.9)

This has been verified experimentally in [231].

Spatial coherence factor

The spatial coherence factor is more complex to evaluate. One could calculate
it with something similar to the following integral:

Cspatial = 1
Ad1Ad2

∫
Ad1

∫
Ad2

d ~x1 d ~x2 · i1( ~x1)i2( ~x2) · |g1(0, ~x1, ~x2 − ~x1)|2 (5.10)
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where i1, i2 are the (normalized)3 intensities at detector 1 resp. 2.
I have however not done such calculation for the system as the spatial distri-
bution generated by the excitation is generally quite complex due to emission
enhancement at edges or discontinuities.
Nonetheless, one can make some rough estimates, by approximating equation 5.10
as

Cspatial ' Acoh
Adet

where Acoh is the size of the coherence area and Adet the detected source emis-
sion area with Acoh ≤ Adet. This approximation can be derived considering a
constant emission intensity over the detection areas i1,2 and step like correlation
function g1 being equal to 1 inside the correlation distance and zero outside.
To estimate Cspatial I will thus look at the ratios between coherence length, emis-
sion size and detection area.
If one considers an idealized point spread function of the microsope [232] the
excitation spot size is 0.6098 λ

NA ' 330 nm. The light emission spot should
be even smaller since the nonlinear photoluminescence is a nonlinear process,
featuring even smaller localized hot spots. For example, the luminescence of a
gold nanoparticle of 60 nm diameter originates clearly from smaller area than
the diffraction limited spot size. The coherence length for 632.8 nm is then
xc = λ

2·n = 623.8 nm
2·1.53 ' 207 nm, where n = 1.53 is the refractive index of the

glass substrate and the oil. This is then magnified by a factor 100 and projected
onto the APDs with 50 µm diameter of the detection area. Therefore the coher-
ence area is a fraction of (207 nm/330 nm)2 = 0.4 of the excitation spot, and a
fraction of ((207 nm · M)/25 µm)2 = 0.64 of the detector size, where M = 100
is the microscope magnification.4
Assuming perfect detector alignment one would thus expect to have a spatial
coherence factor of about Cspatial = 0.64 for a gold film and Cspatial = 1 for a
subwavelength gold nano-particle.

3The normalization is such that

1
Ad1

∫
Ad1

d~x i1(~x) = 1

.
4The spatial correlation propagates in space by obeying the same wave equations as the light

intensity [208]. Thus, like the diffraction limited spot also the coherence length is magnified.

111



Chapter 5. Photon correlation measurements of the NPL in metals

Temporal dependence

Instead of the temporal coherence factor Ctemporal, I derive here the total ex-
pected pair photon counts Ctot(τo). This has the advantage to also provide the
expected integration times for the photon correlation measurements.
The expected photon pair counts Ctot for detectors with a finite time resolution
can be calculated with the following formula [208,233]:

Ctot(τo) =
∫ τo+ ∆τ

2

τo− ∆τ
2

dτ

∫ To

0
dt

∫ ∞

−∞
dt1

∫ ∞

−∞
dt2 I1(t1)I2(t2)·

D1(t1 − t) · D2(t2 + τ − t) · (1 + C|g1(t1 − t2)|2)
= Cr + Cb(τo)

(5.11)

where To is the total integration time, τo the mean time delay between the two
detectors and ∆τ is the bin width of the delay in the histogram. I1(t) and
I2(t) are the count rates at detector 1 resp. 2 and D1,2(t) are their respective
instrument response functions. C = Cpolarization · Cspatial is a coherence factor
taking into account the spatial and polarization resolution of the measurement
as previously presented.
In the last equality I have split the total photon pair counts into a time delay
independent contribution Cr, giving the random photon coincidences, and the
additional photon pairs Cb(τo) due to the bunching of the source.
The detailed calculations are found in Appendix A. Table 5.1 shows the results
expected for a continuous source and an exponentially decaying pulses with
lifetime tp and repetition rate frep.

From Table 5.1 one can deduce that, assuming the same mean count rates,
there is a huge gain for pulsed sources both in bunching peak height by a factor
τd

√
π

τp
' 50 and more important in integration time by a factor τd

√
π

τ2
p ·frep

' 6 · 105,
where I have inserted the values of the experimental setup: the detector time
resolution is τd = 30 ps, the repetition rate of the laser is frep = 80 MHz and the
lifetime of the NPL is assumed to be tp = 1 ps [180, 181]. This means that for
an hour of a pulsed experiment one would need to integrate for about 65 years
for a continuous source in order to obtain the same signal to noise ratio!
Additionally, I give in Appendix B some (approximate) formulas for the integra-
tion times and expected peak heights in function of the mean photon number
per photon mode (or coherence volume Vcoh = τcoh · Acoh). From this one can
also estimate the hypothetical hot electron temperature.
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Continuous source Pulsed

Random
coincidences

Cr I1 · I2 · τd · To Ī1 · Ī2 · To

frep

Bunching
peak height

g2(0)−1 = Cb

Cr
C · τc

2τd
· 0.96 C ·

√
π · τc

2tp

Signal to
noise ratio

SNR = Cb√
Cr

C · τc

2τd
· 0.96 ·

√
I1I2τdTo C ·

√
π· τc

2τp

√
Ī1 · Ī2 · To

frep

Integration
time

To
SNR2

0.92 · C2 · 4 · τd

I1 · I2 · τ2
c

SNR2

π · C2 ·
4 · τ2

p · frep

Ī1 · Ī2 · τ2
c

Table 5.1.: Theoretical expectations of photon pair count rates, bunching peak
height and integration time for pulsed and continuous chaotic sources. I1 resp.
Ī1 are the count rates detected by the detector and except for the first line
td, tp << tc is assumed.

5.2.7. Experimental results

Photon bunching in a thin gold film

After this long build-up, I will finally present the result of the measurements.
Here for the nonlinear luminescence of a thin gold film (2 nm titanium and 25
nm of gold). The luminescence is excited at 808 nm, with an average intensity
of 4 MW cm−2 at a local hotspot (typically an edge or roughness of the film).
The luminescence is then filtered at 628 nm and sent to both APDs, with typical
count rates of 104 − 105 at each detector.

Data treatment

In the measurement each detected photon emitted from the photoluminescence
is recorded as a timestamp. From these timestamps I then construct a histogram
of all time delays between successive photon pairs. This is done with a home-
made python script. For each photon event registered by the first detector (APD
1), the program considers the closest photon event registered by the second de-
tector (APD 2), and then calculates the time delay between both events. The
histogram then counts how many times each (positive or negative) time delay
has been observed within 1 ps time resolution. Such a histogram is shown in
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a) b)

Figure 5.10.: The figure shows a raw photon correlation histogram for a mea-
surement on a thin gold film integrated for 1 h, the count rate was between
104 − 105 Hz. In a) for time delays between -55 to 55 ns in b) a zoom into the
central peak. The dashed red lines mark the integration limits.

