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Abstract
In this report the excitation, guiding and detection of single surface plasmon polaritons is investigated. By means of FDTD simulations it is found that a single photon emitter represented
by a classical dipole source in front of a tapered waveguide profits from a large emission into
plasmon modes also present in a sub-wavelength sized waveguide, combined with a maximum
obtainable propagation length. Experimentally a gold waveguide on top of a superconducting
single photon detector is used to show single plasmon resolution of the superconducting detector by measuring second order correlations. A grating is used to excite the plasmons. The
total quantum efficiency for the photon to plasmon and plasmon detection event is found to
be 0.27%. Directional couplers for plasmons are designed and fabricated. The coupling length
needed for a 50:50 beamsplitter is found to be 3.25 µm with FDTD simulations when gold
waveguides are used.
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Chapter 1

Introduction
Surface plasmon polaritons, or in short plasmons, are gaining attention in a lot of growing
research fields. The properties of plasmons are, for example used in the fields of solar cells
[1], biosensing [2], and meta materials [3]. The field of interest for this report is however
quantum optics. A plasmon is a bound electromagnetic wave propagating at the interface
between a metal and a dielectric. By modifying the metal or dielectric a plasmon can be
restricted to travel along a specific direction, making plasmonic waveguides [4] [5]. There are
two properties of those plasmonic waveguides which are of interest [6] [7]. First, when a single
photon emitter is in close proximity to a plasmonic waveguide it will emit more light than if
there was no plasmonic waveguide. The second property is the large coupling efficiency of the
emission from the single photon emitter to plasmon modes of the waveguide. This coupling
efficiency becomes larger when the width of the waveguide is decreased. The width of plasmonic
waveguides can even decrease far below the free space wavelength of the light, although the
losses in the waveguide will increase [8] [9]. These large confinements are not possible with
dielectric waveguides. In Ref. [10] it is suggested that plasmonic waveguides can be used for
single photon transistors. These transistors are based on the high coupling between a single
photon emitter and a plasmonic waveguide.
In Ref. [6] and [7] single plasmons traveling along a waveguide, excited by a single photon
emitter in close proximity to the waveguide, are first coupled to single free space photons before
detection. It would be much more efficient to directly detect the single plasmons while they
are still traveling along the waveguide. Although in Ref. [11] the authors detect the plasmons
generated by a single photon emitter directly they do not have single plasmon resolution. Other
plasmon detectors reported [12] [13] do not have single plasmon resolution either. Detectors
with single plasmon resolution will make it possible to do measurements on plasmonic quantum
circuits. One could, for example think of a controlled-NOT (CNOT) gate similar to the one
reported in Ref. [14], but with the dielectric waveguides replaced by plasmonic waveguides.
This CNOT gate is based on two photon interference. As plasmons can still travel along
plasmonic waveguides much smaller than the free space wavelength of the light, plasmonic
CNOT gates can become much smaller compared to the dielectric CNOT gates.
In this report the generation, guiding and detection of plasmons in the visible and infrared
part of the spectrum is investigated. We are especially interested in the single plasmon regime.
Three main questions for this report can be formulated.

5

• Is it possible to combine the high coupling efficiency between a single photon emitter
and a waveguide of sub-wavelength dimensions with the low losses of broad waveguides
by using a taper?
• Is it possible to use a superconducting single photon detector to detect single plasmons
propagating along a plasmonic waveguide?
• Can we design and fabricate directional couplers for two photon interference measurements?
The first question is answered only theoretically by means of finite difference time domain
(FDTD) simulations. The same simulation algorithm is used as a design guideline for the
third question. The answer to the second question is based on experiments.
The structure of this report is as follows. A brief overview of the relevant theory can be found
in Ch. 2. In Ch. 3 the results of the FDTD simulations can be found. The fourth chapter
shows the fabrication recipe and the experimental setup. Ch. 5 shows the experimental results.
In the last chapter a conclusion will be given.
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Chapter 2

Theory
This chapter treats the relevant theory for the experiments and simulations that are performed.
The first section gives an introduction to surface plasmon polaritons; the second section deals
with the superconducting single photon detectors. The third section shows some specific characteristics of single photon emitters. The last section is about directional couplers.

2.1
2.1.1

Surface plasmon polaritons
Plasmonic plane wave

A Surface Plasmon Polariton (SPP or plasmon) is a bound electromagnetic (EM) wave propagating at the interface between a metal and a dielectric. The expression polariton is used
because a plasmon consists of evanescent EM waves that are coupled to collective surface oscillations of free electrons in the metal. Free electron oscillations in a metal are longitudinal.
Due to the longitudinal character of the electron oscillations, transverse electric (TE) waves
can not couple to plasmons as they do not have an electric field component in the longitudinal
direction. So only transverse magnetic (TM) waves can couple to plasmons. Let us now derive
the dispersion relation for plasmons [15]. We take the interface to be at z = 0. For z < 0 the
material is a metal with dielectric constant ǫ = ǫm , and for z > 0 the material is a dielectric
with ǫ = ǫd . A schematic of the situation is found in Fig. 2.1. Note that the dielectric con-

