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Abstract
Quantum plasmonics would enable optical experiments on a nanometer scale. HongOu-Mandel interference, the bunching of indistinguishable particles that meet at a 50/50
beamsplitter, would proof the quantum nature of surface plasmons as there is no classical explanation for this effect. This thesis describes work towards HOM interference of
photon pairs from a spontaneous parametric down-conversion source in a surface plasmon
beamsplitter with on-chip plasmon detection by superconducting single photon detectors.
A degenerate, Type-II spontaneous parametric down-conversion setup is built with a KTP
crystal, which creates 1064 nm photon pairs at a rate of 2 MHz per mW pump power. From
studying different plasmonic structures with rectangular silver waveguides surrounded by
dielectric, the propagation length of surface plasmons in these structures is found to be ∼
10 µm. Mode simulations have been performed which suggest plasmon propagation lengths
in our structures are long enough to perform the experiment successfully, but it is not clear
in which plasmon mode the photons couple in experiments. The low combined efficiency of
coupling into plasmon modes and plasmon detection, which is up to 0.15%, and the design
of a single mode plasmonic 50:50 beamsplitter remain challenges.
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Chapter 1

Introduction
1.1

Quantum information processing

Computers have a huge influence on our lives. We use them for a wide range of tasks
from keeping in touch with friends to making calculations which would be impossible using
our mere brains. Over the past decades the processing power of computers has increased.
This increase is governed by Moore’s law, which predicts that the number of transistors per
chip grows exponentially, doubling every 18-24 months. Transistors already have such scale
that their workings are not governed by classical laws but by those of quantum mechanics.
The endpoint of Moore’s law will be reached when the size of the transistors will be on
the size of single atoms and it is physically impossible to make smaller transistors. This is
problematic for demanding calculations, as the ability to solve them will be ultimately set
by the processing power of the computer.
Nowadays computers use bits which have values 0 or 1 for storage and processing. In
quantum computing the quantum bits of qubits can be in state 0 or 1 but also in a superposition of these states. By coupling several qubits, the computation time decreases
exponentially with the number of qubits compared to classical bits. With a quantum computer some calculations can be done more efficiently than with a classical computer and it
is called quantum information processing (QIP). Qubits can be based on every quantum
system which has two orthogonal states and they can be stored in for example the spin of an
electron or nucleus, or the polarization of a photon. A quantum computer could use different
types of qubits for the processing and information transfer [1].

1.2

Motivation of research

Optical circuits have not seen such a decrease in size as electrical circuits. This is mostly
caused by the impossibility to confine photons to structures smaller than their wavelength.
Subwavelength guiding of photons is possible if they couple to surface charges at a metaldielectric interface to form surface plasmons [2]. The branch of photonics that focusses on
surface plasmons is called plasmonics [3].
Over the last years, the interest in plasmonics has increased. One of the reasons is the
progress in nanoscale fabrication techniques which makes the creation of complex plasmonic
structures feasible [3]. Another reason is that photons could play an important part in QIP.
A basic building block of QIP, controlled-NOT ports, have already been created for silica-on5
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silicon waveguides [4]. Integrated plasmonic circuits could be a step towards making these
structures even smaller. Beside that, plasmon waveguides combined with a superconducting
single photon detector (SSPD) can be used as an interface between optics and electronics.
It has already been shown that SSPDs can detect single plasmons [5]. An impression of a
device that couples optics to electronics is shown in Fig. 1.1, where the photons coming from
a quantum dot couple to the plasmon waveguide and are detected by a SSPD.

Figure 1.1: Plasmon waveguide used to couple optics (a quantum dot) to electronics (a SSPD).

Studies on photons that couple to plasmon modes in a hole array and back to free space
show that quantum properties such as polarization entanglement are maintained in these
transformations [6][7]. A direct measurement of the quantum behaviour of surface plasmons
themselves has not yet been performed. An experiment that unambiguously shows the
quantum nature of free photons is the Hong-Ou-Mandel (HOM) interference experiment [8].
This experiment shows the quantum mechanical interference of two indistinguishable photons
at a 50:50 beamsplitter. If the two photons are incident at the beamsplitter at exactly the
same time, the probability of the photons each coming out of a different output arm of the
beamsplitter vanishes [8]. If surface plasmons show the same interference at a plasmonic
beamsplitter, it would be a clear proof of the quantum mechanical properties of surface
plasmons and would be a step towards a better understanding of plasmonic structures.
Therefore, the goal of this thesis is:

1.3

Approach of the project

There are several steps to be taken towards the ultimate goal of Hong-Ou-Mandel (HOM)
interference of surface plasmons. In Fig. 1.2 an overview of these steps is shown. It starts
in Step A with the creation of indistinguishable photon pairs for the interference. Step B
focuses on efficient guiding of plasmons through a waveguide. Step C is the fabrication of a
50:50 plasmon beamsplitter. The detection of plasmons is done with a SSPD and optimized
in Step D. Step E is the last step: the correlation of the outputs of the detectors. The
Kavli Institute of NanoScience
Quantum Transport Group
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1.4. THESIS OUTLINE

final result, denoted as Step 0 in the figure, can be achieved successfully if a certain level
of efficiency is reached for each step such that the HOM interference experiment can be
performed within a reasonable amount of measurement time.
Each of the A-E steps is related but can be studied separately. In literature and previous
experiments the important
Successful if:parameters for high efficiency in a certain step are found. The
experiments performed are chosen in order to test a certain parameter so it can be optimized
for this purpose.
See HOM interference dip in interference of surface plasmons
0

A
Create
Indistinguishable
photon pairs

Create

Hong-Ou-Mandel interference of surface plasmons

B Guide surface
plasmons
efficiently
through a
waveguide

C

Let plasmons

Make a

Detect

Create time

beamsplitter
which is 80%
close to
50/50

incoming
photons with ~
2 % efficiency

with 1 GHz
count rate

Let plasmons
interfere in a
50/50
beamsplitter

D

Detect
surface
plasmons
efficiently

E
Correlate
outcome of
detectors

propagate
> 2.5Overview
* 104
Figure 1.2:
of steps to plasmon
achieve HOM
interference
of surface plasmons.
plasmons
from
sequence
indistinguish
able photon
pairs/s in
fibers

1.4

through
waveguides
with ~ 5 %
efficiency

Thesis outline

This thesis will be structured as follows:
In Chapter 2 the theory related to this thesis will be discussed. At the end of this
chapter an overview of the relevant parameters will be given.
Chapter 3 will describe the experimental setups and methods used to perform the
measurements and the technique for the fabrication of plasmon waveguide devices. The
method of simulation of plasmon modes is also in this Chapter.
Then, in Chapter 4 we arrive at the results of the measurements. Both the results of
simulations and experiments will be given.
The report will conclude in Chapter 5 with a summary of the most important findings
and an outlook with recommendations for further experiments.
In the Appendix some derivations and measurements are shown in more detail. These
include the derivation of the Hong-Ou-Mandel interference and plasmon propagation.
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Chapter 2

Theoretical background
In the next sections the relevant theory is discussed. The theory is linked to the steps
proposed in the Introduction as can be seen in the overview in Fig. 2.1.
First Hong-Ou-Mandel interference is discussed since this is the main goal of this theImportant parameters
sis. Secondly, a section is devoted to parametric down-conversion. Then surface plasmons
are studied in more detail, after which the plasmon beamsplitter will be described. The
superconducting single photon detectors will be next and finally the quantum theory of
photon detection is given. In each section the theory is followed by a selection of previous
experiments
give more insight and make the theory more concrete.
•! Efficiency into
all steps
•! Efficiency in coupling parts of setup
Hong-Ou-Mandel interference

0

A

Hong-Ou-Mandel interference of surface plasmons

Create
Indistinguishable
photon pairs
Parametric downconversion

•! Angle of crystal
•! Coupling photons
into fiber
•! Filtering after crystal
•! Incident laser power

2.1
2.1.1

Guide surface
plasmons
efficiently through a
waveguide

B

Surface plasmon
excitation and
propagation

C

Let plasmons
interfere in a
50/50
beamsplitter

D

Detect
surface
plasmons
efficiently

Plasmon
interference at a
plasmon
beamsplitter

Superconducting single
photon detectors

•! Bend radius

•! Coupling length

•! Antenna design

•! Thickness
•! Regularity
•! Slotted/line
•! Material
•! Polarization of
incoming photons
•! Dielectric on top of
structure

waveguides
•! Number of low loss
modes in waveguides

•! SSPD regularity
•! Overlap area
waveguide/SSPD

E

Correlate
outcome of
detectors

Quantum theory of
photon detection

•! Signal vs noise

•! Width
•! Distance
•! SSPD design
counts
Figure
2.1: Overview
ofbetween
the theoretical
background.

Hong-Ou-Mandel interference
Theory

Hong-Ou-Mandel (HOM) interference is a quantum mechanical phenomenon which predicts that when two indistinguishable bosonic particles are incident at the inputs of a 50:50
beamsplitter, the probability that there will be a particle at both outputs vanishes [9]. The
interference was first seen in an experiment with photon pairs performed by Hong, Ou and
Mandel in 1987 [8].
A derivation of the HOM interference effect starts considering a lossless beamsplitter
with a certain transmissivity T and reflectivity R, which satisfies R+T=1. The input ports
can be labeled 01 and 02 and the output ports 1 and 2 as shown in Fig. 2.2.
9
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Beam
Splitter

01

2

02

1

Figure 2.2: Beamsplitter with two input ports and two output ports.

If two photons are incident at different input ports there are four possible output states.
They are depicted in Fig. 2.3.

Figure 2.3: Input state with two photons each at a different input port and four possible output
states of a beamsplitter.

The complex transmissivity and reflectivity can be found from energy conservation arguments from classical wave theory [10][1]. The input fields are given by E01 and E02 , the
output fields by E1 and E2 . The beamsplitter is a lossless beamsplitter, so the following
equation should hold to account for the conservation of energy [1]
|E1 |2 + |E2 |2 = |E01 |2 + |E02 |2
The reflectivity at input 0j can be written as a complex value like
p
p
R
R0j = | R0j |eiφ0j

(2.1)

(2.2)

and the transmittivity √
accordingly,
√ with φ the phase shift at reflectance or transmittance.
The absolute values of R and T are taken to be the same for both input ports and will
be called r and t, so r2 + t2 = R + T = 1. The equations for the output fields can now be
written as
T
R
E1 = E01 teiφ01 + E02 reiφ02
(2.3)
R
T
E2 = E01 reiφ02 + E02 teiφ02
Together with Eq. (2.1) this results in an equation for the phase shifts at reflection and
transmission as given by
T
R
cos(φT02 − φR
01 ) + cos(φ01 − φ02 ) = 0

(2.4)

The phases of reflection and transmission can be chosen as long as the the relation in
Eq. (2.5) is satisfied [11]. The phase shift at transmission is usually taken to be zero. It then
follows that
R
φR
(2.5)
01 + φ02 = π
Kavli Institute of NanoScience
Quantum Transport Group
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2.1. HONG-OU-MANDEL INTERFERENCE

If the phase shift at reflectance is taken to be π/2 for both input channel and this
transforms equations 2.3 in
E1 = tE01 + irE02
(2.6)
E2 = tE02 + irE01
In Dirac notation the results for the phase shifts at reflectance can be used to write the
annihilation operators âi for the output ports of the beamsplitter [1]
â1 = [tâ01 + irâ02 ]
â2 = [tâ02 + irâ01 ]

(2.7)

If two identical particles enter the beamsplitter simultaneously at the input ports, |101 , 102 i,
the output state is given by [8][12]
√
√
(2.8)
|ψout i = (T − R) |11 , 12 i + i 2RT |21 , 02 i + i 2RT |01 , 22 i
A 50:50 beamsplitter has the property that R=T=1/2. Inserted in Eq. (2.8), it can be
found that the amplitude of the |11 , 12 i state is zero, so there will be no coincidences at the
output detectors. For a more detailed derivation see Appendix A.

2.1.2

Multimode Hong-Ou-Mandel interference

The previous derivation treats two photons entering the beamsplitter with each of them
being in a single mode âi with both the same frequency, polarization and spatial mode. In
reality, this may never occur since this would mean that the fields are infinitely long wave
trains. A more realistic model would consist of finite wave packets with a certain bandwidth
around a center frequency [9]. The state of photons produced by the down-conversion source
can be written as
Z
|ψi = dωφ(ω1 , ω0 − ω1) |ω1 , ω0 − ω1i
(2.9)
with ω0 the frequency of the pump photon and ω1 and ω2 = ω0 − ω1 the frequencies of the
output photons. φ(ω1 , ω2 ) is some weight function which is peaked at ω1 = ω2 = 21 ω0 .
The normalized Fourier transform of the weigth function, g(τ ), is a measure for the
bandwidth of an output photon from the down-conversion source. In the special case that
this is a gaussian in ω with bandwidth ∆ω then g(τ ) will look like
2 /2

g(τ ) = e−(∆ωτ )

(2.10)

With this g(τ ), the number of coincidences follows from the probability of detecting a
photon at each output port of the beamsplitter and gives [8]
Nc = C(T 2 + R2 )[1 −

2RT
2
e−(∆ωδτ ) ]
2
+T

R2

(2.11)

with C a constant.
From this final equation it is clear that for a wavepacket with a finite bandwidth and a
beamsplitter with R = T the number of coincidences will vanish at δτ = 0, for which both
photons arrive at the beamsplitter at exactly the same time. The HOM dip will have a
Gaussian shape, whose width is determined by the bandwidth of the photons. In Appendix
A this derivation is performed in more detail.
11
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2.1.3

Hong-Ou-Mandel interference experiment with photons

C.K. Hong, Z.Y. Ou and L. Mandel were the first to demonstrate this interference experimentally with photons produced in parametric down-conversion. Down-conversion is
described in more detail in the next section. This one will focus on the setup and measurement technique that was first used to see the HOM interference effect. It is expected that
if two identical photons are incident on the inputs of the 50:50 beamsplitter at exactly the
same time there will be no coincidences other than accidentals.
The setup used is shown in Fig. 2.4. At the left is the parametric down-conversion crystal
(KDP) which creates 702 nm photon pairs. The two output beams cross each other at a
beamsplitter and the output signals of the beamsplitter are detected by two detectors. In
each output beam is one photon of a degenerate photon pair. The coincidence counter finds
coincidences between detector clicks within a certain time interval. After the crystal the
remaining light from the pump beam is filtered with a UV filter. In front of the detectors
is a bandpass filter centered at twice the wavelength of the pump photons. This filter postselects the photons from the down-conversion source that are indistinguishable in frequency.

Figure 2.4: Schematic of the experimental setup for Hong-Ou-Mandel interference with photons [8].

It was chosen that two clicks within an interval of 7.5 ns are counted as a coincidence.
Pulse pairs detected outside this interval are called accidentals. The accidentals in the interval of 35 to 80 ns were multiplied by 7.5/45 and this number was used as the number of
accidentals in the coincidence interval. The accidentals were substracted from the measurement.
HOM interference in this setup occurs depending on the position of the beamsplitter. If
the two photons reach the beamsplitter with a certain large time difference δτ the photons
will not interfere. The sensitivity on difference in arrival time depends on the coherence time
τc of the photons. The bandpass filter placed in front of the detectors will determine the
spectral width ∆ω of the photons and therefore also the coherence time according to formula
[1] [13]
1
τc ≈
(2.12)
∆ω
which is derived in Section 2.6.2.
The spectral width of the photons after the bandpass filter is a Gaussian with a bandwidth
∆ω, so the number of coincidences Nc is given by Eq. (2.11) [8].
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The result of the HOM interference experiment performed with the setup in Fig. 2.4 is
shown in Fig. 2.5. The spectral width set by the bandpass filters was ∆ω = 3×1013 rad
s−1 which is approximately 8 nm. The R/T ratio of the beamsplitter determined by direct
measurements was 0.95. The solid line in Fig. 2.5 is based on these numbers and Eq. (2.11).
This theoretical curve follows the experimental data quite well, except for the minimum
value of the dip. If the factor 2RT /(R2 + T 2 ) is multiplied by 0.9, the dashed curve arises
which follows the measurement data more closely at the lowest values. This extra factor is
probably due to a non-perfect overlap between the input photons at the beamsplitter.
The coherence time of the photons can be estimated from the results. For this experiment
the coherence time is expected to be in the order of 100 f s from Eq. (2.12) and the spectral
width of the bandpass filters ∆ω, and so it appears to be from the FWHM of the HOM dip
in Fig. 2.5.