Figure 5.10 for the nonlinear photoluminescence of a thin gold film.
For time delays shorter than dead time of the APDs (77 ns), this is equivalent to
calculating the full photon correlation, since it is not possible to have a second
photon detected within the dead time of the APD.5
In the histogram of Figure 5.10 one observes series of discrete peaks spaced
by the repetition period Trep of the laser. This is due to the periodically pulsed
excitation and therefore periodically pulsed emission of the nonlinear photolumi-
nescence. Every photon is emitted only during a small pulse duration. Therefore
the time delay between two photons of the photon pairs can be only a multiple
n = 0, 1, 2, −1, −2, ... of the pulse period n · Tper.
The shape of these peaks is a convolution of the excitation pulse, the lumines-
cence dynamics of the light source and the instrument response functions with
time resolution τdet of the detectors. Since in my case the excitation pulse du-
ration is 180 fs and the decay time of the source is about τp ∼1 ps (according
to [181]), which are both considerably shorter than the time resolution of the
APDs (20 ps), the observed pulse shape is only determined by the instrument
response functions of the APDs.
To extract the photon correlation histogram I integrate then over each peak with
limits of 1 ns, shown in red in Figure 5.10 b).

The final result after all the data treatment is shown in Figure 5.11. One
5To extent the range of time delays beyond the dead time to twice the dead time of the APDs

one would need to take into account not only the closest but also the second closest photons
event, and so on.
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5.2. Photon correlation measurements of the nonlinear photoluminescence in metals

Figure 5.11.: The photon correlation histogram for the same measurement as in
Figure 5.10. The extracted photon bunching peak value is g2(0) = 1.038±0.004.

observes a clear bunching peak at zero time delay with g2(0) = 1.038 ± 0.004,
achieving thus the goal of measuring the photon correlation of the nonlinear
photoluminescence.

Comparison with theory

To further gain insight into the measurement one can compare the observed pho-
ton bunching with the theoretical predictions of Table 5.1 by inserting the pa-
rameters of the experiment. Due to the line filter the coherence time is τc = 0.122
ps, by assuming a lifetime of τp = 1 ps, which is the mean experimentally deter-
mined lifetime of a hot electron gas [180,181], one expects to observe a bunching
peak of g2(0) = 1 + 0.10 · C. Since the detected light is unpolarized6 this gives
a spatial coherence factor about Cspatial = 0.76, which is in agreement with the

6This is an assumption, as I did not measure the polarization during the photon correla-
tion measurements. In subsequent measurements, by taking polarized confocal nonlinear
photoluminescence maps, I was however unable to observe a significant polarization of the
emitted light.
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estimation of in section 5.2.6. Inversely one can give also an upper limit on the
life time. From Cspatial ≤ 1 it follows that

√
π · τc

2tp
≥ 0.076, this gives an upper

limit to the lifetime of the source of tp = 1.4 ps.
If instead of emission by a hot electron gas one considers inelastic light scattering
by a hot electron gas the above predictions change slightly. The lifetime of the
hot electron gas is replaced by the pulse duration of the excitation of 180 fs. As-
suming Gaussian pulses one then obtains a bunching peak of g2(0) = 1 + 0.32 · C
according to equation A.12 shown in the appendix. Within this model I there-
fore obtain a spatial coherence factor of Cspatial = 0.24. If I had an independent
experimental approach of determining the spatial coherence factor one could
thus distinguish between two emission hypotheses.
With the expressions of Table 5.1, one can also calculate the expected integra-
tion time To for the measurement of Figure 5.11. Inserting frep = 80 MHz,
Ī1,2 = 5 · 104 Hz and SNR = 0.038/0.004 = 9.5 one obtains a predicted integra-
tion time about 40 min. This is just a bit shorter than the actual integration
time of 1 h and shows thus a good overlap between theoretical predictions of
Table 5.1 and the experiment.

Photon bunching in different structures

Besides the thin gold film, I measured also the photon correlation of other metal-
lic structures, such as a silver film, monocrystalline flakes and gold nanoparticle
(60 nm) showing a broad plasmonic resonance. Their luminescence response and
spectra (except for the silver film) are shown in figure 5.12. Both the gold film
and the gold flake show similar spectra, whereas the spectrum of the gold parti-
cle is clearly modulated by its plasmonic resonance. This resonance is also seen
in the dark field scattering spectra (gray curves) of similar particles. One ob-
serves also a general emission enhancement of the nonlinear photoluminescence
at the edges for both the film and the gold flake. This is typically attributed
to a plasmonic enhancement and a better free space coupling of the emission at
the edges.
The results of the photon correlation measurements are shown in Figure 5.13.

All samples show clear bunching peaks with similar bunching peak heights. The
bunching peak is of 1.045 ± 0.016 for the gold nanoparticle, of 1.037 ± 0.007 for
the silver film and of 1.070 ± 0.004 for the monocrystalline gold flake.
I also display in Figure 5.13, the photon correlation measurement for the sec-
ond harmonic generated with a nonlinear β-barium borate (BBO) crystal and
observe a value of g2(0) = 1.00014±3 ·10−5. This low value is expected for a co-
herent laser excitation [208,234] and assures that the measured bunching peaks
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Figure 5.12.: Confocal scans and NPL spectra of two gold samples. In (a) a
confocal scan of a sample with gold nanoparticles deposited on a glass coverslip
with UV-lithography prepared marks, consisting of 2 nm titanium and 25 nm of
gold. In (b) and (c) the spectra of resp. the edge of the thin gold film and the
gold nanoparticle indicated in (a). In (d) a confocal map of a gold flake, with
its spectrum shown in (e). Reprinted with permission from [44] © The Optical
Society.
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a) b)

c) d)

Figure 5.13.: Measured photon correlations for (a) a gold nanoparticle of 60 nm
diameter, (b) a rough silver film, (c) a monocrystalline gold flake. (d) As a
sanity check the photon correlation for the second harmonic generated by a
phase-matched nonlinear β-barium borate (BBO) crystal.

are not artifacts due to the data treatment or other unwanted contributions.
Although the most challenging to measure, the most interesting result is the pho-
ton bunching observed in the gold nanoparticle as one expects to have spatial
coherence factor of Cspatial = 1. From the bunching peak height of 1.045 ± 0.016
one thus deduces a lifetime of τp = 1.2±0.4 ps, which in the order of the lifetimes
reported in [180,181]. This estimation is about ten higher than expected 180 fs
duration expected for inelastic light scattering. This seems therefore to confirm
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5.2. Photon correlation measurements of the nonlinear photoluminescence in metals

the thermal emission mechanism. I have however neglected here background
contributions which lower the peak height and therefore lead to an increased
lifetime in the calculations.
The origin of the different bunching peak heights between gold nanoparticle,
flake, film and silver is not fully clear to me. It may be due to different hot
electron lifetimes which depend upon the excitation power and resonances [180],
other factors may be background light and dark counts, or slight misalignment
of both APDs leading to a lower spatial coherence factor Cspatial.