Figure 2.1: The geometry as considered in this section. An indication of the electric field lines is shown. Also
the orientation of the TE and TM waves are given.
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stant of a metal is a complex quantity, ǫm = ǫ′ + iǫ′′ . As mentioned before, only TM-waves
are of importance. So we can take Hx = Ey = Hz = 0. As in the y-direction the structure
is invariant, it is assumed that there is no y-dependence of any of the field components. In
the situation as described above all three field components of interest (Ex , Hy and Ez ) can be
represented with
ψ(x, z, t) = Ψ(z)ei(kx−ωt) ,
(2.1)
here ψ is the field component, Ψ an amplitude factor which is different for each field component,
ω the radial frequency and k the x-component of the wave vector. As a solution of this form
has a lot in common with a free space plane wave, we will speak of a plasmonic plane wave
when we refer to a plasmonic wave which behaves as described here. As there is no current
and no net charge present, the Maxwell equations for this situation are:
∇ · D = 0,

∇ · H = 0,
1 δH
∇×E=−
,
c δt
1 δD
∇×H=
,
c δt
D = ǫE.

(2.2)
(2.3)
(2.4)
(2.5)
(2.6)

Here, c is the speed of light in vacuum. Substitution of Eq. 2.1 into the Maxwell equations
results in the following set of equations:
i dEz
,
k dz
ωǫ
H y = − Ez ,
ck
2
d Ez
− K 2 Ez = 0,
dz 2
s
ω 2 ǫ(m,d)
.
K(m,d) = k 2 −
c2
Ex =

(2.7)
(2.8)
(2.9)
(2.10)

These equations should hold in the dielectric as well as in the metal layer. With the condition
that the fields should be finite at z = ±∞, Eq. 2.9 gives
Ez,m = Am eKm z z < 0,

(2.11)

Ez,d = Ad e−Kd z z > 0,

(2.12)

for the metal, and dielectric half space respectively. These equations show that the plasmons
are bound waves to the surface as their amplitude is at a maximum at the surface and decays
exponentially away from the surface. At the interface z = 0, the solutions in both materials
should match according to the boundary conditions
Hy,d − Hy,m = 0,

(2.13)

ǫd Ez,d − ǫm Ez,m = 0.

(2.15)

Ex,d − Ex,m = 0,
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(2.14)

These boundary conditions together with Eqs. 2.7 to 2.12 leads to the dispersion relation
r
ǫd ǫm
ω
.
(2.16)
kspp =
c ǫd + ǫm
As the dielectric constant of the metal is a complex quantity, also the plasmon wavenumber
kspp is a complex quantity. When a complex wavenumber is substituted into Eq. 2.1 we see
that this results in an exponential decaying wave in the propagation direction. We can define
a plasmon propagation length after which the intensity of the EM wave has decayed by 1/e by
Lprop =

1
.
2Im(kspp )

(2.17)

The use of intensity instead of the EM field in the definition of the propagation length explains
the factor of two in this equation. Let us now consider a relevant example situation in which
we have a three layer structure. The structure consist of sapphire, a finite thickness gold layer
and air. We assume the gold layer to be thick enough such that the electric fields on both sides
of the metal do not see each other. In this situation on both side of the gold film plasmons
can propagate. In Fig. 2.2 the real part of Eq. 2.16 is plotted for both sides together with the
dispersion curves for light propagating freely in air and sapphire (light-lines). The following
values for the dielectric constants are used: ǫair = 1, ǫsapphire = 3.1, and for gold the dielectric
constant as can be found in [16] is used. The dispersion curves tells us that in the visible part
of the spectrum (2.5 − 5 · 1015 rad/s) even when the light inside the dielectric media propagates
parallel to the metal surface there is a wave vector mismatch with the plasmons. This means
that under normal circumstances no plasmons can be excited. However there are some tricks
to be able to couple light to plasmons. In our devices we will make use of a grating in the gold
layer [17]. If light orthogonal to the gold layer hits the grating the light will be scattered. The
scattered light will show a distribution of wave vectors with a maximum at k equal to 2π/a,
where a is the lattice constant. The distribution in k will become smaller when the number
of periods in the grating is increased. So when a is chosen such that 2π/a = kspp the grating
can be used to excite plasmons. As there is a difference between the plasmons wave vector
for the air-metal and sapphire-metal interface the lattice constant will also determine whether
plasmons are excited on the air or sapphire side of the metal layer.

2.1.2

Plasmonic waveguides

After we went from a simple two layer structure to a multi layer structure it is now time to also
include the third dimension. As we are interested in waveguides we have to reduce our infinite
gold layer to a gold strip of finite width. When the width of the waveguide is several times the
wavelength of the light used one does not expect a large difference from the two-dimensional situation as described above. However when we take a look at the situation where the waveguides
become comparable to the wavelength of the light we can expect the waveguide to influence
the dispersion relation of the plasmons. In Ref. [8] a derivation of the allowed wave vectors
for different radii of cylindrical metal waveguides in a dielectric medium is shown. Although,
we are interested in rectangular waveguides sandwiched between two different dielectric media
we expect that the behavior of cylindrical metal waveguides in a dielectric medium can to
some extend be compared with the behavior of rectangular waveguides. Especially in the subwavelength regime. Here we will only summarize the most important conclusions from Ref. [8]
9

Figure 2.2: Dispersion curves for plasmons propagating at two different interfaces. As a reference also the light
line of air and sapphire is given.