Figure 2.5: The number of coincidence counts minus the accidentals versus the position of the
beamsplitter. The dashed line gives the fit of Eq. (2.11) through the measurement data. The solid
curve is the theoretical data [8].

2.2
2.2.1

Spontaneous parametric down-conversion
Short introduction to nonlinear optics

In an isotropic, linear medium, the electric displacement field D is related to the electric
field E by the relation [1]
D = 0 E + P
(2.13)
with P the electric polarization, which determines the dielectric response of the medium
and 0 the electric permittivity of free splace. The electric polarization is determined by the
alignment of tiny dipoles along the direction of the electric field and is therefore described
by
P = 0 χE
(2.14)
This gives for the displacement field
D = 0 r E

(2.15)

with r the relative permittivity. From Maxwell’s equations for a nonmagnetic material it
can be found that [1]
r = 1 + χ = n2
(2.16)
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So far these equations describe the linear response of a material on the presence of light.
Nonlinear optics describes its nonlinear response. The nonlinearity means that the response
of the material depends in a nonlinear way on the strength of the optical field and it is
governed by higher orders of the optical susceptibility. These nonlinear optical phenomena
occur typically with high power light sources such as lasers. The polarization P̃ of a nonlinear
material depends on intensity of the applied optical field Ẽ according to [14]
P̃ (t) = χ(1) Ẽ(1) + χ(2) Ẽ 2 (1) + χ(3) Ẽ 3 (1) + ...

(2.17)

In this equation, χ(1) is known as the linear susceptibility as we saw previously. The higher
order terms χ(2) and χ(3) are the second and third order nonlinear optical susceptibilities.
It can be seen that the magnitude of second order processes are related the the square of
the electric field. In Eq. (2.17) the polarization, field strength and susceptibilites are written
as scalars. In practice the polarization and field are vectors and the susceptibility a tensor
which couples them [14].

2.2.2

Theory

As can be concluded from Section 2.1, HOM interference will only be successful if the
particles arriving at the beamsplitter have a spectral and temporal differences close to zero.
Such pairs of indistinguishable photons can be formed with spontaneous parametric downconversion (SPDC) in a nonlinear crystal. ”Parametric” means that the initial and final
quantum state of the system are the same. This means that photon energy is conserved in
the process.
SPDC is a special form of parametric amplification, which is a phenomenon in nonlinear
optics. With ’normal’ parametric amplification, an input field of a certain frequency is amplified by means of a field of a higher frequency, the so-called pump field. To conserve energy
and momentum, there is also another output field, called the idler field [15]. The parametric
amplification takes place in a nonlinear crystal, where the second order susceptibility, χ(2)
has a nonzero value.
In spontaneaous parametric down-conversion there is no other input field than the pump
field. The pump field with a certain frequency ω0 is coupled by the second order susceptibility
to the signal and the idler fields with frequencies ω1 and ω2 [15]. There is no input field
besides the pump field and it is therefore called three wave mixing. The yield of SPDC is
low. The process is called down-conversion since the pump photon is converted in photons
which are lower in frequency. A schematic of SPDC is shown in Fig. 2.6

Pump
!0, k0
Nonlinear crystal

!1, k1

Signal

!2, k2

Idler

Figure 2.6: Schematic of SPDC.

Energy and momentum should be conserved in the down-conversion process, as is depicted
in Fig. 2.7 and Fig. 2.8. The subscripts 0, 1 and 2 refer to the pump beam, signal beam
and idler beam respectively.
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!1

!1

!0

!0

!2

!2

Figure 2.7: Schematic of energy conservation in
SPDC.

k0

k0

Figure 2.8: Schematic of momentum conservation in SPDC.

NbN SSPD
AuPd contacts

NbN SSPD
It is therefore required
Sapphire that
chip

k2

kk12

k1

Sapphire
AlOxchip
layer
ω0 = ω1 + ω2

AuPd contacts
Ag waveguides
AlOx layer

Ag waveguides

(2.18)

and
k0 = k1 + k2

(2.19)

The nonlinear crystal is a birefringent crystal. This means that beams with different
polarizations and/or different beam directions relative to the crystal axis travel at different
velocities through the crystal. The output photons of down-conversion processes in which
energy and momentum are conserved and for which the input and output beams are in phase
throughout the crystal interfere constructively. This specific combination of output photons
beams out of the crystal. Other processes have output beams which are not in phase with
the input field throughout the crystal and will therefore interfere destructively.
Designing a nonlinear crystal for the specific down-conversion process that you want
is called phase-matching. With phase-matching the required frequency, polarization and
direction of the output photons can be selected [1]. SPDC processes can be categorized
depending on these phase-matching criteria.
First, if the output fields have exactly half the frequency of the pump field, the process is called degenerate. Otherwise the SPDC is called non-degenerate. The equation for
degenerate down-conversion is ! , k Signal
Pump
ω1 = ω2 = ω0 /2,
(2.20)
! ,k
1

0

0

1

!2, k2

Idler

crystal
Second, the Nonlinear
direction
of the output beams can chosen. If the output fields point in
the same direction as the pump field it is called collinear down-conversion. When they
have a certain angle to the pump field it is called noncollinear. The beam directions
for a
! , k Signal
Pump
noncollinear down-conversion setup are shown in Fig. 2.9
and for collinear down-conversion
! ,k
! ,k
in Fig. 2.10
Idler
Nonlinear crystal
0

Figure 2.9: Schematic of noncollinear SPDC.

0

1

1

2

2

Figure 2.10: Schematic of collinear SPDC.

Last, the polarizations of the output fields can be parallel or orthogonal. If the polarizations of the signal and the idler field are parallel, then it is called Type-I SPDC. If the
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polarizations are orthogonal, it is Type-II SPDC. In Type-II SPDC, the pump and one of
the output beams follow the extraordinary path, while the other output beam follows the
ordinary path through the crystal. A noncollinear configuration can be phase-matched for
Type-I or Type-II SPDC. For Type-II SPDC, the output photons will be in a polarization
entangled state
1
√ [|l, ↔i + |↔, li]
(2.21)
2
with |li and |↔i a vertically and horizontally polarized output photon respectively.
Even if the alignment and the phase-matching are perfect for the chosen SPDC, the
bandwidth ∆ω of the parametric down-conversion output beams is still nonzero but is given
for degenerate, Type II SPDC by [15]
(II)

∆ωP DC =

2π
− ki0 |

L|ks0

(2.22)

with L the length of the crystal and the derivative of the wavevector ks0 :
ks0 =

n(ω) + ω δn(ω)
δks
δω
|ω=ωs =
|ω=ωs
δω
c

(2.23)

From Eq. (2.22) it can be seen that a longer crystal can increase the destructive interference of frequencies close to the envisaged output frequency. As mentioned before, a sharp
bandpass filter around the output frequency placed in the output beams also decreases the
bandwidth of the photons by cutting off the photons with frequencies that are close but not
exactly at this frequency.

2.2.3

Experiments with SPDC photon pairs

Photon pairs from Type-II SPDC are widely used for experiments on Bell’s inequality.
This was first done in 1988 with Type-I down-conversed photons from a KDP crystal with
half- or quarter-waveplates placed in their beampaths. The photons form a superposition
state at a beamsplitter. After that, the photons are detected by APDs with a polarizer in
front. A violation of Bell’s inequality with 3 standard deviations was observed [16].
With Type-II SPDC photon pairs entangled in polarization can be produced directly. A
typical picture taken in front of a non-collinear SPDC crystal is shown in Fig. 2.12.

Figure 2.11: Type-II non-collinear SPDC to
create photon pairs entangled in polarization.
Schematic of the setup [17].
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Figure 2.12: Photograph of down-conversion
photons taken in front of the crystal [17].

2.3. EXCITATION AND PROPAGATION OF SURFACE PLASMONS

The H polarized photons are in the upper ring, while the V polarized photons are in the
lower ring. The pairs are on opposite sites of a different ring. Photon pairs collected from
the points where the rings overlap are entangled in polarization. With a bright noncollinear
Type-II setup with a beta-barium borate (BBO) nonlinear crystal, a violation of Bell’s
inequality by over 100 standard deviations in less than 5 min was found [17]. A schematic of
the setup and a photograph taken in front of the crystal are shown in Fig. 2.11 and Fig. 2.12.
SPDC photon pairs are also used to perform measurements on detector quantum efficiencies. In 1987, a non-collinear Type-I SPDC source was used to estimate the quantum
efficiency of an avalanche photodiode (APD) from the number of correlation counts and the
count rates of the detectors [18][19]. To estimate the efficiency, the photons in the output
beams of SPDC are aimed each at single photon detector. The count rate at a detector i,
R i is related to the efficiency of the detector channel ηi and the number of incident photon
pairs N by
Ri = ηi N
(2.24)
The number of measured coincidence counts Ncoinc is given by
Ncoinc = η1 η2 N

(2.25)

From Eq. (2.24) and Eq. (2.25) the quantum efficiencies of the detectors can be estimated
with [18]
Ncoinc
η1 =
(2.26)
R2
and
η2 =

2.2.4

Ncoinc
R1

(2.27)

Efficiency of creation of SPDC photon pairs

More entangled photons are created in thin nonlinear crystal at the cost of a broader
bandwidth of the output photons. With a non-collinear Type-II degenerate SPDC downconversion setup, a maximum number of 198,000 Hz entangled photon pairs at a pump power
187 mW of 407 nm photons were created at a 0.25 mm thick BBO crystal. This is extremely
bright, but the bandwidth is quite large, aproximately 48 nm. It was found that the yield
of entangled photon pairs scales with 1/L with L the length of the crystal. This is limited
only by the optical devices used and the angular widths of the output fields [20].
In another noncollinear Type-II setup with a BBO crystal, the number of detected entangled pairs was 0.36 Mhz. Here again the crystal was very thin (2 mm) [21].

2.3
2.3.1

Excitation and propagation of surface plasmons
Theory

Plasmons are photons bound to the interface between a metal and a dielectric. The
surface charges of the metal couple to the electromagnetic field of the photon. This interaction causes the electrons to oscillate in resonance with the light wave and can result in a
bound mode. The bound mode can propagate along the surface [3]. The plasmon modes
can be found by solving Maxwell’s equations, which will now be discussed shortly for a
dielectric-metal interface. For a more detailed derivation see Appendix B.
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The situation shown in Fig. B.1 is an incoming p-polarized, transverse magnetic (TM)
electromagnetic wave on a dielectric-metal interface [22]. The magnetic field has only one
component normal to the propagation plane x-z and the electric field has components in
the propagation plane normal to the interface and tangential to the interface. The relative
permeability is taken to be µ0 at both sides of the interface, so the magnetic part of the wave
will see no discontinuity at the interface. Only a discontinuity in the electrical permittivity
 = n2 is present at the interface and will govern the behaviour of the wave with n the
refractive index.

Figure 2.13: Schematic of an incoming p-polarized electromagnetic wave on an interface between
medium 1 and medium 2 with incident angle θi [22].

If the incoming angle θi is larger than the critical angle, θr is equal to or larger than 90o
and medium 2 can not support a propagating wave inside it. The wave will therefore be
completely reflected. Because of the oscillating longitudal electric field at the interface, the
charges on the interface of medium 2 will oscillate as well and will create an oscillating field
in medium 2. The field cannot propagate into medium 2, and the amplitude of the field will
die out along direction normal to the interface. This longitudal oscillating field can be used
to couple incident waves to surface plasmon modes.
The properties of a propagating surface electromagnetic wave can be found using relations
for a surface wave on the interface of a dielectric and a metal. The relations are such that
the wave will travel in the x-direction and will be bound to the surface, since the fields are
evanescent in the z-direction on both sides of the medium. The axes are chosen in the same
direction as in Fig. B.1 and then the equations of the wave in medium 1 and medium 2 are
E1 = (Ex1 , 0, Ez1 )exp[i(kx x − ωt)]exp(ikz1 z)

(2.28)

H1 = (0, Hy1 , 0)exp[i(kx x − ωt)]exp(ikz1 z)

(2.29)

H2 = (0, Hy2 , 0)exp[i(kx x − ωt)]exp(ikz2 z)

(2.31)

E2 = (Ex2 , 0, Ez2 )exp[i(kx x − ωt)]exp(ikz2 z)

(2.30)

with Ei and Hi the electric and magnetic fields respectively in the different media i, kx the
wavevector of the propagating surface wave and kzi the wavevector of the surface wave in
the z-direction. The frequency of the wave in vacuum is given by ω.
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With Maxwell’s equations O · E = 0 and O × E = −µ δH
δt together with the observation
that the permeability is µ0 on both sides of the interface, this gives the relations for the
normal components of the surface wave:
1
2
=
kz1
kz2

(2.32)

The wavevectors in both media should be normal to the surface and decaying. The
wavevectors kz need to be of opposite direction and imaginary for the wave to be truly
trapped on the surface. This means that 1 and 2 should be also of opposite sign.
Using the equations for the momenta in both media
kz1 = −i(kx2 − 1 k 2 )1/2

(2.33)

kz2 =

(2.34)

i(kx2

2 1/2

− 2 k )

with kx2 > i k 2 , the final result for the wavevector kx of the propagating surface mode on the
interface of the metal and the dielectric is given by [22]
r
kx = k

1 2
1 + 2

(2.35)

with i the relative permitivities of the media and k = ω/c the wavevector in vacuum. The
relative permitivities depend on the wavelength and this dependence varies with the metal
or dielectric used [22].
Two important things follow from Eq. (B.15):
First, the losses in the metal by scattering can be made explicit. To account for this
damping, the imaginary part of the permitivity of the metal should also be taken into account.
The losses can be found from the imaginary part of the complex surface plasmon wavevector,
00 . The propagation length of the plasmons δ
kSP
SP depends on these losses. It follows that
waves with a longer wavelength have a longer propagation length [3]. The propagation length
δSP is the length at which the intensity of the electric field is reduced by e−1 . The relation
for the propagation length with 02 and 002 being the real and imaginary parts of the dielectric
permitivity of the metal is given by [3]
δSP =

1
c 02 + 1 3/2 (02 )2
=
(
)
00
2kSP
ω 02 1
002

(2.36)

√
Second, the value of kx of a surface plasmon is larger than k 1 = kn1 , the value of kx
inside the dielectric. This means there is a momentum mismatch between photons traveling
in the dielectric and photons coupled to plasmon modes. In Fig. 2.14 the dispersion relation
of a surface plasmon is shown together with the lightline.
The field of the plasmon mode is shown in Fig. 2.15. In Fig. 2.16 is the decay of the
electric field on each side of the surface. The electric field extends much more into the
dielectric than in the metal. The evanescent nature of these fields reflects the bound, nonradiative nature of the SP modes. The decay length in the dielectric, δd is at the order of half
the wavelength of the light, the decay length in metal δm depends on the skin depth of the
metal. The electric and magnetic fields decay in intensity along the propagation direction
with the propagation length δSP [3].
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Figure 2.14: The dispersion of surface plasmons and the lightline, showing the momentum mismatch
at a certain frequency ω [3].

Figure 2.15: Fieldlines of surface plasmon at
metal-dielectric interface [3].

2.3.2

Figure 2.16: The decay lengths of the surface
plasmon fields normal to the interface [3].