Predictions for electromigrated tunnel junctions

As seen above, the predictions of the formulas of Table 5.1 fit well with the
actual experiments. I will therefore estimate here also the integration times and
bunching peak heights if measuring the overbias emission from electromigrated
tunnel junctions of Chapter 4.1 instead. Assuming the same coherence time of
0.122 ps, achieved in my measurements with the nonlinear photoluminescence,
and using the same detectors with time resolution of 30 ps the expected bunching
peak height is g2(0) = 1 + C · τc

2τd
= 1 + C · 0.0013, as the overbias emission is a

continuous source. Thus, even in the best case, with completely polarized emis-
sion and full spatial coherence, the expected bunching peak height is a factor 10
lower with what was achieved experimentally for the nonlinear photolumines-
cence.
The integration time necessary to observe the photon bunching with a signal to
noise ratio SNR = 3 is in such a case assuming count rates (including spectral
filtering) at each APD of 105 Hz equal to To = 7.89 · 106 s ≈ 90 days. If one
would achieve count rates of 106 Hz, the integration time would reduce to 21 h.
The assumed count rates are however higher than anything I could achieve for
the electromigrated gold nanowires. Therefore I decided to not pursue further
the photon correlation experiments.
To perform photon correlation measurements with the electromigrated junctions
strategies to enhance their lifetime and brightness need to be found. A possi-
ble solution might be to embed gaps within optical dielectric resonators with
narrow resonances. Instead of filtering the light during its propagation and
loosing valuable photons for the photon correlation measurement, due to the
Purcell effect [235] most of the photons should be emitted into well-defined opti-
cal resonances featuring long coherence times. According to Table 5.1 this would
allow a reduction of integration time depending quadratically on the resonance
linewidth.
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5.3. Conclusion
To summarize, this chapter presented the photon correlation measurements and
the observation of photon bunching of the nonlinear photoluminescence in met-
als. The nonlinear photoluminescence features similar light emission characteris-
tics as the overbias regime of the electromigrated tunnel junctions of Chapter 1.
Compared to the overbias photon emission, the nonlinear photoluminescence
has several advantages: it is brighter and more stable, and is intrinsically pulsed
featuring short lifetimes of about 1 ps. These factors allow us experimentally to
observe the photon correlation for the nonlinear photoluminescence, but makes
quite challenging to do same for the overbias emission, according to the theoret-
ical predictions.
The bunching peak heights in my measurements are well explained with the
theoretical formulas of Table 5.1, indicating a luminescence lifetime about 1 ps
previously reported in literature. This suggests that the nonlinear photolumines-
cence is emitted by a hot electron bath rather than by inelastic light scattering.
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Chapter 6.

Different light emission regimes in a
single silver junction

The last experimental chapter presents a single device showing all different light
emission mechanism (electroluminescence, inelastic tunneling and overbias light
emission) encountered so far in this thesis. This device consists of two silver
electrodes on top of a glass cover slip separated by a gap and covered by a layer
of polymethylmethacrylate (PMMA). Depending on the silver filament growth
different emission mechanism are observed.
The filament is reflected in the conductance of the junction. As mentioned in
Chapter 4 a pivotal conductance value is the quantum of conductance G0 =
7.75 × 10−5 S. This conductance indicates the presence of a full continuous
filament bridging both electrodes with the thinnest part being one atom thick
[152]. The measured conductance is thus displayed again in units of G0.
The samples were kindly provided by our collaborators from ETH Zurich.

6.1. Silver gap junctions
The results presented in this chapter are obtained from two samples. For both
we observe light emission for small currents (below 1 µA) and overbias photon
emission, i.e photons with higher energy than the standard limit of inelastic tun-
neling of eq. 2.3. Neither of the samples features a complete set of experimental
data, so that experiments from both samples are presented here.
The silver structures were patterned using the same procedure as explained in
Chapter 3. First a thin layer of silver (3 nm of chromium and 40 nm of silver
and 60 nm of gold for the first sample, 1 nm chromium, 50 nm of silver for the
second sample) is deposited on top of a clean glass covers slip. In the next step
electron beam lithography is used to define a mask, which allows to etch the
silver layer and to obtain the desired structures. Finally on top of the silver a
layer of PMMA is spin coated. The electrodes can be accessed by scratching the
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Chapter 6. Light emission silver to silver junctions in a PMMA cladding

Figure 6.1.: a) shows a bright field microscope image of a misaligned silver junc-
tion with two gaps. b) displays the light emission obtained during a voltage
sweep on the junction superimposed on a bright field image of the device. The
device emits photons from both gaps. The post activation SEM images show
the presence of a grown filament in the lower large gap c).

PMMA layer with the tungsten tips of the electrical probes.
The design of the silver structures is similar to the memristive devices of Chap-

ter 3. Additionally in the first sample (having the extra 60 nm gold layer) an
artefactual shift between e-beam lithography patterning of the gaps and elec-
trodes occurred. This caused an extra 200 nm gap in the devices. This gap
is seen optically under a microscope as shown in Figure 6.1 (a). To our sur-
prise, this additional gap does not hinder the function of these devices. The
floating potential of the silver triangle in between the two gaps acts as bipolar
electrode, as discussed in [79]. The triangle results to be a lower potential than
the positive electrode (drain) but at higher potential than the source electrode,
allowing current conduction and filament growth in both gaps through the same
mechanism of silver ion reduction and oxidation mentioned in Chapter 3.1. A
grown filament is clearly visible in post-activation SEM images in the lower gap,
Figure 6.1 (c). In the upper gap this filament has probably been destroyed in
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subsequent measurements. Light can be emitted from both gaps as evidenced
in Figure 6.1 (b).