as the derivation is not easily summarized. The authors show that the lowest order waveguide
mode at a fixed frequency shows a 1/R dependence for kspp when R becomes smaller than λ/4
where R is the radius of the cylindrical gold waveguide, and λ the free space wavelength. This
results in kspp to be much larger than ωǫd /c. In the same way as the imaginary part of kspp
tells us something about the propagation direction of the plasmons (Eq. 2.17), 1/K tells us
something about the transversal field confinement. If we now take a look at Eq. 2.10 with in
mind kspp >> ωǫd /c, we can make the approximation K ≈ kspp . This means that the field
confinement for small R is not anymore dependent on the wavelength and will be of the order
R. In Ref. [8] this situation is physically interpreted as the field, and associated charge density
wave to be in a quasistatic configuration. In this configuration electrostatics should be used
instead of electrodynamics. Fields confined to regions much smaller than their wavelengths
are very interesting for applications. Unfortunately with decreasing radius also the imaginary
part of kspp will increase which means that the plasmonic losses will increase. So in practice a
trade-off should be made between loss and field confinement.

2.2

Superconducting single photon detector

The plasmons are directly electrically detected without first converting the plasmons back
to photons. For this we use a Superconducting single photon detector (SSPD) [18]. By using
SSPDs we are able to detect single plasmons. The working principle of a SSPD can be explained
as follows. The detector consists of a superconducting wire carrying a bias current Ibias slightly
below the critical current Ic . The critical current is defined as the current at which the
superconductivity is destroyed. When a photon or plasmon is absorbed by the superconducting
wire, electrons are thermally excited in a local spot which is smaller than the width of the wire.
Due to these ‘hot’electrons the temperature in the spot will rise above the critical temperature
Tc , the temperature above which a superconductor becomes a normal resistive material. The
10

spot which is now not superconducting anymore is called the hotspot. Due to diffusion of
the hot electrons the hotspot grows. The bias current in the wire will choose the path with
the lowest resistance and flow around the hotspot. This causes an increase in the current
between the hotspot and the edges of the superconducting wire. If Ibias is high enough such
that the current between the hotspot caused by the absorption of a single photon or plasmon
and the edge of the wire increases above Ic , a resistive area is created over the full width of
the wire. This resistive area will generate a voltage pulse which can be measured. After some
time the hotspot will disappear due to the cooling caused by the diffusion of electrons and the
superconductivity is restored. Now another photon can generate a new voltage pulse. It is
however, possible that a photon is absorbed and no pulse is generated. This chance will reduce
when the bias current becomes closer to the critical current. The number of voltage pulses
corresponds to the number of photons absorbed that result in a voltage pulse.
What can we say about the dependence of the count rate on the power of the source for a single
photon detector? Here we consider the case in which the source is a coherent laser beam. The
photon distribution in such a beam is given by a Poissonian distribution which results in the
probability of absorbing n photons given by [18]
P (n) =

n̄n −n̄
e .
n!

(2.18)

Where n̄ is the average photon number in a given time interval (Plaser /h̄ω where Plaser is the
laser power in units of the same time interval). For a single photon detector the time interval
of interest is equal to the time which it takes for the detector to be ready to detect another
photon after a previous detection event. This time is also known as the dead time of the
detector, as in this time interval no photons can be detected. This time also determines the
maximum count rate possible for a detector. For the SSPD this time is equal to the time it
takes to cool down the hotspot and restore the superconductivity in the wire. So if n̄ << 1
in a time interval equal to the dead time of the detector, the detector will have single photon
resolution. In this situation Eq. 2.18 can be approximated with
P (n) ≈

n̄n
.
n!

(2.19)

The probability P (n + 1) for detecting n + 1 photons is neglectably small compared to the
probability P (n) of detecting n photons as n̄ << 1. This causes the count rate to be proportional to the probability of detecting one photon thus linear with incoming laser power if
the detector has single photon sensitivity. If the detector can only give counts for events in
which two photons are involved, the count rate will become proportional to the probability of
absorbing two photons, which is quadratic with incoming laser power, and so on.
Another important quantity to indicate the quality of a single photon detector is the quantum
efficiency η. As already explained above, a photon arriving in the dead time of the detector is
not detected. More events can occur which do not lead to the absorption and thus detection
of the incoming photon, for example reflection or transmission. The quantum efficiency gives
the fraction of incoming photons that is detected and thus is defined by
η=

Detector counts
.
Plaser/h̄ω

11

(2.20)

2.3
2.3.1

Single photon emitters
Second order correlation function

Single photon emitters are light sources which can only emit a single photon at a time. Typical
single photon emitters are optically active quantum dots, Nitrogen Vacancy centers in diamond
(NV-centers), and fluorescent molecules. To show that an emitter is a single photon emitter one
can do the following experiment. First direct the light from the emitter onto a beamsplitter.
If at each output of the beamsplitter a single photon detector is located, the time between two
detection events in different arms of the beamsplitter can be measured. Always start your time
measurement with the same detector and finish the time measurement with a detection event
on the other detector. So when a photon is detected at the first detector one starts to monitor
the time until a photon is detected with the second detector. This experiment is called a
Hanbury Brown-Twiss experiment. If a histogram is made of the different time intervals which
are measured one expects a dip at zero for a single photon source. This means that the event
of two photons arriving at the same time at the two different detectors does not occur. The
curve tracing the histogram is called the second order correlation function. The mathematical
classical definition of the second order correlation function is given by [19]
g (2) (τ ) =

hE ∗ (t)E ∗ (t + τ )E(t + τ )E(t)i
.
hE ∗ (t)E(t)i2

(2.21)