Plasmon waveguides

So far we have only been discussing plasmons traveling on an infinitely large metaldielectric interface. However, one of the special features of surface plasmons is that an
electromagnetic wave can be confined to a structure smaller than its wavelength, (such
as subwavelenth plasmon waveguides) [2]. These waveguides can be rectangular metallic
structures placed on top of a dielectric medium or completely surrounded by it. Light can
be guided in a waveguide in a plasmon mode as can be seen in Fig. 2.17 and Fig. 2.18, where
a measurement of the intensity of the field is shown with the size of a plasmon waveguide
structure. Light is directed at the bright spot at the top of Fig. 2.17, it couples to plasmon
modes with total internal reflection and travels through the waveguide, as can be seen in
this photon scanning tunneling microscope (PSTM) image, which probes the near field of
the plasmons [3]. The decay lengths in the metal and the dielectric depend greatly on the
plasmon mode and the confinement of the field [23]. The plasmon modes can be modeled
with Maxwell’s equations solving software [23].
It is also possible to transport surface plasmons in a slot waveguide. This type of waveguide is formed by two large sheets of metal with a gap in between. This slot can guide
the SP mode. The field of the surface plasmons can be confined more efficiently in slot
waveguides because the largest part of the field is inside the dielectric between the sheets.
This combines high confinement (inside the slot) with low losses (most field is inside the
dielectric). The surface plasmons couple to the charges at the vertical edges of the slots.
In Fig. 2.19, measurement and simulation of the electrical field of such a slot waveguide is
shown [24].
Kavli Institute of NanoScience
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Figure 2.17: Intensity of the surface plasmon
field in a waveguide. Dashed line indicates waveguide region [3].

Figure 2.18: Intensity of field (red) at a rectangular waveguide (blue) [3].

Figure 2.19: Slotted waveguides. Top: configuration of the slotted waveguide. Centre: Image of
plasmonic modes in the slotted waveguide. Bottom: Simulation of electrical field in slotted waveguide
[24].

2.3.3

Coupling into plasmon modes

The waveguiding property of plasmon waveguides has its origin in the evanescent behaviour of the plasmon field, allowing the plasmons to stick to the metal. However, this
mechanism that keeps the plasmons from coupling out of the plasmon modes makes the
coupling into the plasmon waveguiding modes challenging. There are two ways to couple
into the plasmon modes [25].
Photons can be coupled into plasmon modes by matching to momenta of the photon and
the plasmon mode. As could be seen in Fig. 2.14, there is a momentum mismatch between
the plasmon and the photon. The momentum mismatch can be overcome with a prism, a
grating or a discontinuity in the metal structure.
A way of coupling light into the plasmon modes is to make use of a grating structure at
the end of the waveguide. A periodic grating of lines or holes can add an amount of kx of
2π/a to the incoming photon due to interference effects, with a the grating period [25]. This
extra momentum can be used to overcome the momentum mismatch. Another method to
overcome the momentum mismatch is at a discontinuity in the waveguide smaller than the
wavelength, such as a border, protrusion or hole. This also allows coupling to the evanescent
wave [25][26].
Two techniques using a prism can be seen in Fig. 2.20 and Fig. 2.21. The kx of the
plasmon on the surface of the metal is determined by the refractive index of the air in the
small gap above the metal, while the incoupling photons can tunnel with the kx from the
prism into the mode. The refractive index of the prism is larger that that of the air gap. The
angle of the light into the prism can be such that the momentum in the prism in x-direction
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Figure 2.21: Coupling of photons with prism to
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with the Kretschmann-Raether geometry [22].
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of the waveguide and the SPs can also couple out via the reversed path. The bound modes
cannot couple in or out in this configuration. From simulations it follows that depending on
ZIA, SELKER, AND BRONGERSMA
the width of the waveguide, multiple modes can be present at both the dielectric-metal and
air-metal interface [27]. The result of simulations for leaky modes are shown in Fig. 2.24 and
Fig. 2.25. The bound modes look similar, but are on the bottom of the waveguide and mostly
inside the dielectric. The number of modes decreases with decreasing waveguide width [27].
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where # is the free space wavelength !i.e., 2!c / %". Substituting into this expression the relative dielectric constants of
air and glass for the leaky and bound modes, respectively, we

FIG. 6. Complex propagation constants for the nine lowest order
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to the y-axis. These SPs are semi-TM waves. When simulating surface plasmon modes on
rectangular waveguides with varying height and width surrounded by dielectric, it is found
that these waveguides can have a single low loss mode for small height and small width [23].
The modes for waveguides with a finite width are named according to their symmetry and
the order of the mode. The ss0b mode is symmetric in both axes and its field is concentrated
at the corners of the waveguide. The sa1b mode is symmetric y, but anti-symmetric in x and
it has one peak along the surfaces parallel to the x axis. The Re{Ey } fields of these modes
are shown in Fig. 2.28 and Fig. 2.29 [23].

Figure 2.28: Re{Ey } field of the ss0b mode for
a Ag waveguide. λ: 633 nm, Thickness: 55 nm,
Width: 1 µm, 2 : 4 [23].

Figure 2.29: Re{Ey } field of the sa1b mode for
a Ag waveguide. λ: 633 nm, Thickness: 55 nm,
Width: 1 µm, 2 : 4 [23].
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If the thickness of the waveguides is decreased, the losses of the modes asymmetric in x
will increase because the fields will penetrate deeper in the metal waveguide. The losses of
the modes symmetric in x will decrease, since these fields will be located increasingly in the
dielectric, which causes no losses. At a certain thickness, the higher order symmetric modes
cannot be bound to the surface anymore and will be completely in the dielectric. This is called
the cutoff thickeness. The cutoff thickness increases if the width of the waveguide decreases.
A graph with the characteristics of the first orders is shown in Fig. 2.30 and Fig. 2.31 for a
Ag waveguide of 1 µm width and in Fig. 2.32 and Fig. 2.33 for a Ag waveguide of 500 nm
width [23].
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Figure 2.30: Normalized phase constant for the
modes of a Ag waveguide. λ: 633 nm, Width: 1
µm, 2 : 4 [23].
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FIG. 2. Dispersion characteristics with thickness of the first eight modes supported by a metal film wave guide of width w!1 # m. The
a b and s b modes supported for the case w!$ are shown for comparison. "a! Normalized phase constant. "b! Normalized attenuation
constant.

FIG. 2. Dispersion characteristics with thickness of the first eight modes supported by a metal film wave guide of width w!1 # m. The
a b and s b modes supported for the case w!$ are shown for comparison. "a! Normalized phase constant. "b! Normalized attenuation
constant.

Figure 2.31: Normalized attenuation constant for
the x axis! between the corners. A second superscript n could
the modes of a Ag waveguide.
λ: the633
nm,
Width:
be added to track
extrema along
the other
dimension "the
y axis! if modes exhibiting them are found. Finally, a sub1 µm, 2 : 4 [23].

field component!. A superscript is then used to track the
number of extrema observed in the spatial distribution of this
field component along the largest dimension "usually along
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Figure 2.32: Normalized phase constant for the
modes of a Ag waveguide. λ: 633 nm, Width: 0.5
µm, 2 : 4 [23].

2.3.5

FIG. 10. Dispersion characteristics with thickness of the first six modes supported by a metal film wave guide of width w!0.5 # m. The
a b and s b modes supported for the case w!$ are shown for comparison. !a" Normalized phase constant. !b" Normalized attenuation
constant.

Figure 2.33: Normalized attenuation constant for
background" for narrow film widths compared to wider ones.
the modes of a Ag waveguide.
633
nm,
Width:
Indeed, at a λ:
thickness
of 10 nm,
the attenuation
of the mode
for a width of w!0.25 # m is more than an order of magni0.5 µm, 2 : 4 [23].

This fact is also supported by the results plotted in Fig. 11!b"
since the attenuation constant of the mode at a thickness of
t!20 nm is closer to zero !the attenuation constant of the

Propagation through plasmonic waveguide structures

Plasmon waveguide fabrication is very flexible for the creation of different waveguide
structures and devices. For example, designs with bends or a Y-spitting can be made with
common fabrication techniques. Considering bent waveguides, it is found from simulations
that there is an optimum between the losses at a certain bending radius and the propagation
losses that occur if the waveguide gets longer to complete a certain angle. The plasmon
mode will radiate at the outside #of the bend and the mode peak will shift, which also causes
losses [28]. Various configurations of plasmonic waveguides can be made. A selection of these
waveguides and their response is shown in Fig. ?? [29].

FIG. 10. Dispersion characteristics with thickness of the first six modes supported by a metal film wave guide of width w!0.5 # m. The
a b and s b modes supported for the case w!$ are shown for comparison. !a" Normalized phase constant. !b" Normalized attenuation
constant.

This fact is also supported by the results plotted in Fig. 11!b"
since the attenuation constant of the mode at a thickness of
t!20 nm is closer to zero !the attenuation constant of the

background" for narrow film widths compared to wider ones.
Indeed, at a thickness of 10 nm, the attenuation of the mode
for a width of w!0.25 m is more than an order of magni-

Figure 2.34: Different configurations of plasmonic Au waveguides on SiO2 substrate with dielectric constant matched cladding. Measurement
of IR output. Width: 2 µm, Thickness: 25 nm.
Response of beamsplitter (far left) for different distances between parallel lines (steps of 1µm from 8
to 2µm, top to bottom, left port is input port)
[28][29].

Figure 2.35: IR output measurement on S-bends
of different radii in waveguides of which are 2 µm
wide and 25 nm high rectangular Au waveguides
on SiO2 substrate with a cladding with a dielectric constant matched to that of SiO2. Radii are
written next to the measurement [29].

In Fig. 2.35 the result of a measurement on S-bends in waveguides with different bending
radii are shown. It can be seen that for bend radii smaller than 12.5 mm, the losses in the
25
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waveguide increase a lot, while the output intensity for larger radii does not change much
[29].
Coupling between a silicon waveguide and a slot plasmon waveguide was shown and
there is an optimum of the slot width concerning the confinement of the plasmon and the
propagation length [24]. From simulations it can also be found that surface plasmons can be
excited more efficiently by light coming normal to the surface if a bowtie antenna is placed
at the beginning of the slot waveguide.

2.4
2.4.1

Plasmon interference at a plasmonic beamsplitter
Theory

At the heart of the HOM interference experiment is the beamsplitter. The most important
property of the beamsplitter is its splitting ratio, which has a great influence on the visibility
of the HOM dip as can be found from Eq. (2.11). The plasmonic beamsplitter focused on
in this thesis is based on the principles of a directional coupler. The coupling is between
two arms of a beamsplitter that move in the same direction. The coupling lengths can be
resolved with FDTD simulations. A schematic of a directional coupler is shown in Fig. 2.36.
The interaction length and the separation shown in the figure define the splitting ratio of
the beamsplitter.

Figure 2.36: Schematic of a directional coupler plasmon beamsplitter [30].

A directional coupler can be described using the wavelength dependent coupling constant,
κ. For the power transmitted to the direct Id and coupled Ic arm of a beamsplitter with
interaction length L, the following equations can be written [30]:
Id = cos2 (κL)

(2.37)

Ic = sin2 (κL)

(2.38)

The interaction length for a 50:50 beamsplitter is therefore given by
L π4 =

π
4κ

(2.39)

A directional coupler can guide symmetric and anti-symmetric modes. The beat length
between the two lowest order modes can be found from the comparison of the propagation
constants βi or effective indices Nief f of these modes. The beat length Lπ is calculated with
[30]
π
λ
Lπ =
=
(2.40)
ef f
(β0 − β1 )
2(N0 − N1ef f )
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In Fig. 2.37 and Fig. 2.38 the experimental results for the coupling compared to the
interaction length are shown for two distances between the waveguides. Since there is already
some coupling in between the waveguide as they are bending towards the interaction region,
there is some offset of the values with respect to L = 0. It can be seen that the coupling
decreases for increasing distance D between the waveguides in the interaction region [30].
This could also be concluded from the results depicted in Fig. ?? [28]. The calculated beat
length was in both cases very close to the experimentally found beat length [30].

Figure 2.37: Coupling between the arms of a Au
waveguide beamsplitter. Separation distance: 0
µm, Width: 8 µm, Thickness: 15 nm, λ: 1570 nm
[30].

2.4.2

Figure 2.38: Coupling between the arms of a
Au waveguide beamsplitter. Separation distance:
4µm. Width: 8 µm, Thickness: 15 nm, λ: 1570
nm [30].

Plasmonic entanglement and interference

Experiments on conservation of entanglement and interference of plasmons have already
been performed. It is shown that when free photons couple to plasmon modes and back
again at a grating [6][7]. Such a setup is shown in Fig. 2.39 and a grating in the inset of
Fig. 2.39. The entangled photon pairs are produced in the BBO crystal with SPDC [17].
The gratings are placed at the dotted areas and photons are detected after the polarizers
[7]. The measured biphoton fringes are clearly visible in Fig. 2.40 and this shows that the
polarization entanglement of the photons is conserved when the photons are transformed at
the grating to plasmons andletters
back to to
photons.
nature

Figure 2.39: Setup for plasmon
entanglement exFigure 3 Biphoton fringes. These fringes correspond to fourth-order quantum interference, and were measured with the two hole arrays in place, for P2 fixed at 08 (solid cu
curve),
and P1 varying
periment. Inset: Example of (dashed
a hole
array
usedin steps
in of 108.Figure 2.40: Biphoton fringes from setup in
the experiment. Scale bar: 2 µm, Hole diameter:
Fig. 2.39 with both gratings in place. The solid
o
200 nm, Lattice constant: 700spatial
nm.near-field
[7]. coordinates. This will
linethen
is automatically
for P2 fixed
at 0oinstead
and waveguide
dotted for
90Our
[7].
remove
effects.
arrays are apparently thi
part of the polarization entanglement, just as any ‘which way’
information will do. Note that the observed reduction in visibility
is much stronger for V 08 than for V 458, contrary to what is generally
27 11,12. This observation is consistent
Delft
found without using hole arrays
with the fact that we excite SPs propagating in the ‘diagonal’ (458)
directions.
The non-local nature of the electronic response is equivalent to
an explicit wavevector dependence of the dielectric function
(‘spatial dispersion’; ref. 14). The latter description highlights the
far-field aspects of a non-local dielectric response, and is related by
way of a Fourier transform to the near-field picture given above.
A theory for the reduction of visibility due to this effect must
intrinsically be a multimode theory because, after passage through

(thickness/period < 0.3) for waveguide effects not to
important role. This conclusion is supported by exper
which the thickness of such a ‘thin’ array has been varied
University
of Technology
By addressing
the topic of plasmon-assisted transm
quantum entangled photons, we have combined two
research, namely quantum information and nanostructu
optics. We hope that our work will stimulate other stud
transfer of entanglement to condensed-matter de
freedom.
Received 11 March; accepted 23 May 2002; doi:10.1038/nature00869.
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Interference of plasmons at interferometers and ring resonators has already been achieved
NATURE|Vol 440|23
with V-groove plasmon waveguides [31]. The transmission spectra for ring resonators is
NATURE|Vol 440|23 March 2006
shownLETTERS
in Fig. 2.42. The configuration is shown in Fig. 2.41.

Figure 4 | Transmission spectra for two WR resonators. The output-to-

Figure 2.41: Layout of plasmon V-groove ring
resonator [31].
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Lk, which determines the current recovery time, was measured for each of our devices using a network analyzer. The
dashed red lines shown in Figs. 2"a#–2"d# are the resulting
pulse shapes predicted by our model with no free parameters.
To verify that the large observed inductances were
indeed primarily kinetic in nature, we compared them to the
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separation, from which we obtained the probability that the
device detected both optical pulses in a pair. The result is
shown in Fig. 3 for two different devices, with each scaled to
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state completely [34]. It follows from experiments that the SSPD is more sensitive for light
polarized parallel to the meander [35].