6.2. Light emission and filament growth

The presentation of the experimental results poses a small dilemma. One could
either privilege an experimental continuity in the type of excitation used, first
voltage sweeps and then pulsed excitation, or a thematic continuity, starting
from the smallest gap conductances and increasing towards the quantum of
conductance. Both have their merits and drawbacks, here I will chose to follow
thematic continuity in the conductances of the junctions.

6.2.1. Wide gap light emission regime

For each pristine device, the electroforming of the silver filament is initiated
by performing few voltage sweeps at low compliance currents. Such a sweep is
shown in Figure 6.2, obtained on a device having two gaps. After some short
current spikes (shown in green in Fig. 6.2 b)), together with photon emission, the
compliance current is reached at time -13 s, with the SMU reducing its output
voltage below 100 mV for the rest of the bias sweep as the compliance current
limit at 5 µA is reached. This is a result of the silver filament growth, reaching
a gap conductance Ggap near G0. This high conductance is established in a sud-
den jump of several order of magnitudes as indicated in Figure 6.2. It implies
also a transition in the current transport regime passing from electron hopping
between localized trap sites of the two previous chapters to direct tunneling if
(Ggap < G0) or even a ballistic transport regime if (Ggap ≥ G0).
Before reaching the compliance limit, the junction shows only a few bursts ac-
companied by photon emission. During the current and photon spikes the con-
ductance stays between 10−4 G0 and 10−2 G0. As these bursts are quite few and
short it is challenging to characterize the emission phenomenon in greater depth,
as done in the previous two chapters. The discontinuous light bursts however
remind more the light emission observed in the silver-platinum memristors than
the light characteristics of the wide-gap gold junctions. This is also seen in the
lack of photon counts in the first current spikes around -18 s. For the silver-
platinum memristive devices the applied voltage of 2 V is too low for photon
emission, whereas in the gold junctions light at is such a voltage is expected.
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Chapter 6. Light emission silver to silver junctions in a PMMA cladding

Figure 6.2.: Voltage sweep and light emission time traces for silver junctions
embedded in PMMA at relatively low current. In a), the measured photon
counts (blue) and the applied bias (orange) are shown. b) displays alongside
the photon counts (blue), the measured current by the SMU (red) and by the
TIA (green). The background gray curve shows the junction’s conductance (in
logarithmic scale) and is displayed in multiples of the quantum of conductance
G0 = 7.75 × 10−5 S. The initial decrease observed in the conductance is an
artifact due to the background current noise of the TIA.

6.2.2. Light emission by inelastic electron tunneling

In an attempt to limit the filament growth and keep the gap conductance low,
while still applying voltages high enough to detect light, we excite the silver to
silver junctions with short voltage pulses. Before applying the pulses, several
voltage sweeps with a low compliance current (typically 20 nA) are performed.
This initiates the filament growth which is subsequently controlled through volt-
age pulses. The initial width of the voltage pulses is about 10 ms. Quite, rapidly
shorter pulse widths of 20 µs are reached while still observing current and light.
One such run is shown in Figure 6.3.

The faster junction dynamics, allowing to apply a factor 50 shorter pulses,
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6.2. Light emission and filament growth

Figure 6.3.: Pulsed excitation of the silver to silver gaps in PMMA with 100
pulses of 2 V, 20 µs duration and 10 kHz repetition rate. The detected photon
counts are shown in blue, the measured current is shown in orange and the
voltage pulses in gray (on the right only). On the left the full measurement is
displayed, whereas the right plot shows a zoom onto a few pulses.

compared to the wide-gap gold junctions and the silver-platinum memristors, is
explained by several factors. Contrary to the the memristive devices (Fig. 3.8)
and the wide gap gold junctions in SiO2 (Fig. 2.29), the current was not mea-
sured using the active probe with an input resistance of 1.25 MΩ, but with the
TIA having an input resistance of only 100 Ω. This allows on one hand faster
electric dynamics1 and on the other hand higher currents and a larger filament
growth without worrying about the voltage drop on the resistance in series on
the junction. Secondly the filament growth in the PMMA junctions seems intrin-
sically faster than for silver or gold in SiO2. Still fast switching (pulse duration
20 ns) for silver filaments embedded in SiO2 are possible as shown in [41] in
measurements having a 100 kΩ resistance in series.
The light emission in Figure 6.3 is observed almost consistently in every pulse
even though the applied voltage is only 2 V. This stable light emission during
pulsed excitation permits the acquisition of spectra, shown in Figure 6.4.
To check the consistency of the emission spectra, the acquisition for each volt-

age was repeated several times. Whereas the magnitude between different runs
(at the same applied voltage) changes, the shape and in particular the low wave-
length cut-off stay unchanged. The spectral shape and lower wavelength limit
however change between spectra acquired with different voltages. In particular,

1Considering the RC limit in electric circuits.
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Chapter 6. Light emission silver to silver junctions in a PMMA cladding

Figure 6.4.: Spectra taken during a pulsed excitation (500 pulses,
20 µs pulsee duration, 10 kHz repetition rate) of the silver gaps
in PMMA for different applied biases. The spectra shift with
applied bias, and emission is observed until the quantum limit
of inelastic tunneling (dashed lines). For a better visibility, all
the spectra acquired with 1.5 V pulses have been multiplied by
a factor 5.

the lower wavelength limit follows remarkably well the quantum cut-off of in-
elastic tunneling for the applied voltage, with hν ≤ eV (equation 2.3), indicated
in the plot with dashed lines. This strongly suggests that light is emitted by
inelastic electron tunneling.
It seems thus that by pushing the silver filament grow further and therefore
reaching a higher conductance of the gap2, the emission mechanism transitions
from electroluminescence emitted by luminescent charge traps as discussed in
the two previous chapters to inelastic electron tunneling. The light should be
emitted in the gap between the positive electrode and the filament growing from
the opposite electrode.