Here E(t) is the electric field at time t. For the situation of a single photon emitter one has
to use the quantum mechanical analog in which E(t) is replaced by the operator Êsf+ (t). This
operator together with its complex conjugate represents the field emitted by the single photon
emitter. After a long derivation it can be shown that the second order correlation function for
a single photon emitter excited by a non-resonant weak light source is given by
g (2) (τ ) = 1 − e−τ /τQD .

(2.22)

Here τQD is the lifetime of the excited state. Due to the finite time response of the detectors in
practice Eq. 2.22 has to be convolved with the distribution of the timing jitter T . We assume
a Gaussian distribution for the timing jitter
2

T = Ae−(τ /τT ) .

(2.23)

Here A is a normalization constant such that the integration of Eq. 2.23 equals one and τT
the characteristic time response of the detectors.

2.3.2

Purcell factor

Apart from the second order correlation function, it is also of interest how many photons per
second a single photon emitter can emit. The rate at which the single photon source emits
photons is calculated with Fermi’s golden rule [20]
Γ=

2π
| < 2|H ′ |1 > |2 g(ω).
h̄2

(2.24)

Here H ′ is the perturbation caused by the electromagnetic field, and g(ω) the density of states.
For H ′ the electric dipole interaction can be used as this is the strongest perturbing interaction.
12

The density of states is dependent on the environment of the single photon source. For the
situation of a single photon source in free space the transition rate can still be calculated
analytically. In this situation the transition rate is given by
µ212 ω 3
.
3πǫ0 h̄c3

Γ=

(2.25)

Where µ12 is the electric dipole moment. In the situation of a single photon source in resonance
with a single cavity mode also an analytic result can be found,
Γ=

2Qµ212
.
h̄ǫ0 V0

(2.26)

In this Eq. Q is the quality factor of the cavity and V0 is the volume of the cavity. The ratio
between the last two equations is called the Purcell factor Fp
Fp =

3Q(λ/n)3
.
4π 2 V0

(2.27)

Here n is the refractive index inside the cavity. The Purcell factor tells whether a cavity
enhances (Fp > 1) the free space single photon emission or inhibits (Fp < 1) the emission.
In situations different from the ones mentioned above, an analytical solution is hard to find.
However, also in the situation where the single photon emitter is in close proximity to a metal
waveguide a Purcell effect can be observed. In this situation it can be shown that the emission
from the emitter will mainly couple to plasmonic modes of the waveguide and this coupling
becomes more efficient when the radius of the wire decreases [8]. To calculate the Purcell factor
one can make use of the similarities between a classical dipole source and the single photon
emitter [21], [22], [23]. Although we can not speak about a photon emission rate, the power
emitted by a classical dipole source depends on its environment as well. When the emitted
power of a classical dipole source in free space and the emission of the dipole source in the
non-homogeneous environment of interest are divided the Purcell factor is obtained. We used
classical finite difference time domain (FDTD) simulations to calculate the Purcell factor and
to do a quantitative analysis of the coupling efficiency between the dipole and the plasmonic
modes for different waveguides (Section 3.3.1).
A situation in which the Purcell effect can be explained easily with classical physics is the case
of a dipole source at a distance d in front of an infinite plane perfect mirror. In this situation
the method of mirror charges can be used to find the emission of this dipole. In this method
another dipole should be positioned a distance d behind the mirror and the mirror itself should
be removed. The charges of which the second dipole consists should always be opposite to the
real charges. This new situation will give the same solution as the old situation for the half
space which was in front of the mirror when it was not yet removed. Due to the requirement of
the image charges to have an opposite charge of the real charges, the ‘image dipole’ will be in
or out of phase with the real dipole. A schematic of this situation is shown in Fig. 2.3. As the
emission from the real dipole will now interfere with the emission from the image dipole the
total emitted power can be different compared to the situation in which no mirror is present.
Note the extreme situations in which the dipole direction is perpendicular or parallel to the
mirror plane, and d = 0. These situations give respectively a Purcell factor of 2 and 0 [22].
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Figure 2.3: A schematic overview of how the method of image charges can be used to calculate the Purcell
factor of a classical dipole source in front of an ideal mirror. The right part of the figure shows the two extreme
situations when d = 0.