2.6
2.6.1

Quantum theory of photon detection
Quantum photon detection

A light beam of constant power has an average number of photons n̄ in each beam segment
L. The average number of photons of a beam with photon flux Φ is given by
n̄ = ΦL/c

(2.41)

with c the speed of light. If L is divided into N subsegments of length L/N and N is large
so that there is a very small probability p of finding a photon in such a subsegment, then a
binomial distribution gives the probability P of finding n photons within a beam of length
L. The equation for the probability now looks like
P (n) =

N
pn (1 − p)N −n
n!(N − n)!

(2.42)

For N → ∞ a Poisson distribution remains which is given by
P (n) =

n̄n n̄
e
n!

(2.43)

with n = 0, 1, 2, .... . The number of photons of a light beam with constant power behaves as
a Poisson distribution. The standard deviation for the fluctuation of photon number above
and below the mean value of a Poisson distribution is given by
√
∆n = n̄
(2.44)
and is the uncertainty of a measurement of a number of photon counts.
If a stream of photons is detected by a detector with quantum efficiency η then the
relation of the photocount variance (∆N )2 and the variance of the incoming photon stream
(∆N )2 is given by
(∆N )2 = η 2 (∆n)2 + η(1 − η)n̄
(2.45)
with η = N̄ /n̄. So, if η is 1, the photocount fluctuations reproduce the fluctuations of the
photon stream. If the incident light is Poissonian, then the variance in the photocount will
also be Poissonian. And if η << 1 then the fluctuations of the photocount rate will tend to
the Poissonian statistics, no matter what the statistics of the photon stream were [1].

2.6.2

Temporal coherence

In realistic photon sources the output contains a range ∆ω of frequencies. If the light
wave contains frequencies around a center range ω0 /2π and the phase of the light wave is
known at a certain time t, then at a time t + τ each frequency has aquired a phase shift
ω/2π. The wave as a whole has a phase shift (ω2 − ω1 )τ . The time τ at which the wave has
aquired a 2π phase shift is called the coherence time τc [13]. From this the equation follows
τc =
Kavli Institute of NanoScience
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2π
1
=
ω2 − ω1
∆ω
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(2.46)
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The coherence length Lc is related to the coherence time by
Lc = cτc =

c
∆ω

(2.47)

The coherence length and coherence time are not well-defined quantities, for example
because of the spectral distribution of the wave. Therefore Eq. (2.46) and Eq. (2.47) are
often written as [13]
τc ≈
Lc ≈

1
∆ω
c
∆ω

(2.48)
(2.49)

The first-order correlation function g (1) can help to quantify the temporal coherence. The
function is defined by [1]
< E ∗ (t)E(t + τ ) >
g (1) (τ ) =
(2.50)
< |E(t)|2 >
and it gives the degree of first-order coherence. The value of g (1) is zero for incoherent light
with an infinite spectral width. It is 1 for perfectly monochromatic light and between 0 and
1 for chaotic light with a finite spectral width.
An input field E(t) which is quasi-monochromatic with a center frequency ω0 varies in
time according to
E(t) = E0 e−iω0 t eiφ(t)
(2.51)
It is the φ(t) that determines the coherence. For a spectrum with a Lorentzian lineshape of
half width ∆ω, the first-order correlation function is given by
g (1) (τ ) = e−iω0 τ e−|τ |/τc

(2.52)

with τc = 1/∆ω [1].
For a Gaussian lineshape it is
− π2 (

g (1) (τ ) = e−iω0 τ e

τ
)
τc2

(2.53)

With τc = (8πln2)1/2 /∆ω [1].

2.6.3

Hanbury Brown-Twiss experiment

The second order correlation function g (2) is a measure of the time intervals between
photons in a photon stream. The function is given by Eq. (2.54) with ni (t) the number of
counts registered at detector i at time t [1].
g (2) (τ ) =

hn0 (t)n1 (t + τ )i
hn0 (t)ihn1 (t + τ )i

(2.54)

In a Hanbury Brown-Twiss (HBT) experiment, the second order correlation function can
be measured directly. The setup is shown in Fig. 2.46. A photon stream is incident on a
50:50 beamsplitter. One output arm goes to the ’start’ of a counter and one arm to the
’stop’. A histogram of the number of events in each time-interval can give information of
the statistics of the photon stream [1].
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50:50 beamsplitter

Photons

Detector 1

Stop

Detector 0

Start

Figure 2.46: Setup of Hanbury Brown-Twiss experiment [1].

2.7 Important
Conclusion
parameters
The most imporant findings of this Chapter are summarized in Fig. 2.47. It is an overview
of the parameters that influence the results of each step. They will be a guide for the
experiments to find the perfect combination of these parameters.
•! Indistinguishability of plasmons
Hong-Ou-Mandel interference

0
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Quantum theory of
photon detection

•! Signal vs noise
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Figure 2.47: Overview of important parameters (blue) together with the different steps (white) and
the theoretical background of each step (grey).
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Chapter 3

Measurement setup
The measurements performed in this thesis are done with three different optical setups. A
down-conversion setup was built to create photon pairs. Plasmon waveguides with different
configurations were characterized with a separate 1069 nm laser setup. The third setup is for
the plasmon Hong-Ou-Mandel interference experiment, which needs two light beams directed
at the device. These three setups will be discussed in more detail in the first three sections of
this chapter. A fourth section will focus on the fabrication of the plasmon waveguide devices
and the fifth and last section is devoted to FDTD simulation of plasmon modes and plasmon
propagation.

3.1
3.1.1

Down-conversion setup
Optical setup

As can be learned from Chapter 2, a photon pair can be created by means of spontaneous
parametric down-conversion. For the purpose of HOM interference of surface plasmons, we
need indistinguishable photon pairs which can be aimed at each end of a plasmon beamsplitter. The Type-II, collinear, degenerate SPDC configuration is optimal, since in this
configuration the output beams can be relatively easily aligned, all output photons move in
the same direction since there are no ’rings’ and the photon pairs can be split with a polarizing beamsplitter. The loss of polarization entanglement by the projection of the entangled
states on one of the two orthogonal states as is shown in Fig. 3.1, is not a problem for HOM
interference in a plasmon beamsplitter. The polarization information is lost anyway if the
photons couple into the plasmon modes of the plasmon waveguides.
Nonlinear crystal

ω1,
1/√2 [|↕, ↔⟩ + |↔, ↕⟩]

Polarizing
beamsplitter

ω1, |↔⟩

ω0, |↔⟩
ω1, |↕⟩

Figure 3.1: Schematic of collinear SPDC

The complete schematic of the setup is shown in Fig. 3.2. Pairs of orthogonally polarized
1064 nm photons are created out of 532 nm photons from a green laser. On the left side of
the setup, the laser is focused on the core of the crystal. On the other side a polarizing beam
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splitter separates the photon pairs and filters eliminate the remaining 532 nm photons. The
photons are coupled into single mode fibers at the end of each path. A delay line is added
to control the respective arrival time of the photons at the fibers.
Path 0
Fiber 0
Mirror

Laser
532 nm

Coupler
XY-trans

Lens 1
f=125 mm
Z-trans

Fiber 1
Mirror

Retroreflector
on 30 cm
Z-trans

Mirror
Mirror

Filter 1
Mirror

Path 1

Lens 3
f=11 mm
Z-trans

Filter 2-3
Nonlinear crystal
Lens 2
Z-rot
f=175 mm
Z-trans

Coupler
XY-trans
Lens 3
f=11 mm
Z-trans
Mirror

Polarizing
Beam Splitter

Figure 3.2: Schematic of down-conversion setup. Filter 1: T=0.94@532 nm, OD=8@1064 nm, Filter
2 T=0.97@1064 nm, OD=8@532 nm, Filter 3: Long pass, edge@970 nm.

Let’s discuss the different parts of the setup in detail, starting at the laser.
The collimated light exiting the laser contains for the largest part 532 nm photons.
However, there are also some traces of the 1064 nm laser pump wavelength present. These
photons are filtered out by Filter 1 because with these extra pump photons the process
would not be spontaneous parametric down-conversion anymore but turn into parametric
amplification. It would then be very hard to distinguish the produced photon pairs from
the large poisson background arising from the 1064 nm input beam. Lens 1 focuses the 532
nm beam on the center of the nonlinear crystal. The nonlinear crystal is a rectangular piece
of KTP with a front surface of 3 x 3 mm and a length of 25 mm. The crystal is kept at
a constant 40 o C to eliminate inconsistent response due to refractive index variations with
change of temperature. The crystal is set on a precision Z-rotation stage to control the angle
between the crystal and the light beam.
After the crystal, Lens 2 collimates the beam. The beam contains photons around 1064
nm from the down-conversion and, since SPDC is not very efficient, there is also most of the
power of the original 532 nm source left. Filter 2 eliminates the 532 nm photons and Filter 3
filters out the fluorescence [36] from the KTP crystal. From Eq. (2.22) it is seen that a longer
crystal decreases the spectral width of the output photons. If the 1064 nm photons have
a broad bandwidth a bandpass filter can be added to sharpen the spectrum and lenghten
the coherence time according to Eq. (2.12). This is a post-selection step that selects only
degenerate photon pairs. When the spectrum is analyzed, this extra filter appears not to be
necessary for this setup.
The polarizing beamsplitter splits the photon pairs and each branch couples into a single
mode fiber. The beams are focused on the fibers with Lens 3. In path 0 a retroreflector on
a Standa translation stage is added. A Zaber stepper motor controller is used to drive the
stage. The translation stage has a reach of 30 cm, allowing for a delay of ∼2 ns over the whole
range of the stage. Together with single mode fibers of different lenghts the travel time of
Kavli Institute of NanoScience
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the photons from the crystal to the ends of the fibers can be controlled in the region around
simultaneous arrival. The stepsize of the translation stage is 2.5 µm or 17 fs. There are 64
microsteps in one step, so one microstep is 39 nm. This gives the very tiny delay of 0.26 fs.
Single microsteps are probably not necessary for our experiment, since the coherence time
is expected to be a few hundreds of fs. Besides that, these small steps are less reproducible
than larger ones. In Fig. 3.3 a photograph of the setup is shown with the optical paths and
the most important components highlighted.

Figure 3.3: Photograph of down-conversion setup. Lines show optical paths.

The nonlinear crystal must have properties suited for the envisaged phase-matching criteria. The following equation needs to be satisfied for collinear, Type-II phase-matching:
ne (ω0 ) =

ne (ω1 ) no (ω2 )
+
2
2

(3.1)

and because for degenerate downconversion the output photons have the same frequency,
ω1 = ω2 , the following relation needs to hold as well:
ne (ω1 ) = no (ω2 )

(3.2)

A KTP (KTiOPO4 ) crystal has the right characteristics. The specifications of the crystal
are in figure Fig. 3.4.

Figure 3.4: Phasematching of KTP crystal in relation to the angle of the 532 nm pump beam
relative to crystal axis. The left image is for the x-y plane and the right image for the x-z plane.
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Phase-matching for degenerate down-conversion is possible for 532 nm pump wavelength.
The precise angle of the crystal with respect to the pump beam is important to get the desired
output wavelengths. If the angle is somewhat off, the photons will differ in wavelength and
the process will not be degenerate. The crystal is cut along the angles for degenerate SPDC.
Slight alterations in the angle are made with a precision rotation stage in the setup.

3.1.2

Correlation measurement method

The number of photon pairs produced can be found with a correlation measurement.
The correlation measurement is done with a slightly altered Hanbury Brown-Twiss (HBT)
experiment as shown in Fig. 3.5. The output fibers of the down-conversion setup are connected to two avalanche photodiodes (APD), which can detect single photons. The APDs
are connected to the start and stop ports of a coincidence detector, in this case the Picoharp
300. With the software of the Picoharp, start-stop measurements can be performed. Similar
to a HBT experiment, the intervals between a click at the start port and a click at the stop
port are plotted in a histogram. The 50 ns delay before the stop port assures that the stop
click is always later in time than the start click. A typical histogram is shown in Fig. 3.6.
The peak around 50 ns is a clear sign that photon pairs are formed and with Eq. (2.25) to
Eq. (2.27) the number of produced photon pairs can be deduced [18]. The efficiency of the
paths from the crystal to the end of the output fiber can be estimated from these equations
when the quantum efficiency of the APDs are known.
20110105corr40mW300s

1200

Fiber from downconversion setup

1000

800

50 ns delay
Counts

APD 1
Fiber from downconversion setup

600

400

APD 0

Stop

200

Start
0
40

Picoharp 300

Figure 3.5: Setup of a photon pair correlation
experiment

3.1.3

45

50
Time (ns)

55

60

Figure 3.6: Typical histogram of correlation experiment with the setup in Fig. 3.5 with fit to data.

Hong-Ou-Mandel interference in a fiber beamsplitter

The indistinguishability of the photons is determined with a HOM experiment in an
optical fiber beamsplitter as shown in Fig. 3.7. The ouput fibers of the down-conversion setup
are connected to the output ports of a fiber beamsplitter. The photons in the ouput fibers
are detected by APDs, which are connected to the Picoharp 300. Correlation measurements
are performed while the delay time is shifted. If the photons are indistinguishable the
correlation peak will vanish at a certain point on the delay line. At this position both
paths of the photons to the fiber beamsplitter are equally long. From the width of the
dip in the coincidence counts the correlation time of the downconverted photons can be
found. The single mode fibers do not maintain polarization. Therefore, indistinguishability
in polarization needs to be controlled with waveplates placed in front of one of the fiber
couplers in the down-conversion setup.
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Fiber from downconversion setup
50 ns delay

APD 1
Fiber beamsplitter

Stop
Start

Fiber from downconversion setup

APD 0

Picoharp 300

Figure 3.7: Setup of fiber HOM experiment.

3.2
3.2.1

Plasmon waveguide characterization setup
Optical setup

The setup to characterize the plasmon waveguides is shown in Fig. 3.8. With this setup
there is precise knowledge of the power, polarization and position of the incoming laser. The
power can be controlled with the calibrated ND filter wheel. A density wheel in front of the
1069 nm laser can be used for even more precise control of the incoming laser power. The
polarization is set by a combination of a polarizer and a half waveplate. Lastly, the beam
can be located on the device with (white light) imaging via the pellicle beamsplitter and the
CCD camera. The pellicle beamsplitter can be flipped out of the laser beam path when the
measurement starts, to avoid any polarization scrambling of the laser beam by the pellicle.
The 1069 nm laser is connected to the setup with a single mode fiber. The setup is placed
on top of a liquid helium dewar in which the device is submersed in a dipstick. The laser is
focused on the device with a 100x 0.90 NA objective. The device can be moved in x-, y- and
z-direction with the piezo stage.
ND wheel
Mirror
1069 nm
laser

Polarizer &
half waveplate
Removable pellicle
Beamsplitter

Beamsplitter
White light
source

@ 4K

CCD
camera

Microscope
objective
Sample
Piezo stage

Figure 3.8: Schematic of plasmon waveguide characterization setup.

3.2.2

Electrical setup of a SSPD

The electrical circuit of a SSPD is shown in Fig. 3.9. A computer controlled voltage
source Vs sets a voltage between -10 V and 10 V. Together with the 500 kΩ resistor the
voltage source acts like a current source with a range between -20 µA and 20 µA. If the
SSPD is in a superconducting state, the resistance of the SSPD is zero and all current will
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flow through the SSPD. But if (a part of) the SSPD changes to the normal state, the SSPD
will have a finite resistance >> 50 Ω. At that point, current will flow through both the SSPD
and the 1 kΩ resistor, although most of the current will pass through the 1 kΩ resistor. A
finite voltage will be measured at Vm which can be read out by a computer.
The SSPD will return to the superconducting state shortly after a photon hits the detector. The capacitor acts as a highpass filter and the high-frequency changes in current caused
by detection events will pass through the capacitor. This can be seen from the relation for
the impedance of the capacitor, Z = 1/iωC, which gets smaller for large frequencies. The
pulses that pass through the capacitor are amplified. A comparator picks out pulses higher
than a certain value and finally a pulse counter detects the pulses. All cables are coax cables
with SMA or SMC connectors. In the counterbox used for the measurements in this thesis
two of these circuits are placed so two SSPDs can be read out at the same time.
500k!
Vs
-10V,...,+10V

Vm
@ 4K
SSPD

1k!