2The conductance of the gap for currents of 2 µA and 10 µA is about 1.3 · 10−2G0 resp.
6.5 · 10−2G0.
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6.2.3. Overbias emission

When the conductance of the gap is increased even further, reaching values near
the quantum of conductance, the light emission characteristics of the silver gap
change yet another time. In this case photon energies hν > eV greater than the
standard limit of inelastic tunneling (eq. 2.3) are detected, the junction features
thus overbias photon emission, as discussed in Chapter 4.
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Figure 6.5.: Overbias photon emission observed in voltage sweeps for silver in
PMMA. The photon counts are shown in blue. In a) the applied bias is shown
in orange, whereas b) displays the conductance of the device (black using the
current measurement from the SMU and green from the TIA), c) features a
zoom of b) with the photon counts plotted in a logarithmic scale. The device
starts with stable filament connecting both electrodes (gray area in b)). Once
sufficient electrical power is dropped on the filament, the latter is partially de-
stroyed (starting at -7.8 s) and photon emission is observed. As can be seen the
maximum applied bias is 1 V, this is below the detection limit of the APD, all
the photons are thus emitted in the overbias regime. On the backwards sweep
the filament forms again.
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This conductance regime can be reached by simply continuing the initial volt-
age sweeps but allowing successively higher compliance currents. This typically
leads to the formation of a continuous silver filament between both electrodes.
The filament can however be also broken again by the current flowing through
the filament, see Chapter 4.
Such a case is shown in Figure 6.5. Initially the junction shows a grown filament
resulting in a high conductance of the junction (gray area Fig. 6.5 b)). During
the voltage sweep the filament decreases, leading to a decreased conductance and
finally the opening of a gap, at this point the conductance obeys Ggap ≤ G0.
While the conductance is close to G0 light is detected. Since the applied voltage
is below 1.1 V, all the detected photons are emitted into the overbias regime.
The overbias emission regime manifest itself even more clearly in spectra, as
shown in Figure 6.6. The spectrum was acquired during a voltage sweep, shown
in Fig. 6.6 a). Although, the maximum applied voltage is below 1.5 V, a good
fraction of the photons are emitted at shorter wavelengths (left to the dashed
line in Fig. 6.6 b)) than expected for the cut-off of inelastic tunneling. Besides
violating this cut-off, the spectrum shows a broad distribution with two wide
peaks which are probably due to plasmonic resonances of the electrodes and the
silver filament, and the efficiency cut-off of the setup.
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Figure 6.6.: Photon emission spectrum showing the overbias emission during a
bias sweep for silver in PMMA. In a) the voltage sweep with a compliance current
of 500 µA. In b) the recorded spectrum during the sweep, in pale blue the raw
data, the thicker line indicates shows a running average over 25 points. The
dashed line indicates the standard quantum limit of inelastic electron tunneling
at 1.5 V.
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6.3. Conclusion
Depending on the growth of the silver filament, characterized by different con-
ductance values, different light emission regimes are observed. This is quite
analogous to scanning tunneling microscopy luminescence (STML) where the
gap conductance is varied by changing the tip height [155]. Here this is achieved
for a single planar on chip device, as sketched in Figure 6.7.
At the beginning, with little silver filament growth and a conductance range
between 10−4 G0 and 10−2 G0, light is emitted through electroluminescence of
luminescent centers, as already reported. By further growth of the silver fila-
ment and conductances above 10−2 G0, the electroluminenscence mechanism is
replaced by inelastic electron tunneling and finally for a conductance close to
G0, overbias photon emission is observed.

By controlling the filament growth one can therefore tune the light emission
mechanism of such junctions. This allows to study and compare these different
regimes within one device.
The same series of emission regimes should also be observed in the silver-
platinum memristors of Chapter 3, by allowing a similar filament growth and
higher conductances.
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Figure 6.7.: Sketch of the different emission regimes for silver gaps in PMMA in
function of the junction conductance resp. silver filament growth.
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Chapter 7.

Conclusion and outlook

This thesis is a study of electrically-induced light generation and the associated
physical phenomena in small metal gaps. These nanometer-size gaps are fabri-
cated using standard clean room techniques. Depending on the junction’s gap
size, which also evolves in function of the applied electrical field, different emis-
sion mechanisms are at play.
This is highlighted in the silver junctions embedded in PMMA of Chapter 6,
which, through the voltage induced silver filament growth, show three differ-
ent conductance and light emission regimes: from the largest gap separation
and conductances generating photons by electroluminescence of defects to inter-
mediate separation associated to inelastic electron tunneling to almost ballistic
regime enabling overbias photon emission. These results summarize and provide
an overview of the light emission studies of thesis.

Electroluminescence in wide gaps

The first type of devices presented in this thesis are the wide gap gold junctions
of Chapter 2: two gold electrodes, spaced by 20 nm to 50 nm, on top of a glass
cover slips. These junctions are either exposed in air or embedded in a SiO2 di-
electric matrix. Despite this rather simple structure these devices show complex
current and light behavior.
Under electrical activation the junctions show a significant increase of conduc-
tance, particularly seen in voltage sweeps as hysteresis in the current-voltage
plots. Over several cycles the current could be increased from some nA up to
some µA. This is a consequence of both a defect creation within the SiO2 ma-
trix and substrate and the migration of small gold clusters into the gap. The
presence of localized electron hopping sites is confirmed by the observation of
current noise result of the trap assisted tunneling regime in the junction.
With the appearance of the current light is emitted in the junction’s gap with an
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efficiency in the range of 10−7 − 10−5 photons/e−. These photons are originated
either in SiO2 defects (Si-clusters) or the gold clusters involved in the current
conduction. This is confirmed in the spectral distribution of the photons in dis-
crete peaks and the time evolution of the photon count rates, showing intensity
fluctuations, typical of single emitters. By analyzing in greater detail these in-
tensity fluctuations (in particular their photon correlation) the emission of the
luminescent centers could be further characterized (active time, brightness, etc.).

Similar structures are investigated in Chapter 3, where the gold electrodes are
replaced by silver and platinum tips. Quite expectedly these memristive devices
show qualitatively a similar current transport and light emission to the wide-gap
gold junctions. There are however are few differences due to the electro-chemical
properties of silver-platinum and gold. This allows by comparison to infer the
influence of the electrode material on the junction’s behavior.
Whereas for a negative bias on the silver electrode only SiO2 defects contribute
to current transport and light emission, for a positive voltage a silver filament,
growing from the platinum electrode, contributes to the conductance increase
and switching. The same behavior independent on the polarity of the applied
voltage allows to attribute the photon emission to the electroluminescence of sil-
icon rich nanoclusters inside the SiO2 matrix. These luminescent centers, which
are created during the electrical stress of the memristive devices, are confirmed
by photoluminescence experiments.
The analyses of the evolution of the photon count rates in time, as performed
for the wide-gap gold junctions, highlight the difference between both type of
devices. In particular the voltage required to observe electroluminescence is con-
siderably higher for the silver-platinum gaps than for the gold junctions. This
might imply that for the wide gap gold junctions different defects (few atom
gold clusters instead of the silicon rich nanoclusters) are involved in the photon
generation process.