2.4

Directional couplers

The simplest geometry for directional couplers (DCs) is two identical parallel waveguides,
where we define two input ports on one side and two output ports on the other side. The
waveguides have a length L. As will be shown in this section, this kind of structures can be
used as a p : q beamsplitter where p and q depend on L but also on the mode overlap of the two
waveguide modes. For example, when a single waveguide consists of a high dielectric inside
a low dielectric medium, the mode profile is such that most of the electromagnetic power is
located inside the high dielectric. However a small part of the power inside the mode is located
in an exponentially decaying tail extending in the low dielectric, the evanescent field. When
two of such waveguides are put next to each other they will ‘feel’ each other by their tails
inside the low dielectric.
Let us now look more detailed to directional couplers. If the mode distribution is given by
Φ(y, z), and the wave propagates in the x-direction. The total electric field is then given by
[24]
E(x, y, z) = A(x)Φ(y, z)
(2.28)
As the mode distribution does not change with propagation we only have to consider the
amplitude term A(x). The coupling between the two waveguides is now described by
dA1
= −ikA1 − iκA2
dx
dA2
= −ikA2 − iκA1 .
dx

(2.29)
(2.30)

Here the indices indicate the waveguide, κ is the coupling coefficient. The coupling coefficient κ
depends on the overlap of the mode distributions. Solving these coupled differential equations
gives us
A1 = c1 e−i(k+κ)x + c2 e−i(β−κ)x
A2 = c1 e

−i(k+κ)x

− c2 e

−i(β−κ)x

(2.31)
(2.32)

When we take a closer look at these equations, we actually can recognize two waves. One wave
with a propagation constant k + κ and one with a propagation constant k − κ. The interference
14

of these waves causes the electromagnetic power to be transfered between the two waveguides.
How can we explain these two waves physically? When two waveguides are brought close
together we can no longer speak about the mode distributions of one separate waveguide. The
two waveguides together actually result in two new modes, supermodes. These two supermodes
are called the symmetric and anti-symmetric mode and are formed by adding the modes of
the separate waveguides in or out of phase respectively. As the spatial distribution of these
two supermodes are different, they see a different effective index and so their phase velocity is
different. This results in interference of the two waves while propagating along the directional
coupler. Fig. 2.4 shows an impression of the two supermodes in the case of high dielectric
waveguides in a low dielectric medium.
Let us now consider the specific situation in which we send some EM wave into waveguide one.
This gives us the boundary conditions A1 (0) = C, A2 (0) = 0. With these boundary conditions
we get c1 = c2 = C/2. We can write down a relation for the power at the two output ports of
the directional coupler. As the power is proportional to |A|2 , for A1 (0) = C, A2 (0) = 0 we get
P1 = C 2 cos2 (κL),

(2.33)

P2 = C 2 sin2 (κL).

(2.34)

From these equations we see that we can split an incoming beam into two beams with any
ratio we want. We only have to change the length of the directional coupler.

Figure 2.4: An indication of the supermodes as formed when two high dielectric waveguides in a low dielectric
medium are brought in close proximity to each other.
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Chapter 3

FDTD Simulations
Before fabricating the devices, Finite Difference Time Domain (FDTD) simulations were performed. For these simulations we made use of the commercially available software package
Lumerical [25]. In this chapter first the relevant material properties for FDTD simulations are
discussed, followed by some convergence tests. The last part of this chapter shows the results
of the simulated structures.

3.1

Material properties

To be able to use FDTD simulations for comparison with or design guidelines for real devices, the dielectric constant of the materials used should be known. The dielectric constant
of a dielectric material like sapphire at optical frequencies is almost constant. However, the
dielectric constant of a metal like gold is by far not constant with frequency due to the interaction between the conduction electrons and the electromagnetic field. The fabrication method
will also influence the dielectric constant of the gold structure. To illustrate the influence
of the fabrication process a copy of a figure from [26] is given in Fig. 3.1(a). In this figure
the plasmon propagation length is shown for gold with three different microscopic structures.
Crystalline gold (x-Au), poly-crystalline gold evaporated at room temperature (poly-RT) and
poly-crystalline gold evaporated at liquid nitrogen temperature (poly-LN) all give a different
propagation length. The dots are measurements and the solid lines are simulations based on
the measured dielectric constants of the devices. The main differences in the dielectric constant are attributed to differences in the grain sizes of the different samples. In x-Au no grains
are present while for the poly-RT and poly-LN sample grains of respectively 80 and 20 nm
are measured. The difference between the simulated and measured results is attributed to
non-ohmic losses like scattering at the grain boundaries.
Lumerical has the possibility to fit a function to a dataset of measured dielectric constants, and
use the fit as input for the simulations. For gold, two sets of experimental data are provided
with the software. One of them from the CRC Handbook of Chemistry and Physics (CRC),
and the other from Palik’s Handbook of Optical Constants (Palik). The fit to both datasets
is shown in Fig. 3.1(b). We see that also these two datasets differ with respect to each other.
For all of the simulations shown here we made the rather arbitrary choice for the dataset from
Palik [16]. The dielectric constant from this dataset is obtained at room temperature with
measurements on a thin gold film evaporated on glass. For sapphire a dielectric constant of
3.1 is used.
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(a)

(b)

Figure 3.1: (a)Measured (dots) and simulated (lines) plasmon propagation (decay) length for three different
atomic structures of gold [26]. Crystalline (green) and poly-crystalline evaporated at room temperature (red)
and liquid nitrogen temperature (blue). (b)Fit of the real (solid) and imaginary (dashed) part of the dielectric
constant of gold on measurement data as given in Palik and CRC.