Capacitor

Amplifier

Figure 3.9: Electrical setup of a SSPD

3.2.3

Waveguide characterization measurement method

By means of stepwise movement of the piezo stage in x and y direction, the 1069 nm laser
beam is scanned across the sample. At each point the number of counts from the SSPD is
recorded. Before the scan can start the critical current of the SSPD is found by increasing
the bias current stepwise with no light incident at the SSPD. Then the position, power and
polarization of the laser are optimized. Python software is used to control the different parts
of the setup and to collect the measurement data.

Figure 3.10: Optical microscope image (100x)
of device with bends in Ag waveguides of 400 nm
width on a SSPD.

Figure 3.11: Typical scan image of a device with
four waveguides and a SSPD.

A typical scan image is shown in Fig. 3.11. An image of the device scanned is in Fig. 3.10
The lighter green ellipses are responses of the ends of the waveguides and the large red
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rectangle is the response of the SSPD. For easier comparison and visualisation of certain
trends, the maximum count rates of the ends of different waveguides of a scanned device
are shown in a graph. Some scans are streched or skewed because of inconsistencies in the
stepsizes of the piezo stage.

3.3
3.3.1

Measurement setup for plasmon HOM interference
Optical setup

The setup to perform experiments with both output beams of the down-conversion setup,
is a modification of the previous setup. It is shown in Fig. 3.12. It is the almost same as the
one in Fig. 3.8 but in this setup as much as possible is done to decrease losses of photons
at the cost of less precise knowledge of polarization, position and laser power. There are no
ND filters in the beampaths and no polarizers, only half waveplates.
Mirror
Mirror

Fiber from downconversion setup

Half waveplate

Half waveplate

Beamsplitter
Removable pellicle
beamsplitter

White light
source
CCD
camera

Fiber from downconversion setup

@ 4K

Microscope
objective
Sample
Piezo stage

Figure 3.12: Schematic of two photon experiment setup.

The beams are directed at the sample with two mirrors placed one above the other. As
a result, the photons will reach the sample under a slight angle. The polarization can be
rotated with half waveplates. The beams from the down-conversion setup are too weak to
image with the CCD. The alignment should therefore be perfomed with the 1069 nm laser.
The electrical setup of the SSPD is not changed.

3.4
3.4.1

Fabrication of devices
Fabrication steps

Fabrication of a device starts with a sapphire chip with a ∼5 nm layer Niobium Nitride
(NbN). Cr/Au contacts are placed on top with an ebeam exposure in PMMA, evaporation
and lift-off step. With e-beam writing in the negative ebeam resist Hydrogen Silsesquioxane
(HSQ) and reactive ion etching, the SSPDs are etched out of the NbN layer. The SSPDs and
contacts are covered with a ∼15 nm thick protection layer of ALD Al2 O3 . This will prevent
current leakage from the SSPD to the waveguides on top of it.
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To fabricate the waveguides, a triple layer of photo-resist, tungsten and lastly PMMA is
used. The tungsten will avoid the charging of the sapphire substrate during the ebeam step.
The patterns for the waveguides are written with an ebeam exposure in the upper layer and
after development, dry etching with SF6 for the tungsten and O2 for the photo-resist removes
the layer at the position of the waveguides. The etching creates very straight trenches in
the resist, which is important as they will define the smootheness of the waveguide edges.
After that a 100 nm layer of Ag or Au is evaporated onto the chip. The remaining resist is
removed in a lift-off step. In the ALD a thin layer of Al2 O3 is deposited on top of the whole
chip to protect the device.
Some waveguides will be covered with AlOx dielectric. With ebeam writing in PMMA
and lift off, a mask is created. A layer of 450 nm AlOx is deposited by sputtering on top of
the waveguides. Then the remaining resist and AlOx is lifted-off. The result of the complete
fabrication process with dielectric cover is schematically drawn in figure Fig. 3.13.

NbN SSPD

Cr/Au contacts

Sapphire chip

AlOx layer

Ag waveguides

Figure 3.13: Schematic of fabricated chip. (not to scale)

3.4.2

Fabrication problems

The most succesful devices were very regular with a smooth surface. Unfortunately, that
was not always the case. A device on which the waveguides show a sticking problem is
shown in Fig. 3.14. A SEM image of a device with an irregular surface (possibly caused
by corrosion) is depicted in Fig. 3.15. In scans of such devices no waveguide endpoints are
visible. The sticking problems might be caused in the evaporation step of the waveguides by
a dirty substrate or problems with the evaporated material.

Figure 3.14: Optical microscope image of an Ag
device with a sticking problem.
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Figure 3.15: SEM image of a partly corroded
arm of an Ag beamsplitter.

3.5. SIMULATION OF WAVEGUIDE MODES

3.5

Simulation of waveguide modes

The spatial modes of the plasmons at a metal waveguide can be found with a mode
solver program. Such a program solves Maxwell’s equations at points on a predefined mesh.
A cross section of the structure in the x-y plane can be drawn and the refractive indices of
each part of the structure given. The boundary conditions at the edges of the mesh and
symmetry axes can also be set. The program will then start solving Maxwell’s equations to
find modes that exist for the defined geometry. The result is the electric and magnetic field
distribution and the complex effective index for each existing mode.
For the simulations in this thesis the MODE solutions program from Lumerical was used.
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Chapter 4

Results
This Chapter is dedicated to the results of the performed simulations and measurements.
The first section focuses on the simulations of plasmon modes. Then there is a section
dedicated to the testing of the down-conversion setup. After that there is a section that
characterizes plasmon waveguides and SSPD detection.

4.1

Plasmon mode simulation

The beamsplitter modes can be simulated to estimate the coupling length and separation
between the waveguides needed to achieve a 50:50 splitting ratio. The indistinguishabiltiy
criterium for the photon HOM interference is the same in plasmon HOM interference. This
means that it is expected that the interference will only be visible if the plasmons travel in
the same plasmon mode on the waveguide. The effective indices and losses of these waveguide
modes can be found from mode simulations. The results of simulations with a mode solver
program as described in Section 3.5 are presented in the following subsections. The modes
are simulated for Au waveguides surrounded by a dielectric with a refractive index of 1.70.

4.1.1

Rectangular waveguides modes

Waveguide modes in rectangular waveguides show dispersion with changing width and
thickness. Four modes can be distinguished depending on the symmetry of the Re{Ey }
profile of the mode. These fields are shown for the lowest order modes in Fig. 4.1, Fig. 4.2,
Fig. 4.3 and Fig. 4.4. The modes are named such as asb0 , which means that it is the zeroth
order bound mode which has a Re{Ey } field which is anti-symmetric in x and symmetric in
y. For most modes, the electromagnetic field seems to couple to the charges at the corners
of the waveguides.
The dispersion of the effective index for changing waveguide width is shown in Fig. 4.5
and Fig. 4.6 for the real and imaginary part respectively. The real part gives the wave
velocity. The imaginary part is related to the propagation loss by the relation
Lp =

1
λ
=
IM{2kSP }
4πIM{n}

(4.1)

From Fig. 4.5 and Fig. 4.6 it can be seen that a bound asb0 mode does not exist, since
it has a simulated effective index slightly lower than 1.70. The waveguide width is smaller
than the cutoff width for this mode. This means that the electromagnetic field is completely
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Figure 4.1: Re{Ey } profile of the ssb0 mode for a
400 x 100 nm Au waveguide.

Figure 4.2: Re{Ey } profile of the asb0 mode for a
400 x 100 nm Au waveguide.

Figure 4.3: Re{Ey } profile of the sab0 mode for a
400 x 100 nm Au waveguide.

Figure 4.4: Re{Ey } profile of the aab0 mode for a
400 x 100 nm Au waveguide.

inside the dielectric and not coupled to the metal [37]. The other modes are bound. The
sab0 mode has increasing propagation losses and an increasing effective index for decreasing
waveguide width, while the other two modes show a decrease in index and a decrease in
loss. This means that for waveguides with a decreasing width, the number of low loss modes
increases from one at 500 nm width to two at 100 nm width.
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Figure 4.5: Refractive index depencence on width
of lowest order modes of a 100 nm thick Au waveguide.
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Figure 4.6: Propagation loss depencence on
width of lowest order modes of a 100 nm thick Au
waveguide.

For changing waveguide thickness, the dispersion of the effective index is shown in Fig. 4.7
and Fig. 4.8. No bound asb0 mode exists for these geometries either. The two modes which
are anti-symmetric in y have increasing losses and effective indices for decreasing waveguide
thickness. On the other hand, the ssb0 mode shows fewer losses for thinner waveguides. Both
the results for the width and the thickness are comparable to simulation results shown in
Section 2.3.4.
From the calculated effective indices and Eq. (4.1) it can be found that for the ssb0 mode
at a 400 x 100 nm waveguide the propagation length is 45 µm and it increases with decreasing
width. For the sab0 mode at a 400 x 100 nm waveguide, the propagation length is 6 µm and
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Figure 4.7: Refractive index depencence on thickness of lowest order modes of a 400 nm wide Au
waveguide.
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Figure 4.8: Propagation loss depencence on
thickness of lowest order modes of a 400 nm wide
Au waveguide.

it decreases with decreasing width.
Although the mode simulations can only estimate the mode profiles and the dispersions
of the effective indices, these simulations show that waveguide geometries which support one
low loss plasmon mode only, probably exist. Those should be sought in the region of thin
waveguides with a width that is smaller than the cut-off of the asb0 mode, but at the same
time large enough so the sab0 mode is in the high-loss regime.

4.1.2

Plasmon beamsplitter modes

The beamsplitter configuration used in this thesis is the directional coupler. The characteristics of a plasmon directional coupler depend on the length of the coupling region and the
separation between the waveguides in this region. The beat length of a directional coupler
is the difference between two lengths of the coupling region at which each plasmon comes
out at the same arm of the beamsplitter as it entered. A 50:50 beamsplitter should be of
half a beat length. The beat length depends on the coupling strength between the waveguides. The coupling depends on the difference in the refractive indices of the symmetric and
anti-symmetric modes, as discussed in Section 2.4.1.
The plasmon modes of a plasmon beamsplitter can be simulated. The Re{Ey } profile for
the anti-symmetric modes are shown in Fig. 4.9 and Fig. 4.10. The symmetric modes are in
Fig. 4.11, Fig. 4.12 and Fig. 4.13.

Figure 4.9: Re{Ey } profile of the a-inside mode
for 300x100 nm Au waveguides with a separation
of 100 nm.

Figure 4.10: Re{Ey } profile of the a-outside
mode for 300x100 nm Au waveguides with a separation of 100 nm.

The s-inside mode is not bound to the waveguides and the field is completely inside the
dielectric. The a-inside mode and the s-outside are complementary in field, so it seems that
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Figure 4.11: Re{Ey } profile of the s-inside mode
for 300x100 nm Au waveguides with a separation
of 100 nm.

Figure 4.12: Re{Ey } profile of the s-outside
mode for 300x100 nm Au waveguides with a separation of 100 nm.

Figure 4.13: Re{Ey } profile of the s-symmetric
mode for 300x100 nm Au waveguides with a separation of 100 nm.

the splitting action is governed by these two modes. The dispersion of the plasmon modes
for changing separation is given in Fig. 4.14 and Fig. 4.15. As would be expected, the closer
the waveguides are to each other, the larger the coupling and the shorter the expected beat
length. The beat length of the a-inside mode and the s-outside mode for a separation of 100
nm is 2 µm, which can be found from Eq. (2.40). For a distance of 200 nm, it is 5.3 µm.
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Figure 4.14: Refractive index depencence on separation between two 100x400 nm wide Au waveguides.

4.1.3
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Figure 4.15: Propagation loss depencence on separation between two 100x400 nm wide Au waveguides.

Conclusion

From simulations of waveguide modes, it can be concluded that single low loss mode
rectangular plasmon waveguides exist for thin waveguides with a large width so the sab0
mode is in the high-loss regime, but which is at the same time smaller than the cutoff width
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of the asb0 mode. There also seem to be complemetary beamsplitter modes which show
dispersion with separation distance. Since it is unknow in which modes we excite in the
measurements, these simulations do not give an exact answer about the dimensions of the
waveguides or the beamsplitter. Measurements of different beamsplitter geometries would
give more information on the propagation and splitting properties of the devices.

4.2

Creation of indistinguishable photon pairs

This section will discuss the results of the measurements on the setup described in Section 3.1. The number of photon pairs can be found with a correlation measurement. The
indistinguishability of the photons is determined with a HOM experiment in optical fibers.
To be able to deduce the efficiency of the setup, the quantum efficiency of the APDs for 1064
nm photons is estimated.

4.2.1

Quantum efficiency of the APDs

The efficiencies for the relevant wavelengths can be estimated by sending 1069 nm laser
light with a known power to the APDs and measuring the counts from the APDs. A weighted
linear fit was performed. Each point was weighted with the inverse of its variance. The slope
of the linear fit gives the quantum efficiency of the APDs. The result of the measurement
on the APDs used in Section 4.2.2 is shown in Fig. 4.16 on a log-log scale. It appears that
the quantum efficiencies of APD0 and APD1 are 0.36% and 0.38% respectively for 1069 nm
photons with uncertainties of 0.06% and 0.08%. It is expected that the quantum efficiency
of the detectors for 1064 nm is very close to this value.
6
APD0
APD1
Linear fit 0
Linear fit 1

Counted photons (10log Hz)

5.5
5
4.5
4
3.5
3
2.5
4

4.5

5

5.5
6
6.5
7
Incoming photons (10log Hz)

7.5

8

Figure 4.16: Quantum efficiency measurement of APDs. Points on a log-log scale for better visibility.
Weighted linear fit through nonlogaritmic data.

4.2.2

Correlation experiments

The setup shown in Fig. 3.5 is used to perform correlation measurements on the photons
arriving at the APDs from the down-conversion setup. Correlation measurements are done
with different laser powers. The correlation peaks of six measurements are shown in Fig. 4.17.
A plot of the signal to noise ratio derived from these histograms is shown in Fig. 4.18. From
the plot it can be seen that the signal to noise ratio decreases for increasing laser power. A
reason is that at low laser power there is less probability that the ’stop’ count is a photon
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from another pair than the ’start’ count, resulting in less background counts. The decrease
in background could also appear because of a decrease in other background photons such as
photons from fluorescence that beam out of the crystal.
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Figure 4.17: Results of correlation measurements
in down-conversion setup for different laser powers.
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Figure 4.18: Signal to noise ratio for different
laser powers.

The quantum efficiencies of the APDs ηAP D are 0.36% and 0.38% as found in Section
4.2.1 for 1069 nm photons. The total efficiency of the photon paths can be split up to form
η = ηpath ηAP D

(4.2)

The efficiencies of the paths ηpath follow from the correlation data according to Eq. (2.25)
to Eq. (2.27). They are on average 13% for Path 0 and 18% for Path 1. Path 0 is the path
with the retroreflector and the delay line. This extra element could cause extra losses and
would explain its lower efficiency.
The dependence of produced pairs on incoming laser power is shown in Fig. 4.19. The
number of pairs increases from approximately 10 MHz for 1 mW to 110 MHz at 50 mW. The
slope of the linear fit is 2 MHz photon pairs per mW incoming laser power. This results in
an efficiency of the down-conversion process of 0.81 pairs of 1064 nm photons per 1 billion
532 nm photons.
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Figure 4.19: Dependence of number of produced 1064 nm photon pairs per second on the incident
532 nm laser power. Black line is a linear fit to the data points.
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4.2.3

Spectral width of output photons

In a spectrometer the wavelengths of the photons coming out of the down-conversion
setup fibers are analyzed. Besides the 1064 nm peak there is a small edge of the KTP
fluorescence lobe left. No 532 nm photons are visible.
With the precision rotation stage on which the KTP crystal is placed, the angle between
the 532 nm laser beam and the crystal axis is modified. This influences the relative wavelengths of the signal and idler photons and it is possible to set the stage at such an angle
that the photons are degenerate in frequency. This can be seen in the spectra of the photons
shown in Fig. 4.20. The 1064 nm peak has a FWHM of ∼ 0.65 nm for both output photons. A bandpass filter is therefore not needed. From the FWHM and the relation for the
coherence time Eq. (2.12) the coherence time can be found. From the relation between the
spectral width and the bandwidth
∆ω = −

2πc
∆λ
λ2

(4.3)

the bandwidth is found to be 1.0 1012 rad/s. The coherence time following from this bandwidth is ≈ 6.2 ps.
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Figure 4.20: Spectrum of the output photons for each arm of the down-conversion setup. Black
line is a Lorentzian fit through datapoints.