Overbias emission

Overbias emission in small metal gaps is presented in Chapter 4. This emission
regime is observed in almost closed gap junctions with conductance values close
the quantum of conductance G0 = 7.75 × 10−5 S. From different experimen-
tal systems reaching these conditions and reporting overbias emission, the gaps
created by electromigrating of small gold constrictions are used to present the
overbias emission experimentally. These junctions were also previously investi-
gated in the group [176].
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Chapter 7. Conclusion and outlook

The second part of the chapter then discusses different hypotheses about the
origin of this emission regime. Two main lines of argumentation exist: The first
attributes the overbias emission to thermal radiation of an hot electron bath,
the second considers coherent multi-electron inelastic tunneling. Between these
two poles intermediate hypotheses exist, combining some aspects of both poles.
As described in Chapter 5, to discern between these hypotheses and further
characterize the overbias emission I aimed at measure its photon correlation. As
a first step in this direction I measured the photon correlation of the nonlinear
photoluminescence of metals. The nonlinear photoluminescence of metals shows
similar characteristics as the overbias emission, and can be explained by a sim-
ilar mechanism of hot electron radiation.
The photon correlation measurements show consistently photon bunching. This
is expected for the thermal radiation mechanism, in particular the bunching
peak height is consistent with the dynamics reported in literature [180,181] and
seems to rule faster emission processes.
These photon correlation measurements showed also the importance of a bright
light emission and source stability to discern a photon bunching, this prevents
currently such measurements on the overbias emission from the electromigrated
gold gaps.

Electro-optical antennas

Electrically excited optical antennas are a main research topic of the nano-
optic research community in recent years. These antennas are typically excited
by inelastic electron tunneling [30, 236] or overbias emission [40, 166], partially
studied in this thesis. Both mechanism require small gap sizes and requires
thus elaborate fabrication techniques such as electromigration [40,237], vertical
stacking [35, 107], particle self-assembly [38] or the electrophoretic trapping of
small gold nanoparticles in a gap [21,238–241].
In this context the present work adds a more fabrication friendly light source
partially integrated with optical antennas by studying the electroluminescence
in wide-gap junctions. A similar approach is pursued in [242] depositing a elec-
troluminescent organic layer between similarly spaced electrodes The achieved
efficiencies around 10−6 photons/e− are however in the same order as our naive
approach of simple wide gaps.
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Outlook
This thesis provides thus a study of different light emission mechanism in small
gap junctions. These junctions could provide scalable, on-chip light sources and
can be fabricated with standard clean room technology. It is however clear that
at the current stage, the low emission efficiency and relatively low brightness
prevent a use in practical applications. For example a typical wide-gap gold
junction with an efficiency of 10−6 photons/e− driven at 2 V requires already
320 fJ to emit a single photon, while the photon count rate of 10 MHz limits
the optical link to similar data rates, which is far below the required 14 GHz to
make optical interconnects competitive. Further research on the gap junctions
and a deeper understanding of the emission mechanism are therefore necessary
to improve these gap junctions.
Quite general two approaches for both the wide gaps and the overbias emission
could be pursued. The first would be to tailor the optical environment, similar
to what is done for devices relying on inelastic tunneling. This would enhance
and shape the light emission through optical resonators and has been partially
addressed for the wide-gap gold junctions and the silver-platinum memristors in
their electrode design but should be investigated more systematically. The sec-
ond approach is to tailor the electric and luminescent properties by the choice of
materials. For example for the wide gap junctions one could consider a different
(perhaps already luminescent) dielectric matrix in the gap, as in [242], which
may boost the emission efficiency. Similarly, as already partially investigated in
this thesis, one could also consider a specific electrode material (perhaps also a
semiconductor) to improve the properties of the gap sources.
It is further interesting to study the reaction of the wide-gaps when excited both
electrically and by coherent light. This has been already investigated for smaller
gap junctions in STM tips relying on inelastic electron tunneling [243, 244] and
for electromigrated junctions with overbias emission [245], featuring in both
cases a significant nonlinear light emission increase. This might also help to
measure the intrinsic lifetimes of the electroluminescent species. Conversely,
when shining light and electrically biasing these gap junctions, also the current
and junction conductance could change, as observed in [165] (optical recifica-
tion) or [23] filament dissolution. This would allow to consider these gaps also
as photon detectors.
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Appendix A.

Calculation of the bunching peak height
and integration times
In this appendix I will show how to evaluate equation 5.11 to obtain the expres-
sions of Table 5.1. Just as a reminder we have:

Cr =
∫ τo+ ∆τ

2

τo− ∆τ
2

dτ

∫ To

0
dt

∫ ∞

−∞
dt1

∫ ∞

−∞
dt2 I1(t1)I2(t2)·

D1(t1 − t) · D2(t2 + τ − t)
(A.1)

Cb(τo) =
∫ τo+ ∆τ

2

τo− ∆τ
2

dτ

∫ To

0
dt

∫ ∞

−∞
dt1

∫ ∞

−∞
dt2 I1(t1)I2(t2)·

D1(t1 − t) · D2(t2 + τ − t) · C|g1(t1 − t2)|2
(A.2)

where I1,2(t) are the time dependent intensities at detector 1 resp. 2 and D1,2(t)
are the detectors time response functions normalized such that

∫∞
−∞(D1(t)) = 1.

In order to evaluate both integrals both for pulsed and continuous sources I will
use the functions shown below.

|g1(t)|2 = exp(− t2

τ2
c

)

D1,2(t) = 1
τd

√
2π

exp(− t2

2τ2
d

)
(A.3)

I further model the pulsed source as:

I1,2(t) =
∑

n

Ī1,2
frep

Ip

(
t − n · 1

frep

)
with

Ip(t) =

0 for t < 0
1
τp

e
− t

τp for t ≥ 0

(A.4)
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A.1. Evaluation of the integrals CW source

where Ī1,2 is the mean detected intensity and Ip is the identical pulse shape
(an exponential intensity decay as expected for a thermal source) repeating
periodically with frequency frep.