Besides the differences between the dielectric constant of gold for different microscopic structures there is another question that needs to be answered before a comparison with experiment
can be made. The dielectric constant of gold depends on temperature. As the mean free path
of electrons will be longer at lower temperatures due to a decrease in electron phonon interaction ǫgold will change. The largest change is expected in the complex part of the dielectric
constant, which is related to the losses in the material. In case of poly-crystalline gold the
grain boundaries can become the limiting factor if the electron mean free path calculated for
crystalline gold becomes longer than the grain size. As we use a comparable fabrication process
as used for the poly-RT sample in Ref. [26] we expect our grain size to be around 80 nm. This
is comparable to the electron mean free path at room temperatures [27], [28]. This means that
the change in dielectric constant is limited by the grain boundaries. In Ref. [29] however, still
a decrease in the absorption of gold is observed for a thin gold film which was also evaporated
at room temperature, although the absorption was higher than for a crystalline gold sample.
So when the sample is cooled we expect at least comparable losses as at room temperature but
also lower losses could be observed.

3.2

Convergence tests

FDTD is a finite difference computational scheme. This means that space and time are discretized in finite steps. For the simulation to be stable, the time and space steps should obey
[30]
nmin ∆x
∆t ≤ √
.
(3.1)
Dc
Here ∆t is the time step, ∆x the smallest space step, nmin the lowest refractive index, and D
the dimension of the simulation. For computational time considerations it is better to choose
∆t close to the upper limit. So once the mesh size is chosen the time step is more or less fixed.
The right choice of mesh size depends on the situation that is being simulated. In general a
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(a)

(b)

Figure 3.2: The transmission through a small waveguide (0.1 × 0.1 × 3 µm) is simulated multiple times with
a difference in mesh size. (a) The mesh size used for the z-direction. The details of the mesh size with z are
determined by the simulation program. (b) The transmission through the waveguide normalized to the source
power.

mesh size ten times smaller than the smallest wavelength in the structure should give usable
results [30]. However, when plasmons are present, the electromagnetic fields can become very
confined. An easy way to check if the results are realistic is to simulate the same structure
multiple times with a decreasing mesh size. At some moment the simulations should converge
to a stable solution.
Lumerical offers the possibility to work with a nonuniform mesh. Especially for structures with
plasmons this can be used efficiently. Due to the confinement of the plasmons on the metal
surface a small grid size is only needed close to the surface. In Fig. 3.2(a) the mesh size used
in the z-direction is shown for the situation of a 0.1 × 0.1 × 3 µm gold waveguide on a sapphire
substrate (surrounding medium: air). The substrate ends at the zero coordinate. Fig. 3.2(b)
shows the result if the transmission through the gold waveguide is measured. The source used
in this case is a dipole emitter 30 nm in front of the waveguide and 35 nm above the substrate.
As can be seen, a mesh size of 10 nm around the waveguide is not sufficient to get the right
solution. The other two curves do not look very different, which indeed shows that only at the
gold surface the mesh size needs to be small. For simulations in this thesis a mesh comparable
to the one shown in red in Fig. 3.2(a) is used.

3.3

Simulation results

This section is subdivided into two parts. The first part will treat the coupling of a dipole to
plasmons on a gold waveguide of various geometries. The second part will focus on plasmonic
directional couplers.
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(a)

(b)

(c)

(d)

Figure 3.3: Dipole source in front of a small waveguide (0.1 × 0.1 × 6 µm). (a) A picture of the simulated
structure. The red dot represents the dipole source and the red arrow indicates the dipole orientation. (b), (c)
and (d) show |E|2 in a cross section and in a top and side view. The insets show where the fields are recorded.

3.3.1

Coupling of a dipole source to plasmons

Here we investigate, by means of simulations, the properties of a dipole source in very close
proximity to a gold waveguide. In particular we look at three different gold waveguides. A
small waveguide with dimensions 0.1 × 0.1 × 6 µm, a broad waveguide (0.1 × 2 × 6 µm) and a
tapered waveguide. The first two structures are chosen because small waveguides are expected
to show a large dipole-plasmon coupling, while for broad waveguides a longer propagation
length is expected. The tapered structure should combine the advantages of the two other
structures. With these simulations we get insight in the physical situation where the dipole
source is replaced by a single photon emitter like a quantum dot (see Ch. 2). The analysis of
the simulations will be divided in a qualitative and quantitative part.
Qualitative analysis
We start with the simulation results of the small gold waveguide. The simulated structure is
shown in Fig. 3.3 (a). The dipole source is represented by the red dot and located 35 nm
above the substrate and 30 nm in front of the waveguide. The dipole orientation is along the
x-axis as indicated by the red arrow. The waveguide is made on top of a sapphire substrate
and surrounded by air. In Fig. 3.3 (b), (c) and (d) the field profile for λ = 982 nm, is shown.
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(a)

(b)

Figure 3.4: |E|2 top view(a) and side view(b) for the broad waveguide (0.1 × 2 × 6 µm). The insets show where
the fields are recorded. The intensity shown is multiplied by 10 compared to Fig.3.3.

(a)

(b)

Figure 3.5: |E|2 top view(a) and side view(b) for the tapered waveguide. The insets show where the fields are
recorded. The intensity shown is multiplied by 10 compared to Fig.3.3.