4.2.4

Hong-Ou-Mandel interference in a fiber beamsplitter

A Hong-Ou-Mandel interference experiment was perfomed with the setup shown in
Fig. 3.7. A half-waveplate is placed in one of the beampaths in the down-conversion setup to
tune the relative polarization of the photons in the fibers. It is expected that in a correlation
experiment first two peaks will be visible and, as the time delay shifts, the peaks will merge
and then form two peaks again. This pattern is visible in the ten correlation measurements
that are done at different positions of the delay line. The stepsize was 2.5 cm. The zero
position is the position with the longest delay. Two lorentzian peaks shifting with the delay
were fitted to the measurement data. In Fig. 4.21, the data and in Fig. 4.22 the fits to the
data are shown. According to the results of the fit the crossing of the peaks should occur
around 11.4 cm from the zero position of the delay line. Around this position the HOM
interference is expected.
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Figure 4.21: Results of correlation measurements
with a fiber beamsplitter.
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Figure 4.22: Fit of two Lorentzian peaks to data
of Fig. 4.21.

Correlation measurements were done with 8.3 fs steps with 180 s integration time for a
range of delay times. The dip was found around 10.56 cm, which is about 9 mm off the
calculated position. A figure with the dip in coincidences with a gaussian fit to the data is
shown in Fig. 4.23. The coherence time that follows from the fit is 3.1 ps with an uncertainty
of 0.1 ps.
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Figure 4.23: Hong-Ou-Mandel dip with photons from the down-conversion setup. Black line is
Gaussian fit to data. Integration time: 3 min per point.

4.2.5

Conclusion

From the measurements on the down-conversion setup it can be found that 20 MHz of
photon pairs are produced per mW of incoming laser power. The coupling efficiency for the
beampaths from the crystal to the end of the fibers is ∼13 % for the path with the delay line
and ∼18 % for the path without the delay line. The coherence time of the output photons
that follows from the HOM interference is 3.1 ps with an uncertainty of 0.1 ps.

4.3

Plasmon propagation and detection efficiency

The characterization of plasmon waveguides is done with a scan of the device in the
setup described in Section 3.2. Unless otherwise specified the waveguides are rectangular Ag
Kavli Institute of NanoScience
Quantum Transport Group

50

4.3. PLASMON PROPAGATION AND DETECTION EFFICIENCY

waveguides on a 4x10 µm SSPD embedded in an AlOx dielectric and a 1069 nm laser was
used for the scans. The photons from the laser couple into plasmon modes, which propagate
along the waveguide. The detection of the plasmons is done on chip with a SSPD.
In this section several results are shown of measurements on parameters which influence
the efficiency of the incoupling, propagation and/or detection process. The detection efficiency of the SSPD can be influenced with its bias current and the overlap area between
the waveguide and the SSPD. The propagation efficiency is measured for waveguides with
different widths and waveguides with bends. The incoupling dependence on polarization is
also found.
The results of experiments on slot waveguides are not shown here because the efficiencies
are much lower than for rectangular waveguides and they are not used in other parts of this
thesis. A scan of a device with antennae is also not shown here. They can both be found in
Appendix B.2.

4.3.1

SSPD bias current

SSPD detection depends highly on the applied bias as it influences the quantum efficiency,
the dark count rate and the sensitivity to latching. The count rate of a SSPD was measured
for different 1069 nm laser powers, directed straight at the SSPD. The response of the SSPD
for different bias currents is shown in Fig. 4.24. Although each SSPD behaves qualitatively
in this way, the number of dark counts and the quantum efficiency at each bias current can
differ. The critical current for this specific SSPD is 19.6 µA.
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Figure 4.24: Response from the SSPD biased
with a certain voltage for different input powers.
Black lines are fits through datapoints

20

Figure 4.25: Efficiencies of SSPD for different
bias currents, calculated from data in Fig. 4.24.
Top axis gives ratio of bias current and critical current, Ic : 19.6 µA.

The points lie on a horizontal line for low powers, which is caused by the submersion
of the signal counts in the dark counts. Then the count rate start to rise with increasing
incoming photon number and a line is fitted through these points. The slopes of the fits give
the quantum efficiencies at each bias current. The relation between the number of incoming
photons and SSPD counts is linear, even for low bias current. This is a sign that the SSPD
is sensitive for single photons. The detection efficiencies for each bias current can be found
from the slopes of the fits and are in Fig. 4.25.
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4.3.2

Plasmon detection efficiency

The counts when shining on the end of a waveguide increase linearly for increasing laser
power and show sensitivity for single plasmons above the noise floor. The detection of
plasmons for different laser powers is shown Fig. 4.26. The efficiency that can be calculated
from the slope of the fit is ∼0.008% with an uncertainty of 0.001% for this current bias.
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Figure 4.26: Response from the SSPD from the end of a waveguide for different input powers. The
SSPD is biased with bias 18 µm. Ic : 19.6 µA. Black line is fit through datapoints

4.3.3

Overlap area

To increase the distance over which the field of the plasmons can be detected by the
SSPD, the overlap between the plasmon waveguide and the SSPD can be increased. This
was measured with a triangular SSPD with 400 nm waveguides on top as can be seen in
Fig. 4.27. The endpoints to the left all have exactly the same length before they reach the
SSPD, which is 6 µm.

Figure 4.27: Optical microscope image of device with Ag waveguides with overlap lengths on SSPD
of 2.25, 4.70, 6.90 and 9.05 µm. Width: 400 nm.

The result of a scan of the device is shown in Fig. 4.28. In the plotted data in Fig. 4.29,
an upward trend is visible for waveguides with more overlap. The slightly lower last point
could be caused by a lower sensitivity in that region, as is apparent from Fig. 4.30 and the
graph in Fig. 4.31. The second point is at an area with 95 kHz counts, while the last point
is at an area with 57 kHz counts. The decreased sensitivity can be caused by irregularities
in the waveguide width due to the proximity effect in ebeam fabrication. This effect could
explain the lower sensitivity due to wider nanowires in the area with the longer nanowires.
It is expected that a regular rectangular SSPD will not be influenced as much by this effect
and that it is not intrinsic to longer nanowires. The upward trend visible in this graph could
therefore be even steeper for a SSPD with uniform detection efficiency.
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Figure 4.28: Scan of device with increasing overlap (2.25, 4.70, 6.90, 9.05 µm). Width: 400 nm,
Ibias : 18.8 µA, Laser power: 21 pW, Polarization:
276o .
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Figure 4.29: Counts from the ends of waveguides
with different overlap(2.25, 4.70, 6.90, 9.05 µm).
Width: 400 nm, Ibias : 18.8 µA, Laser power: 21
pW, Polarization: 276o .
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Figure 4.30: Scan of device with increasing overlap. Same scan as Fig. 4.28. Blue points indicate
position of cross-section in Fig. 4.31. Black points
indicate approximate positions of waveguides.
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Figure 4.31: Cross-section of scan of the SSPD
area of device with different overlap as indicated
in Fig. 4.30. Black dots indicate approximate positions of waveguides.

As can be seen in Fig. 4.29, the increase in counts is already ∼40% if the overlap length
is increased from 2.25 to 6.9 µm. The efficiency of the waveguide with 6.9 µm overlap is
0.05%.

4.3.4

Dielectric cover

The influence of a dielectric cover on the incoupling and propagation of surface plasmons
was found with two devices with one of them covered with an extra layer of dielectric. The
waveguides have comparable width but the waveguides on the device without a dielectric
cover are shorter. An optical microscope image of one of the devices is shown in Fig. 4.32.
Scans of the devices show a remarkable difference in efficiency. In Fig. 4.34 a scan of the
device without and in Fig. 4.35 a scan of the device with a dielectric cover is shown.
The efficiency of incoupling, propagation and detection of the waveguides with the dielectric cover is at most 0.08% which is much higher than the efficiency for the waveguides
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Figure 4.32: Optical microscope image of device
with Ag waveguides with a dielectric cover on a
SSPD.

Figure 4.33: Colored SEM image of a device
without dielectric.

Figure 4.34: Scan of device in Fig. 4.32 with a
dielectric cover. Ibias : 18.4 µA, Laser power: 0.4
nW, Polarization: 260o .

Figure 4.35: Scan of device in Fig. 4.33 which
has no dielectric cover. Laser power: 25 nW.

without the dielectric cover, which is at most 0.0008%. However, it is clear that the detection
efficiency of the SSPDs in the device without the dielectric cover is also much lower. If the
highest number of counts from each SSPD is divided by the mean number of counts from
the endpoints of the waveguides, the ratio for the device with the dielectic cover is about
13 and for the device without it is appoximately 45. Given the fact that the mean length
the device with a cover is 8.5 µm opposed to 5 µm of the oter device, this shows that the
efficiency of incoupling and propagation in the device with the dielectric cover is better than
the one without it.

4.3.5

Bending radius

The propagation losses in bent waveguides are estimated with a device with three 400
nm wide Ag waveguides with different bending radii. The bending radii are 2, 5 and 10 µm.
The complete bend in all cases was 45◦ . The waveguides were all of the same length. A
picture of the devices can be seen in the inset in Fig. ??.
A scan of the device is shown in Fig. 4.36. The polarization is optimized for the bent
waveguides and therefore the straight waveguide has less counts. A figure with the maximum
counts for each end point versus the bending radius is shown in Fig. 4.37. It can be seen
that the counts on the SSPD roughly double if the bending radius is changed from 2 to 10
Kavli Institute of NanoScience
Quantum Transport Group

54

4.3. PLASMON PROPAGATION AND DETECTION EFFICIENCY

250

Counts (kHz)

200

150

100

50

0
0

Figure 4.36: Scan of SSPD for device with bending radii (from top to bottom) 10, 5, 2 and a
straight waveguide. Width: 400 nm, Ibias : 20 µA,
Laser power: 0.76 nW, Polarization: 300o . Inset:
Optical microscope image of device
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Figure 4.37: Maximum count rate from ends of
waveguides with different bending radii. Width:
400 nm, Ibias : 20 µA, Laser power: 0.76 nW, Polarization: 300o

µm. The maximum efficiency is 0.006%.
From these measurements it can be concluded that the radius of the bend in the waveguide
is of great importance for the propagation of plasmons. Based on these measurements a
trade-off can be made between the losses caused by the propagation length in a long bend
with a large radius and the losses caused by a short but sharp bend.

4.3.6

Waveguide width

The propagation length and incoupling and detection efficiencies of waveguides with
different widths are estimated from scans of devices such as the one in Fig. 4.38. The devices
consist of four Ag waveguides of 22 µm length with a spacing between the waveguides of
about 3 µm. The distance from the endpoints of the waveguides to the SSPD changes with
steps of 2 µm from 2 µm up to 16 µm. Four devices with this layout are fabricated with
waveguide widths of 100, 200, 300 and 400 nm. The thickness of all waveguides is 100 nm.
A scan is made of each device and one of them is shown in Fig. 4.39.

Figure 4.38: Optical microscope image (100x) of
a device with four Ag waveguides of 300 nm width
on a SSPD.
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Figure 4.39: Scan of device just as Fig. 4.38.
Width: 100 nm, Ibias : 20 µA, Laser power: 0.1
nW, Polarization: 310o
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The number of counts of a SSPD CntSSP D from photons shone at the endpoint of a
waveguide with length L can be modeled by
CntSSP D = I0 ηic e

− lL

p

ηSSP D

(4.4)

with the incoming photon flux, I0 , the incoupling efficiency, ηic , the propagation length of
the plasmons, lp , and the plasmon detection efficiency of the SSPD, ηSSP D , at the region of
overlap with the waveguide. Both ends of a waveguide will experience the same region of the
SSPD, so if the counts of these ends are divided by each other Io and ηSSP D are elliminated
from the equation, leaving
CntL1
ηic1 − L1−L2
=
e lp
(4.5)
CntL2
ηic2
The counts from the endpoints can be measured and the lengths of the waveguides is known.
This leaves the propagation lengths and the incoupling efficiencies the only unknown values
in Eq. (4.5). If the incoupling efficiencies are taken to be approximately the same for all
endpoints of waveguides with the same width, the propagation length can be estimated.
The result of the scans of all four widths are shown on a logarithmic scale in Fig. 4.40.
The background counts are substracted from the counts. The slope of a fit through these
points gives an estimate for the propagation length of the plasmons through the waveguide.
For the 400 nm wide waveguide the last data point seems an outlier and is therefore not
included in the fit. The propagation lengths that follow from these lines are in Fig. 4.41.
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Figure 4.40: Ratio of counts of the endpoints of
waveguides with different widths. Black lines are
fits to data.
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Figure 4.41: Propagation length for waveguides
with widths 100, 200, 300 and 400 nm, which follows from the data in Fig. 4.40.

According to these measurements, the propagation lengths of these low temperature
plasmonic waveguides is in the order of 10 µm. The propagation length of the 200 nm wide
waveguide seems a lot longer than the other waveguides, but because of its low efficiency, the
uncertainty is very large. The efficiencies for 6 and 12 µm long waveguides are in Fig. 4.42.
In this Figure, the 300 nm waveguides have the highest efficiency and the 200 nm waveguide
the lowest. This pattern is the same for all waveguides, as can be seen in Fig. 4.43. Here,
again the 200 nm waveguide is far away from the other results.
The average efficiency of these 200 nm waveguides is about 200 times lower than for the
400 nm waveguides. The low overall efficiency of the 200 nm waveguide could be caused by
the significantly lower critical current of that particular SSPD. This negatively influences
the detection efficiency of the SSPD.
Kavli Institute of NanoScience
Quantum Transport Group

56

4.3. PLASMON PROPAGATION AND DETECTION EFFICIENCY

0.12

0.08
0.07

6 um length
12 um length

W=100 nm
W=200 nm
W=300 nm
W=400 nm

0.1

0.06

Efficiency (%)

Efficiency (%)

0.08
0.05
0.04
0.03

0.06

0.04

0.02

0.02
0.01
0
0

100

200
300
Width of waveguide (nm)

400

0
2

500

Figure 4.42: Efficiency of 6 and 12 µm waveguides with widths 100, 200, 300 and 400 nm.
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Figure 4.43: Efficiency of waveguides with widths
100, 200, 300 and 400 nm.

From combining overall efficiency with the propagation lengths an estimation for the
incoupling and detection efficiency ηic ηSSP D can be found. These are 0.03%, 3 10−4 %,
0.15% and 0.06% for the waveguides with widths of 100 nm, 200 nm, 300 nm and 400 nm
respectively. It seems that the incoupling efficiency and/or the detection efficiency is much
lower than the propagation efficiency for the measured waveguides. so to improve the overall
efficiency realizing a higher incoupling and/or detection efficiency has the most importance.