A.1. Evaluation of the integrals CW source

Random background counts I now evaluate the integral of equation A.1 by
inserting the above defined functions:

Cr =
∫ τo+ ∆τ

2

τo− ∆τ
2

dτ

∫ To

0
dt

∫ ∞

−∞
dt1

∫ ∞

−∞
dt2 I1 · I2·

D1(t1 − t) · D2(t2 + τ − t)

=
∫ τo+ ∆τ

2

τo− ∆τ
2

dτ

∫ To

0
dt

∫ ∞

−∞
dt1

∫ ∞

−∞
dt2 I1 · I2·

1
τd

√
2π

exp
(

−(t1 − t)2

2τ2
d

)
· 1

τd

√
2π

exp
(

−(t2 + τ − t)2

2τ2
d

)

=
∫ τo+ ∆τ

2

τo− ∆τ
2

dτ

∫ To

0
dt

∫ ∞

−∞
dt̃1

∫ ∞

−∞
dt̃2 I1 · I2·

1
td

√
2π

exp
(

−(t̃1)2

2t2
d

)
· 1

td

√
2π

exp
(

−(t̃2)2

2t2
d

)
Integration t̃2=

∫ τo+ ∆τ
2

τo− ∆τ
2

dτ

∫ To

0
dt

∫ ∞

−∞
dt̃1 I1 · I2 · 1

τd

√
2π

exp
(

−(t̃1)2

2τ2
d

)
Integration t̃1=

∫ τo+ ∆τ
2

τo− ∆τ
2

dτ

∫ To

0
dt I1 · I2

=I1 · I2 · ∆τ · To

(A.5)

This result is independent of the actual functions for D1,2 as long they are
normalized.
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Appendix A. Calculation of the bunching peak height and integration times

Additional bunching counts Again inserting all the functions into Equation A.2
I obtain:

Cb(τo) =
∫ τo+ ∆τ

2

τo− ∆τ
2

dτ

∫ To

0
dt

∫ ∞

−∞
dt1

∫ ∞

−∞
dt2 Ī1Ī2·

1
τd

√
2π

exp
(

−(t1 − t)2

2τ2
d

)
· 1

τd

√
2π

exp
(

−(t2 + τ − t)2

2τ2
d

)
· C · exp

(
−(t1 − t2)2

τ2
c

)

=
∫ τo+ ∆τ

2

τo− ∆τ
2

dτ

∫ To

0
dt · I1I2 · C · τcoh

τtot
· e

− τ2
τ2

tot

(A.6)

with τtot =
√

4τd + τc.
At zero time delay and for ∆τ = τtot I obtain:

Cb

Cr
= C · tcoh

τtot
· τtot

√
2π

erf( ∆τ
2τtot

)
∆τ

' C · τc

τtot
· 0.96 (A.7)

where erf(x) = 1√
π

∫ x
−x dy · e−y2 is the so called error function.

A.2. Pulsed source

For the pulsed source I will assume that τp < τd � 1
frep

. The last inequality
allows us to disregard contributions coming from the overlap of two different
pulses. Inserting into equation A.1 I obtain then:

Cr =
∑

n

∫ τo+ ∆τ
2

τo− ∆τ
2

dτ

∫ To

0
dt

∫ ∞

−∞
dt1

∫ ∞

−∞
dt2

Ī1
frep

Ip

(
t1 − n · 1

frep

)
· Ī2

frep
Ip

(
t2 − n · 1

frep

)
·

1
τd

√
2π

exp
(

−(t1 − t)2

2τ2
d

)
· 1

τd

√
2π

exp
(

−(t2 + τ − t)2

2τ2
d

)
(A.8)

I evaluate now the integral for a single pulse (or fixed n).
Since in our data processing I integrate over the whole instrument response
function, I can set ∆τ = ∞ in our calculation. Similarly, since the integration
time To is much larger than the time scale involved for the instrument time
response functions and the pulses I will set the integral limits also to infinity.
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A.2. Pulsed source

For a single pulse I then obtain:

∫ ∞

−∞
dτ

∫ ∞

−∞
dt

∫ ∞

−∞
dt1

∫ ∞

−∞
dt2

Ī1
frep

Ip(t1) · Ī2
frep

Ip(t2)·

1
τd

√
2π

exp
(

−(t1 − t)2

2τ2
d

)
· 1

τd

√
2π

exp
(

−(t2 + τ − t)2

2τ2
d

)

=
∫ ∞

−∞
dt1

∫ ∞

−∞
dt2

Ī1
frep

Ip(t1) · Ī2
frep

Ip(t2)

= Ī1
frep

· Ī2
frep

The only thing left to do is to multiply this expression by the number of detected
pulses Npul = frep · To within the integration time To and I obtain:

Cr =Npul · Ī1
frep

· Ī2
frep

= Ī1 · Ī2 · To

frep

(A.9)

The result again does not depend on the specific functions chosen as long as
they are normalized and our assumptions are valid.
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Appendix A. Calculation of the bunching peak height and integration times

Additional bunching counts I will only show here the calculation for a single
pulse:

Cb(0)sp =
∫ ∞

−∞
dτ

∫ ∞

−∞
dt

∫ ∞

−∞
dt1

∫ ∞

−∞
dt2

Ī1
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Ip (t1) · Ī2
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Ip (t2) ·

1
τd

√
2π

exp
(
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2τ2
d

)
· 1

τd

√
2π
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(
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2τ2
d

)
·

C · exp
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τ2
c

)

=
∫ ∞

−∞
dt1
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Ī1
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=
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0
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0
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)
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)
· C · exp

(
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τ2
c

)

= Ī1
frep

· Ī2
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C ·
√

π
τc

2τp
·
(

1 − erf
(

τc

2τp

))
· exp

(
τc

2τp

2
)

' Ī1
frep

· Ī2
frep

C ·
√

π
τc

2τp

(A.10)

where the last approximation is valid for τc
2τp

� 1.
From this I obtain the bunching peak height at zero time delay

Cb

Cr
= C ·

√
π

τc

2τp
·
(

1 − erf
(

τc

2τp

))
· exp

(
τc

2τp

)2

' C ·
√

π
τc

2τp

(A.11)

If instead of exponential decaying pulses I consider gaussian pulses in equa-
tion A.4:

IP(t) = 1
τp

√
2π

exp
(

− t2

2τ2
p

)

This changes the calculated bunching peak height to:

Cb

Cr
= C · tcoh√

4τ2
p + t2

coh

(A.12)
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A.3. Integration time

A.3. Integration time
The integration time can be estimated following the procedure found in [246].
The noise in the experiment is given by the shot noise fluctuations of the random
photon events, the signal are the additional counts of photon pairs with zero time
delay the signal to noise ratio SNR is therefore:

SNR = Cb√
Cr

= C · τc

τtot
· 0.96 ·

√
I1 · I2 · τtot · To

where for the last equality I have inserted the results for a continuous source.
By inverting this relation one than extracts the integration time To.

A.4. Background contribution
The contribution of additional background counts B1,2 at the APDs, coming
from stray light or the dark counts of the APDs gives additional random photon
pairs without additional bunching counts. This increases the value of Cr by a
multiplication factor FB:

FB =

1 + B1
I1

+ B2
I2

+ B1B2
I1I2

for CW sources
1 +

(
B1
Ī1

+ B2
Ī2

)
· ∆τ · frep + B1B2

Ī1Ī2
· ∆τ · frep for pulsed sources

(A.13)
The bunching peak height is divided by FB, the integration time is multiplied
by FB.
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Appendix B.