The position of these field profiles is indicated by the blue plane in the inset figures. As at the
location of the dipole source large field amplitudes are present the color scaling is saturated
such that the plasmons become visible. It is observed that the electric field has a maximum
intensity at the lower edges of the waveguide. This is in agreement with mode profiles as
reported in [9] and [17]. In Fig. 3.3 (d) the intensity decrease along the waveguide due to the
ohmic losses of the plasmon is visible. Note also that the electric field decay in the transverse
direction is of the order of half the width of the waveguide. This is in agreement with the
expectations as discussed in Ch. 2.
Let us now look at the broad waveguide. For this simulation the dipole is situated on the
same location as in the case of a small waveguide, and the dipole orientation is identical. Two
field profiles are shown in Fig. 3.4 (a) and (b). This time, in Fig. 3.4 (a), we observe a clear
interference pattern due to the presence of multiple modes. In Fig. 3.4 (b) the transverse
mode extends much further into the sapphire substrate. Fig. A.1 shows the mode profiles
in the yz-plane at every 1 µm along the waveguide. These mode profiles are all normalized
to the maximum field intensity in the plane in which they are recorded. Hence they are all
normalized with a different number. This choice of normalization does not show the plasmon
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propagation loss, but it does show the mode distribution clearly. Note again the large field
confinement at the edges. Note also the lobes extending into the sapphire at the edges. We
assign these lobes to free space emission from the corners of the waveguide as the lobes are
not visible anymore after 2 µm of propagation. This free space emission at the corners can
be explained if we assume plasmons to travel along the edge in the y-direction. For these
plasmons the corners are discontinuities which will cause radiation. With the assumption of
plasmons propagating along the edge in the y-direction also the long tail extending from the
source as visible in Fig. 3.4(a) can be explained. While propagating along the waveguide the
intensity in the center of the waveguide increases relative to the intensity at the edges. Two
mechanisms for this redistribution of intensity can be identified. The first one is interference
between the different modes available for this waveguide. The second one is related to the loss
of these modes. The high field confinement at the edges of the waveguide is very similar to
the confinement of the field as observed for small waveguides. As the small waveguides show
large plasmonic losses it is also expected that the modes at the edge of the broad waveguide
are more lossy compared to the modes at the center of the waveguide. This also causes the
intensity in the center to increase with respect to the intensity at the edges. Due to the change
in mode distribution the plasmonic loss is expected to vary along the waveguide. Finally note
the decrease in number of nodes with increasing propagation distance. We expect the mode
distribution to finally reach the distribution of the zero order mode [9] which has only nodes
at the edges of the waveguide and most closely represents a plasmonic plane wave.
Now we have seen the field profiles of the small and broad waveguide, we can look at the tapered
waveguide. Again dipole position, and orientation are not changed. In Fig. 3.5 (a) and (b) the
field profiles for a tapered waveguide are shown. This tapered waveguide starts with a width of
100 nm and reaches a final width of 2 µm after 3 µm waveguide length. By looking at Fig. 3.5
we see that the interference is much less compared to the broad waveguide. However, at the
end of the waveguide some interference starts to become visible. Also it can be observed that
again the intensity of the field is largest at the edges. The field decay visible in the propagation
direction can be misleading as it is recorded in the center of the waveguide while the maximum
of the fields is located at the edges. For this waveguide the mode distribution in the yz-plane
are shown in Fig. A.2. Compared to Fig. A.1 we observe the following important difference.
The mode distribution at all propagation distances is spread out over the complete waveguide,
although some nodes with a weak contrast can be observed after the tapering has ended. It
looks like at the end of the tapering the lowest order mode is already excited partially. A
consequence of the relative large field amplitude along the total width of the waveguide is
that the high loss edge mode is less ‘occupied’ so a larger propagation length compared to the
directly excited broad waveguide should be possible when first a tapering is used. Note that
the tapering as described here does not yet show adiabatic transformation as reported in Ref.
[9], where the single mode of a sub-wavelength waveguide is said to adiabatically expanded
directly to the zeroth order mode of a broad waveguide without showing any redistribution of
the intensity by interference.
Quantitative analysis
After the qualitative analysis above, it is time for a more quantitative analysis. The main
quantities we are interested in are a measure for the coupling efficiency and the plasmon
propagation distance. For determining these two quantities we use power monitors, which
calculate the power transmitted through a plane orthogonal to the propagation direction. A
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(a)

(b)
Figure 3.6: (a) Transmission through a plane 5 µm from the start of the waveguide. The transmission is
normalized to the emission of a dipole source in a homogeneous dielectric. (b) Propagation length calculated
from the transmission at three locations. The legend can be used for both graphs.

power monitor is positioned every micron along the waveguide. One such monitor is shown in
the inset of Fig. 3.3(b) (blue plane). For normalization we use the radiated power of a dipole in
a homogeneous dielectric with a dielectric constant of one (air). The Purcell effect (see Section
2.3) is the reason why we use a source in a homogeneous dielectric for normalization instead
of the source in front of the gold structures simulated here. The resulting Purcell factors
from the simulations will be shown at the end of this section. In Fig. 3.6(a) the normalized
transmission as function of the free space wavelength is shown. The monitor used for this graph
was located 5 µm from the start of the waveguide. We simulated several tapered waveguides.
The difference between the tapered waveguides are the length along which the tapering occurs
(tapering length). The lengths in the legend indicate this tapering length. Fig. 3.6(b) shows
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the propagation distance for the simulated structures. The propagation length for a specific
wavelength (free space) was calculated by fitting the exponential function
y=e