4.3.7

Polarization of incoming light

The dependence of the waveguide efficiency on the polarization of the incoming light was
found using a device with waveguides with a width of 400 nm shown in Fig. 4.44. First the
laser spot was placed on an endpoint of a waveguide, in this case the one marked with the
orange dot in Fig. 4.44, and the polarization was rotated using the half wave plate in the
setup.
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Figure 4.44: Optical microscope image (100x) of
the device used to find the dependence of the propagation on polarization of the incoming light. The
orange dot marks location at which measurement
shown in Fig. 4.45 is performed.

Figure 4.45: Counts of SSPD from endpoint of
waveguide with different polarizations. Polarization of 90o is along waveguide. The black line is a
sine fit through data.

The number of counts from the end of this 12 µm long waveguide is given in Fig. 4.45.
The difference between the lowest and highest count rate is more than a factor four. The
efficiency for the incoupling, propagation and detection is 0.06% for the best and 0.013%
for the worst polarization. Scans were made with the polarization of the incoming light at
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the points with the highest and at the lowest count rates. In Fig. 4.46 the polarzation is at
the ’best’ angle and in Fig. 4.47 the polarization at the ’worst’ angle. The influence of the
polarization is clearly visible in the counts from all waveguide endpoints.

Figure 4.46: Scan of device shown in Fig. 4.44
with ’best’ polarizaton. Width: 400 nm, Ibias : 18.6
µA, Laser power: 57 pW, Polarization: 276o

Figure 4.47: Scan of device shown in Fig. 4.44
with ’worst’ polarizaton. Width: 400 nm, Ibias :
18.6 µA, Laser power: 57 pW, Polarization: 0o

Both the propagation length and the combined incoupling and detection efficiency can be
found from these data. The propagation length of the 0o scan and the 276o scan do not differ
much, being around 8 and 11 µm with uncertainties of 0.2 µm and 3 µm. The detection
and incoupling efficiency seems to have a much larger influence on the overall efficiency. The
ratio between the combined efficiencies ηic ηSSP D for 276o and 0o polarization of incoming
light is ∼10. Therefore, large differences in efficiency with light polarization seems to be
caused by low efficiency in the incoupling and/or detection. It is unlikely that the detection
efficiency is influenced by the polarization of the incoming photons, since a photon coupled
to a rectangular waveguide is in a mode defined by the geometry of the waveguide. Also
from the plasmon coupling theory in Section 2.3.1, it is presumably the incoupling efficiency
that is most affected by the photon polarization.

4.3.8

Conclusion

The SSPDs are in the single plasmon detection regime for counts above the dark counts.
For the optimum bias current a balance between detection efficiency and dark counts should
be sought depending on the incoming laser power. Increasing the overlap between the waveguide and the SSPD is an easy way to improve the plasmon detection. The efficiency of
an SSPD with a 10 µm overlap is expected to improve by ∼30% from the 4 µm overlap
detectors. The incoupling efficiency is greatly influenced by the polarization of the incoming
photons. It can be decreased by 10 times if the polarization is not well aligned with the
waveguide. The propagation lengths for rectangular waveguides with widths from 100 to 400
nm are expected to be approximately 10 µm. Bends in waveguides have a large influence on
the propagation losses. The transmission efficiency can decrease by about 50% if the bending
radius is changed from 10 to 2 µm.
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Chapter 5

Conclusions and Recommendations
In the first Chapter of this report several steps towards surface plasmon Hong-Ou-Mandel
interference were identified. The Hong-Ou-Mandel interference of surface plasmons has not
yet been seen, but in the next section insights from the measurements will be discussed.
After that some recommendations will be given for future work on this subject.

5.1

Conclusions

From the results of the measurements and simulations in Chapter 4, several conclusions
can be drawn.
1. The down-conversion setup that was built as a source of photon pairs, produces 2 MHz
photon pairs per mW 532 nm pump power with a coherence time of 3.1 ± 0.1 ps. The
coupling efficiencies of produced photons from the crystal to the single mode fibers are
13% and 18%.
2. From measurements it is found that for straight waveguides, the transmission efficiency
of the plasmon incoupling, propagation and detection depends mostly on the incoupling
and detection efficiencies. The propagation losses increase if the waveguides are bent.
The propagation length is found to be around 10 µm. It follows that the propagation
losses in a straight waveguide of 7 µm are 50%, which is more than 200 times smaller
than the losses from incoupling and/or detection. A 45o bend with a radius of 5 µm
will decrease the countrate by at least ∼ 23%.
3. The incoupling efficiency depends greatly on the polarization of the incoming photons.
The transmission efficiency of the plasmon incoupling, propagation and detection increases 4 fold if light is polarized along to the waveguide instead of orthogonal to the
waveguide.
4. The detection efficiency can be increased by increasing the overlap length between the
plasmon waveguide and the SSPD. The detection efficiency increases by ∼ 40% if the
overlap lenght increases from 2.25 to 6.9 µm.
5. Simulations of plasmon modes in rectangular gold waveguides show qualitatively the
same dispersion as earlier work [23]. From these simulations, waveguides with a single
low loss mode seem to exist. The propagation length of these low loss modes, as it
follows from the simulations, is 45 µm for 400 wide and 100 nm thick waveguides and it
increases with decreasing width. High loss modes show a decrease in propagation length
with decreasing width and it is in the order of 6 µm for a 400 x 100 nm waveguide.
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Simulations of modes in a directional coupler suggest that there are modes that can
couple. The coupling length for 400 x 100 nm waveguides with a separation distance
of 100 nm should be ∼ 1 µm. It is not clear to which modes the photons couple in the
measurements.

5.2

Recommendations

A very rough estimate for the integration time needed to perform an experiment in a
plasmon beamsplitter can be made from the efficiencies found in the experiments on plasmon waveguides. It can be estimated that the ratio between number of coincidences in a
HOM interference experiment in a fiber beamsplitter with APD detectors and the number
of coincidences in a plasmon beamsplitter with SSPDs is more than 20. This means that the
visibility of the HOM dip that was found in a measurement with the fiber beamsplitter setup
in 3 minutes per point, would take at least an hour per point in an experiment with a plasmon
beamsplitter and SSPDs at a similar incoming photon pair rate from the down-conversion
setup. This is inconvenient, but not impossible to do. However, in this estimation the possibility of multimode waveguides or an unbalanced beamsplitter is not taken into account and
this could have a negative impact on the visibility of the HOM interference.
Several recommendations follow from the performed measurements and simulations.
First, there is still work to be done on the design of a 50:50 beamsplitter.
• To be able to find the right parameters for a 50:50 beamsplitter, several devices with
different coupling lengths should be fabricated and measured. From the measurement
data the beat length can be estimated.
• If the beat length is not clear from these measurements it could be that the waveguides
are multimode in this configuration. Measuring the splitting ratios of beamsplitters
with waveguides which are thinner or have a different width could help to find a (quasi)
single mode beamsplitter.
Second, the efficiency of the waveguiding should increase if one wants to be able to
decrease the integration time and get a better signal to noise ratio. Now most losses occur
in the photon incoupling and detection, so therefore:
• The incoupling efficiency could be increased by changing the incoupling method. This
could be done by changes in the incoupling area of the waveguide, for example with
a slit, a grating or scratches in the surface of the waveguide. The influence of these
changes of the end of the waveguide can be measured with a waveguide which center crosses a SSPD. If each side has a different incoupling area, the influence of the
incoupling area can be found.
The photons could also be coupled more efficiently to the plasmon modes if they are
shone on the end of the waveguide from the tangential plane. The problem with this
approach is that these photons could reach the SSPD directly, obscuring counts from
the plasmons. This configuration could make a difference to the modes in which the
photons couple.
• For better detection there are several possibilities. One is the use of an antenna structure, such as a tapered end on the SSPD. Another is to design a cavity on top of the
SSPD. The influence of an increased field (by the antenna structure) can be measured
by comparing them to a normal waveguide ends.
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The coupling between the plasmons and the SSPD can be estimated from a measurement with two SSPDs and rectangular waveguides lying parallel over one or both of
the SSPDs. The difference in counts from the endpoints of the waveguides that have
crossed an SSPD and the counts from the endpoints of equally long waveguides that
have not crossed an SSPD can give a measure of the coupling of the SSPD and the
plasmon field.

61

Delft University of Technology

CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

Kavli Institute of NanoScience
Quantum Transport Group

62

Acknowledgements
Ever since I heard of quantum mechanics and the wonderful, strange, mind-boggling
things that happen because of it, I was intrigued. My fascination for this field of physics
grew during my studies of Applied Physics in Delft, but that was not the only reason I was
drawn to doing my Master’s Thesis at the Quantum Transport research group. The energy
from working in a large, ambitious research group is something I sensed in every person I
met here. I feel very proud to have been part of QT for the last thirteen months.
Reinier, although I initially thought that photons were a bit boring compared to electrons,
you have made me realize that they are in fact fantastic little packages which give rise to
exciting phenomena. Thanks for your advice when my first project fell apart and for being
a wonderful supervisor. You gave me back my confidence and helped me to realize again
that doing research can be fun. It can be intimidating working with somebody who seems
to know everything, but you take time to share that knowledge and help others to learn as
well. Who would have thought that your ’When are you graduating with me?’-jokes would
turn into reality.
Val, you are a very positive and optimistic person with a passion for physics. Thanks for
the discussions on optics and your help to sharpen my thoughts. I appreciated your feedback
in the stressful days before the due date of my report.
Of course, I could not forget my fellow Master Students. Together (in our crammed
little room) we stand strong!! Scarlett, you made my time here much more fun. Graduating
right after each other has the advantage that you can share the late nights and pizzas at the
coffeetable with a friend.
Lastly, a big thanks to all the non-physicists who stood by me during this year. I found
that doing your Master’s project is full of challenges and not all of them are scientific.
Particularly for those hurdles the opinion of a good friend is most helpful. Especially, I
would like to thank my sisters and parents, who are always loving and supportive and who
are there for me, come what may.

63

CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

Kavli Institute of NanoScience
Quantum Transport Group

64

Bibliography
[1] M. Fox, Quantum Optics, An Introduction. Oxford University Press, 2006.
[2] D. K. Gramotnev and S. I. Bozhevolnyi, “Plasmonics beyond the diffraction limit,” Nat
Photon, vol. 4, pp. 83–91, 02 2010.
[3] W. L. Barnes, A. Dereux, and T. W. Ebbesen, “Surface plasmon subwavelength optics,”
Nature, vol. 424, pp. 824–830, 8 2004.
[4] J. L. O’Brien, A. Furusawa, and J. Vuckovic, “Photonic quantum technologies,” Nat
Photon, vol. 3, pp. 687–695, 12 2009.
[5] R. W. Heeres, S. N. Dorenbos, B. Koene, G. S. Solomon, L. P. Kouwenhoven, and
V. Zwiller, “On-chip single plasmon detection,” Nano Letters, vol. 10, no. 2, pp. 661–
664, 2010. PMID: 20041700.
[6] S. Fasel, F. Robin, E. Moreno, D. Erni, N. Gisin, and H. Zbinden, “Energy-time entanglement preservation in plasmon-assisted light transmission,” Phys. Rev. Lett., vol. 94,
p. 110501, Mar 2005.
[7] E. Altewischer, M. P. van Exter, and J. P. Woerdman, “Plasmon-assisted transmission
of entangled photons,” Nature, vol. 418, pp. 304–306, 07 2002.
[8] C. K. Hong, Z. Y. Ou, and L. Mandel, “Measurement of subpicosecond time intervals
between two photons by interference,” Phys. Rev. Lett., vol. 59, pp. 2044–2046, Nov
1987.
[9] Z.-Y. J. Ou, “Hong-ou-mandel interferometer,” Springer US, pp. 43–61, 2007.
[10] Z. Y. Ou and L. Mandel, “Derivation of reciprocity relations for a beam splitter from
energy balance,” American Journal of Physics, vol. 57, no. 1, pp. 66–67, 1989.
[11] Z.-Y. J. Ou, “Lossless beam splitter,” Springer US, pp. 237–243, 2007.
[12] Z. Ou, C. Hong, and L. Mandel, “Relation between input and output states for a beam
splitter,” Optics Communications, vol. 63, no. 2, pp. 118 – 122, 1987.
[13] G. Brooker, “Modern classical optics,” Oxford University Press, 2003.
[14] R. W. Boyd, “Nonlinear optics,” Academic Press, 1992.
[15] Z.-Y. J. Ou, “Quantum state from parametric down-conversion,” Springer US, pp. 17–
41, 2007.
65

BIBLIOGRAPHY

[16] Y. H. Shih and C. O. Alley, “New type of einstein-podolsky-rosen-bohm experiment
using pairs of light quanta produced by optical parametric down conversion,” Phys.
Rev. Lett., vol. 61, pp. 2921–2924, Dec 1988.
[17] P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V. Sergienko, and Y. Shih, “New
high-intensity source of polarization-entangled photon pairs,” Phys. Rev. Lett., vol. 75,
pp. 4337–4341, Dec 1995.
[18] J. G. Rarity, K. D. Ridley, and P. R. Tapster, “Absolute measurement of detector quantum efficiency using parametric downconversion,” Appl. Opt., vol. 26, no. 21, pp. 4616–
4619, 1987.
[19] R. H. Hadfield, “Single-photon detectors for optical quantum information applications,”
Nat Photon, vol. 3, pp. 696–705, 12 2009.
[20] P. S. K. Lee, M. P. van Exter, and J. P. Woerdman, “Increased polarization-entangled
photon flux via thinner crystals,” Phys. Rev. A, vol. 70, p. 043818, Oct 2004.
[21] C. Kurtsiefer, M. Oberparleiter, and H. Weinfurter, “High-efficiency entangled photon
pair collection in type-ii parametric fluorescence,” Phys. Rev. A, vol. 64, p. 023802, Jul
2001.
[22] J. R. Sambles, G. W. Bradbery, and F. Yang, “Optical excitation of surface plasmons:
An introduction,” Contemporary Physics, vol. 32, no. 3, pp. 173–183, 1991.
[23] P. Berini, “Plasmon-polariton waves guided by thin lossy metal films of finite width:
Bound modes of symmetric structures,” Phys. Rev. B, vol. 61, pp. 10484–10503, Apr
2000.
[24] C. Delacour, S. Blaize, P. Grosse, J. M. Fedeli, A. Bruyant, R. Salas-Montiel, G. Lerondel, and A. Chelnokov, “Efficient directional coupling between silicon and copper plasmonic nanoslot waveguides: toward metalàı́oxideàı́silicon nanophotonics,” Nano Letters,
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Appendix A

Derivation of Hong-Ou-Mandel
interference
A.1

Description of a lossless beamsplitter

In Fig. A.1 a lossless beamsplitter with a certain transmissivity T and reflectivity R
is shown. The input ports are labeled 01 and 02 and the output ports 1 and 2. The
transmissivity and reflectivity satisfy R+T=1.
Beam
Splitter

01

2

02

1

Figure A.1: Beamsplitter with two input ports and two output ports.