Spectral brightness and photon
correlation measurements

The spectral brightness δ, i.e. the mean number of photons emitted into a
coherence volume [214] (or a single photon mode) sets basically the integration
time for the photon correlation measurements [246], as will be shown in the
following, assuming a series of discrete independent photon modes.
For a mean photon occupation number per photon mode δ and M detected
photon modes1 within a time resolution τr, and detection efficiency η, one has
the following relationships2 shown in Table B.1.

As can be seen from the formulas the bunching peak height is inversely propor-
tional to the number of photon modes detected (for the discrete case considered
here), whereas the integration time itself only depends on the spectral brightness
δ of the source and the detection efficiency η,3 but not on the bunching peak
height.
With the above formulas and the measured intensities and bunching peak heights
one can estimate the spectral brightness δ, from which I can further calculate a
lower limit on the electron temperature.
For the thin gold film of Figure 5.11, I obtained a bunching peak height of 0.038,
this gives a detected photon number of M ≈ 26. The total countrate within the
experiment was about I = 105 Hz, the detector efficiency at 630 nm is about
η =40 % and frep = 80 MHz. I thus obtain δ = I

Mηfrep
≈ 10−4.

For blackbody radiation one has that:

δ =
(

exp
(

hν

kBT

)
− 1

)−1
' exp

(
− hν

kBT

)
(B.1)

1Assuming that each mode has the same spectral brightness and ideal spatial alignment of
both detectors in the experiment

2The relationships given here are approximations, considering well separated (both spatially
and in frequency) photon modes. Spatial and temporal overlap is not considered here.

3I neglect here the contributions of background noise.
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CW Pulsed

Detected mean intensity I M
ηδ

τr
Mηδfrep

Random coincidences CR M2η2δ2 T

τr
M2η2δ2Tfrep

Extra bunching coincidences CB Mη2δ2 T

τr
Mη2δ2Tfrep

Bunching peak height g2(0) − 1 1
M

1
M

Integration time T
SNR2

η2δ2 · τr
SNR2

η2δ2 · 1
frep

Table B.1.: Theoretical expectations of photon pair count rates, bunching peak
height and integration time for pulsed and continuous chaotic sources, emitting
with a spectral brightness or mean photon occupation number per photon mode
δ.

assuming that hν � kBT . Which can be inverted to obtain the temperature T :

T = −hν

kB

1
ln(δ) ≈ 1.97

8.617 · 10−5
1

9.17 K ≈ 2.5 · 103 K (B.2)

This seems a reasonable electron temperature, especially for all the excitation
power put on the sample. In the estimation above, I considered a perfect black-
body, for a reflecting metal one would need to take into account smaller photon
coupling and would therefore obtain even a higher electron temperature. This
dependence is however logarithmic, for example assuming only 10% percent pho-
ton coupling would lead in our case to a 4/3 times higher electron temperature.

Note on the derivation of the expression in table B.1 In order to derive the
expressions above I consider here each photon mode as a spatially and tempo-
rally localized wavepacket, with a time duration of the wavepacket of τr greater
than the time resolution of the detector. Each mode is distinguishable from
any other mode either by frequency, polarization or wavevector, with negligible
overlap between the different modes.
The mean photon number detected in an interval τr is thus given by sum of
the mean photon number of each mode δn multiplied by the detection efficiency
I =

∑M
n=0 δnη. For a pulsed source as long as τr is smaller than the repetition

period, it is replaced by the latter in the formula for the mean intensity.
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Appendix B. Spectral brightness and photon correlation measurements

From this it is not difficult to calculate the number or random coincidences de-
tected in an interval by using the formula from Table 5.1.
Since all photon modes are assumed to be independent of each other, there is
no photon correlation between different photon modes. The number of addi-
tional photon pairs scales thus linearly in the number of photon modes, CB,tot =∑M

n=0 CB,n =
∑M

n=0 δ2
nη2 T

τr
, where CB,n are the extra bunching counts for each

photon mode.
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Appendix C.

Some remarks about instrumentation
and setup
For a better overview about some of the conditions and limitations of the experi-
ments performed for this thesis work, this appendix presents two characteristics
of the used instrumentation: its wavelength dependent photon detection effi-
ciency and its time resolution. For more detail, each instrument is named in the
main text and its specification sheet can be generally found by a simple internet
search.

Wavelength dependent detection efficiency

Figure C.1.: The spectral detection effi-
ciency in function of wavelength for the
measurements of Chapters 2, 3, 4 and 6.

The wavelength dependent detection
efficiency of spectral acquisitions is
shown in Figure C.1. The black curve
shows the total detection efficiency of
the setup, resulting of a combination
of the different elements used: a EM-
CCD camera, a grating and the oil
immersion objective. This curves are
references provided by the manufac-
turers.
The camera (EMCCD, blue curve)
shows for example a clear detection
cut-off towards 1000 nm. This limit
is also present in the used APDs and
was invoked throughout the main text.
The total detection efficiency is just a product of all the transmission/ detec-
tion efficiencies, and would correspond to the measured spectra of a white light
source having a flat wavelength independent spectrum.
It is important to remark here, that none of the spectra presented in this thesis
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Appendix C. Some remarks about instrumentation and setup

have been corrected by the total detection efficiency. The true emission there-
fore has more prominent long wavelength contributions, as detected for example
in the spectra of Figure 2.23. This also leads to an underestimation of the hot
electron temperature in Figure 5.6 a), which does not change the power law
behavior in Figure 5.6 b), except for modifying its exponent.

Temporal resolution of the measurements
The temporal resolution of this thesis’ experiments is limited by different factors.
First it might be limited by time resolution of the instruments (or APDs). In
particular the APDs (Micro Photon Devices, PD 050 CTC) used in Chapter 5
have time resolution of about 30 ps, this resolution is seen as the FWHM of the
autocorrelation curve in Figure 5.10 b). For all the other measurements a differ-
ent type of APD (SPCM-ARQH) was used, which has a lower time resolution of
350 ps. Similarly for the electrical measurements, the TIA has a time resolution
of 4.5 µs, whereas the active probe of 40 ps.
However such a high time resolutions result also in large data files even for rel-
atively short data acquisitions. This is why typically for longer measurements,
an integrated time resolution of 1-100 µs was set on the Lock in amplifier when
used as an oscilloscope.
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