The fields are given by E01 and E02 , the output fields by E1 and E2 . The beamsplitter is a
lossless beamsplitter, so the following equation should hold to account for the conservation
of energy
|E1 |2 + |E2 |2 = |E01 |2 + |E02 |2
(A.1)
Also for the output fields the contributions of the input fields are given by
E1 = E01,1 + E02,1
E2 = E02,1 + E02,2

(A.2)

with E02,i the part of field E02 that went to output field Ei .
√
The
√ reflectivity and transmissivity can be written as complex values with t = | T | and
r = | R| giving
√
R
R = reiφ01
√
R
R = reiφ02
√
(A.3)
T
T = teiφ01
√
T
T = teiφ02
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From this it can be found that the value for the reflected field at input port 02 is given
by

R

E02,1 = E02 reiφ02

(A.4)

with E02,i the part of field E02 that went to output field Ei . The other relations follow
analogously resulting in equations for the output fields that look like
T

R

E1 = E01 teiφ01 + E02 reiφ02
R
T
E2 = E01 reiφ02 + E02 teiφ02

(A.5)

If the absolute values of Eq. (A.5) are calculated, this results in
R

T

R

T

|E1 |2 = [E01 reiφ01 + E02 teiφ01 ][E01 reiφ01 + E02 teφ01 ]∗
R
i(φT
01 −φ02 )

= t2 |E01 |2 + r2 |E02 |2 + rtE01 E02 [e
2

2

2

2

2rtE01 E02 cos(φT01

= t |E01 | + r |E02 | +

−

(A.6)
T
i(φR
02 −φ01 )

+e

]

φR
02 )

(A.7)
(A.8)

With the same reasoning the result for E2 is
|E2 |2 = t2 |E02 |2 + r2 |E01 |2 + 2rtE01 E02 cos(φT02 − φR
01 )

(A.9)

Now Eq. (A.1), Eq. (A.8) and Eq. (A.9) can be combined. From the definition r2 + t2 =
R + T = 1 this gives
T
R
0 = 2rtE01 E02 [cos(φT01 − φR
02 ) + cos(φ02 − φ01 )]

=

cos(φT01

−

φR
02 )

+

cos(φT02

−

φR
01 )

(A.10)
(A.11)

The phases of reflection and transmission can be chosen as long as the the relation in
Eq. (2.5) is satisfied [11]. The phase shift at transmission is usually taken to be zero. It then
follows that
R
φR
(A.12)
01 + φ02 = π
If the phase shift is chosen to be symmetric for both sides of the beamsplitter, this gives
as a final result
π
R
(A.13)
φR
02 = φ01 =
2
The equations Eq. (A.5) then become
E1 = tE01 + irE02
E2 = tE02 + irE01

A.2

(A.14)

Two indistinguishable photons at a beamsplitter

The particle input and output states at a beamsplitter can be written in the Dirac
notation as
|ψin i = |n01 , n02 i

|ψout i = |n1 , n2 i

(A.15)
(A.16)

with ni the number of particles at port i of the beamsplitter. The ports are numbered
according to Fig. A.1.
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The equations for the annihilation operators can be written as
â1 = [tâ01 + irâ02 ]
â2 = [tâ02 + irâ01 ]

(A.17)

If two independent particles enter the lossless beamsplitter simultaneously at the input
ports, this state is given by
|ψin i = |101 , 102 i
(A.18)
The operators of the input states can be written as a function of the output states with
Eq. (A.17) as
â01 = [tâ1 + irâ2 ]
(A.19)
â02 = [tâ2 + irâ1 ]
For an input state of the form |101 , 002 i the output state follows from Eq. (A.20) and is
|101 , 002 i = â†01 |0i
= [tâ†1 + irâ†2 ] |0i
= t |11 , 02 i + ir |01 , 12 i

(A.20)

From this equation and Eq. (A.3) it follows that the propability of transmission is T and of
reflection is R, which is what would expect.
For an input state of the form |101 , 102 i the output state can be found in a similar way:
|101 , 102 i = â†01 â†02 |0i
= [tâ†1 + irâ†2 ][tâ†2 + irâ†1 ] |0i
† †
† †
= [t2 â†1 â†2 − r2 â†1 â†2 + irtâ
1 â1 + irtâ2 â2
√
√] |0i
2
2
= (t − r ) |11 , 12 i + i 2rt |21 , 02 i + i 2rt |01 , 22 i

(A.21)

So if two identical particles are incident at a beamsplitter simultaniously at the input
ports the output state can be found from Eq. (A.21) with Eq. (A.3) that the output state
should be of the form [12] [8]
√
√
|ψout i = (T − R) |11 , 12 i + i 2RT |21 , 02 i + i 2RT |01 , 22 i
(A.22)
A 50:50 beamsplitter has the property that R=T=1/2. Inserted in formula Eq. (A.22),
it can be found that the amplitude of the |11 , 12 i state is zero, so there will be no detection
coincidences at the output detectors.

A.3

Multimode Hong-Ou-Mandel

The previous derivation treats the two photons entering the beamsplitter as each of them
being in a single mode âi with both the same frequency, polarization and spatial mode. In
reality, this may never occur since this would mean that the fields are infinitely long wave
trains. A more realistic model would consist of finite wave packets with a certain bandwidth
around a center frequency [9]. The photons produced by the downconversion source are in
the state
Z
|ψi = dωφ(ω1 , ω0 − ω1 ) |ω1 , ω0 − ω1 i
(A.23)
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with ω0 the frequency of the pump photon and ω1 and ω2 = ω0 − ω1 the frequencies of the
output photons. φ(ω1 , ω2 is some weight function which is peaked at ω1 = ω2 = 12 ω0 .
The electric field of an optical wave can be described as the discrete sum of a number of
frequency components [14]
X
Ê(t) =
Ên (t)
(A.24)
n

with Ên (t) given by

Ên (t) = En e−iωn t

(A.25)

The two photon correlation function of the field operators is a measure of the probability
P12 of detection of one photon at each side of the beamsplitter.
P12 (τ ) =< Ê1† (t)Ê2† (t + τ )Ê2 (t + τ )Ê1 (t) >

(A.26)

with Ei (t) the field at output port i. For a small path length difference between the paths
of the photons to the beamsplitter δτ and a propagation time from crystal to detecter of τ1 ,
the output fields are related to the input fields by
√
√
T Ê01 (t − τ1 ) + i RÊ02 (t − τ1 + δτ )
(A.27)
Ê1 (t) =
√
√
Ê2 (t) =
T Ê02 (t − τ1 ) + i RÊ01 (t − τ1 + δτ )
(A.28)
From the P12 that follows from the previous equations, the number of coincidences Nc
can be found by realizing that we can integrate over all τ . This gives
R
g(τ )g(τ − 2δτ )dτ
2
2
R
Nc = C[R + T − 2RT
(A.29)
g 2 (τ )dτ
with g(τ ) the normalized Fourier transform of the weigth function.
The normalized Fourier transform of the weight function is a measure for the shape of
the spectrum of the downconversion photons. In the special case that this is
2 /2

g(τ ) = e−(∆ωτ )
It follows that
Nc = C(T 2 + R2 [1 −
which is the final result.
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2RT
2
e−(∆ωδτ ) ]
2
+T

R2

(A.30)

(A.31)

Appendix B

Derivation of surface plasmon
equations
B.1

Excitation of surface plasmon modes

To describe the excitation of surface plasmons in a simple way, we concentrate on a
infinitely large dielectric to metal interface. The media are both non-magnetic with magnetic
permeability µ0 . Therefore, only a discontinuity in the electrical permittivity  = n2 is
present at the interface and will govern the behaviour of the wave with n the refractive
index. The axes are chosen as in Fig. B.1.

Figure B.1: Schematic of an incoming p-polarized electromagnetic wave on an interface between
medium 1 and medium 2 with incident angle θi .[22]

The incoming electromagnetic radiation consists of orthogonal electric E and magnetic
B fields, transverse to the direction of propagation. The radiation can be p-polarized or
s-polarized. The magnetic field in p-polarized light has only one component, By , tangential
to the surface. It is transverse magnetic (TM) radiation. The electric field has both the
components Ex and Ez . For s-polarized radiation the electric field has only a tangential
component, Ey , while the magnetic field has components Bx and Bz . This is transverse
electric (TE) radiation [22]. If the electromagnetic radiation hits the interface two situations
can occur.
Firstly, the radiation can be reflected. The total momentum is conserved and is given by
ki = ni k
73
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with i the medium. Also, kx is conserved along the interface, so the reflected signal has a
component in the z-direction of −kz .
Secondly, the radiation can penetrate in the other medium. The tangential component
of the incoming wave is conserved at the interface. The refractive indices differ at both sides
of the interface, so k1 6= k2 and kz will change. The relation between the refractive indices
and the angles of the beams with the normal of the interface is known as Snell’s law:
n1 sin(θi ) = n2 sin(θr )
Inserting θr = 90o in Eq. (B.2), the critical angle, θc is found and given by
r
2
sin(θc ) =
1

(B.2)

(B.3)

If θi is larger than the critical angle, medium 2 can not support a propagating wave
inside it. The wave will therefore be completely reflected. Surface charges can oscillate in a
longitudal manner. Because of the prescence of a longitudal electric field at the interface of
the p-polarized field, the charges on the interface of medium 2 will start to and they create
an oscillating field in medium 2 [37]. The field cannot propagate into medium 2, and the
amplitude of the field will die out along the direction normal to the interface. This oscillating
field can be used to couple incident waves to surface plasmon modes.

B.2

Propagation of surface plasmon modes

The properties of a propagating surface electromagnetic wave can be found using the
following relations for a surface wave on the interface of an dielectric and a metal. The axes
are chosen in the same direction as in Fig. B.1 and then the equations of the wave in medium
1 and medium 2 are
E1 = (Ex1 , 0, Ez1 )exp[i(kx x − ωt)]exp(ikz1 z)

(B.4)

E2 = (Ex2 , 0, Ez2 )exp[i(kx x − ωt)]exp(ikz2 z)

(B.6)

H1 = (0, Hy1 , 0)exp[i(kx x − ωt)]exp(ikz1 z)
H2 = (0, Hy2 , 0)exp[i(kx x − ωt)]exp(ikz2 z)

(B.5)
(B.7)

with Ei and Hi the electric and magnetic fields respectively in the different media, kx the
wavevector of the propagating surface wave and kzi the wavevector of the surface wave in
the z-direction in the each medium. The frequency of the wave in vacuum is given by ω.
With Maxwell’s equations O · E = 0 and O × E = −µ δH
δt together with the observation
that the permeability is µ0 on both sides of the interface, this gives the relations
kx
kz1
kx
= −Ex2
kz2

Ez1 = −Ex1

(B.8)

Ez2

(B.9)

and
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ωEx1 1 0
kz1
ωEx2 2 0
=
kz2

Hy1 =

(B.10)

Hy2

(B.11)
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The fields tangential at the surface should be continuous, therefore Hy is continuous
at the surface and Ex should also be continuous at the interface. This gives the following
relation is found for the normal components of the surface wave:
2
1
=
kz1
kz2

(B.12)

The wavevectors in both media should be normal to the surface and decaying. The
wavevectors kz need to be of opposite direction and imaginary for the wave to be truly
trapped on the surface. This means that 1 and 2 should be also of opposite sign.
Using the equations for the momenta in both media
kz1 = −i(kx2 − 1 k 2 )1/2

kz2 = i(kx2 − 2 k 2 )1/2

(B.13)
(B.14)

with kx2 > i k 2 , the final result for the wavevector kx of the propagating surface mode on the
interface of the metal and the dielectric is given by [22]
r
1 2
kx = k
(B.15)
1 + 2
with i the relative permitivities of the media and k = ω/c the wavevector in vacuum. The
relative permitivities depend on the wavelength and this dependence variates with the metal
or dielectric used.
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Appendix C

Results of slot waveguides and
antennae
C.1

Straight slot waveguides

The propation lenght and the overall efficiency of slot waveguides are estimated and
compared to those found by the rectangular waveguides in Section 4.3.6. The slots are in
a slab of Ag on a SSPD. Bowties are placed at 1.5 µm from the ends of the waveguides to
facilitate easier incoupling of the plasmons. One of the devices is shown in Fig. C.1. Others
have the same configuration, but differ in slot width.

Figure C.1: Optical microscope picture of the
device with Ag slot waveguides of 22 µm length
and 400 nm width. Underneath is a SSPD.

Figure C.2: Scan of 300 nm wide slot Ag waveguide device. Counts on logaritmic scale. Polarization: 340o , Ibias : 20µA, laser power: ≈ 0.3nW.

There was difficulty with the fabrication and the lift off of the 100 and 200 nm slots did
not work. The results for the 300 nm slots can be seen in Fig. C.2 and show that over almost
the whole length of the waveguides, photons couple to plasmon modes. There is also plasmon
coupling visible at the borders of the Ag slab. For the 400 nm waveguides the results are a
bit clearer. The results of the scans are shown in Fig. C.3 and Fig. C.4. The polarization
of the incoming laser was rotated between the scans. For the 345o polarization two bright
spots can be seen at the right side of the waveguides. It could be that for this polarization
plasmons couple in at both the ends of the slot and the bowties.
A very rough estimation of the propagation length shows that it is approximately 10
µm for both 300 and 400 nm wide slot waveguides, which is comparable to the results
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Figure C.3: Scan of 400 nm wide slot Ag waveguide device. Polarization: 300o , Ibias : 18 µA, laser
power: 0.3 nW.

Figure C.4: Scan of 400 nm wide slot Ag waveguide device. Counts on logaritmic scale. Polarization: 345o , Ibias : 18 µA, Laser power: 0.3 nW.

for rectangular waveguides. The mean overal efficiency of 300 nm wide slot waveguides
is approximately 0.0016%, which is over 30 times lower than the mean efficiency of 300
nm wide rectangular waveguides. For the 400 nm wide slot waveguides it is approximately
0.0006%, which is almost 40 times lower than the mean efficiency of 400 nm wide rectangular
waveguides.

C.2

Bends in slot waveguides

The device used to check the influence of bends on a slot waveguide is shown in the inset
in Fig. C.5. The slots are 400 nm wide and the bends are 45o each. The slots are all of the
same length. A bowtie at 1.5 µm from the end of the waveguide is placed to facilitate easier
coupling to the waveguide modes.

150

Counts (kHz)

100

50

0
0

Figure C.5: Scan of device with slot waveguides
with bending radii (from top to bottom) 10, 5, 2
and 0 µm. Width: 400 nm, Ibias : 9.15 µA, Laser
power: 1.0 nW, Polarization: 146o . Inset: Optical
microscop image of device.

2
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10

12

Figure C.6: Counts from ends of slot waveguides
with different bending radii(from top to bottom)
10, 5, 2 and 0 µm. Width: 400 nm, Ibias : 9.15 µA,
Laser power: 1.0 nW, Polarization: 146o .

The scan is shown in Fig. C.5. Here the ends of the waveguides are clear. Besides
the endpoints, some coupling in of plasmons is visible along the bends particularly at third
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waveguide from the top. This is the waveguide with the sharpest bend. A bright spot appears
at the position of this bend which is brighter than the spot at the end of the waveguide. At
this point plasmons not only couple in, but can also just as easy couple out, thus explaining
the weak signal from the end point of this waveguide. The maximum efficiency is 0.002%
which is slightly lower than the result of the rectangular waveguides.
Just as for the rectangular waveguides discussed in Section 4.3.5, the propagation efficiency of the bended slot waveguides increases with an increasing radius of the bend. This
is explicitely shown in Fig. C.6. The number of counts from the SSPD almost triples if the
radius is changed from 2 to 10 µm. The good incoupling of plasmons in the sharpest bend
can probably account for the large losses in the sharply bended waveguide.

C.3

Waveguide antenna design

To increase the detection efficiency of plasmons by the SSPD, the electric field of the
plasmons could be increased at the detector region. In trying to achieve that, a device with
four different antennae was fabricated. A picture of the device is shown in the inset in
Fig. C.7. The upper waveguide is just a normal rectangular waveguide with the endpoint on
the detector. The next is a waveguide that gets wider at the detector to increase the overlap
area. The one below that gets smaller on the detector and the lowest one has several gaps
at the detector region. Both cause an increased field at the detector. The widths of the
waveguides before they reach the detector is 400 nm and the length from the endpoints to
the detector is 6 µm.
The results of a scan is given in Fig. C.7. The response is largest for the normal waveguide
without a special antenna. This is even more clear in figure Fig. C.8, where the maxima of
the endpoints are plotted. Although it seems that the antenna do not increase the detection
efficiency, the decrease in counts in the waveguides with antennas could also be caused by
the lower detection efficiency in those areas of the SSPD.
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Figure C.7: Scan of device with different antennae. Width: 400 nm, Ibias : 16µA, Laser power: 1.8
nW. Inset: Optical microscope image of device.
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Figure C.8: Response of device with different antennae. Width: 400 nm, Ibias : 16µA, Laser power:
1.8 nW.
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