−L

x
prop

(3.2)

to the dataset consisting of the normalized transmission at a finite number of distances. Although for every waveguide the transmission is measured at six points not all those points are
used for the fit. For the small waveguide the transmission at 1 µm is not taken into account.
At 1 µm there is still some free space emission transmitted through the plane. For the tapered waveguides only the last three points are taken into account because these points are
not located within the tapering length in any of the simulated tapered waveguides. While the
waveguide is tapered the plasmon propagation distance is not described by a simple exponential function as Eq. 3.2 due to the differences in losses of the modes. In the qualitative analysis
we have seen that the loss along the 2 µm waveguide is not constant. This implies that also
for the two micron waveguide the propagation length is not described by a simple exponential.
So the propagation length calculated according to Eq. 3.2 should be interpreted as an average
propagation length for the 2 µm wide waveguide sections. To make a fair comparison also
the propagation length for the 2 µm waveguide is determined only with a fit based on the
transmission at 4, 5 and 6 µm. In Fig. 3.6(b) also Eq. 2.17 for a plasmonic plane wave is
plotted using the same ǫgold as in the simulations.
Together, Fig. 3.6(a) and (b) give some information about the coupling efficiency. From the
graphs in Fig. 3.6 we see that the transmission at 5 µm is much smaller for the broad waveguide
than for the small waveguide. This in combination with the higher propagation length tells us
that the coupling efficiency is much worse for the broad waveguide than for the small waveguide, as expected. We also observe the predicted higher propagation length for the broader
waveguide compared to the small waveguide, although compared to a plasmonic plane wave this
length is shorter. In the wavelength range from 900 to 1200 nm the propagation length is even
more than twice as short. This is not completely what we would expect when comparing the
wavelength and the width of the waveguide. As the width of the waveguide is larger than the
longest wavelength of interest, no large deviation from the plasmonic plane wave propagation
length is expected. We can explain this difference between observation and expectation with
the mode distribution analysis we did in the qualitative analysis. In the situation as simulated
here, we do not excite the mode with the lowest loss which has its field intensity distributed
over the entire waveguide. The mode we mainly excite is restricted to large field amplitudes at
the edges of the waveguide, which is also the case for the small waveguide. Hence this mode is
expected to have comparable losses. Interference and the low occupation of lower order modes
causes the overall loss to be in between the loss as observed for the small waveguide and the
plasmonic plane wave.
When looking at the tapered waveguides, it is immediately clear that even for a small tapering
length the propagation length increases with respect to the small and broad waveguide. This
increase in propagation length can be explained by the increase in overlap with the zeroth
order mode as explained in the qualitative analysis. For wavelengths below 850 nm the propagation length found even approaches the propagation length for a plasmonic plane wave. For
wavelengths above 850 nm a trend is visible of increasing propagation length with increasing
tapering length. The requirement of longer tapers for longer wavelengths to approach the
propagation length of a plasmonic plane wave can be explained by the relatively large increase
in width along the taper compared to the wavelength. For all tapering lengths shown, the
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Table 3.1: A compact summary of all comparisons made between the different waveguide structures and the
plasmonic plane wave.

Propagation length
Transmission

Small
waveguide
−
+

Broad
waveguide
+/−
−

Tapered
waveguide
+
++

Plasmonic
plane wave
++
NA

transmission at 5 µm is better than or comparable to the small waveguide due to the combination of increased propagation length and a sufficient coupling efficiency. Note the resonances
visible in Fig. 3.6(a). We assign these resonances to a weak cavity formed by the tapering as
the resonance shifts with tapering length. The sharp corners where the tapering ends and the
broad waveguide begins work as a mirror. It is however difficult to assign an optical length to
the cavity as the plasmon wavelength is not expected to be the same along the tapering (see
Ch. 2). We expect the propagation length in the 2 µm waveguide to increase even further
especially for longer wavelengths when the tapering length is increased, as the overlap with the
zeroth order mode should become better until we have reached an adiabatic transformation as
reported in Ref. [9]. Note however that when the tapering length is increased the losses in the
taper will increase as the plasmons propagate along a narrower waveguide over a longer distance. To finish the comparison of the propagation lengths and transmissions in the different
situations, a schematic summary is given in Table 3.1.
Let us now go back to the Purcell effect. When a dipole emitter is located in a nonhomogeneous environment the emission of the dipole can be different compared to a dipole in
a homogeneous environment. The question here is if there is a large difference between the
Purcell factor for a small waveguide, tapered waveguide, and a broad waveguide. To answer
this question, power monitors were positioned all around the dipole source to get the total
power emitted by the source. With this total power the Purcell factor can be calculated. To
do so we divide the power emitted in the situations discussed by the power emitted in a homogeneous environment (free space). In Fig. 3.7 the Purcell factor is shown for four of the
simulated structures. As can be seen the Purcell factor does not change that much for the
different structures.

Figure 3.7: Purcell factor as function of wavelength for four of the simulated structures.
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3.3.2

Directional couplers

The other structures that have been investigated with FDTD simulations are plasmonic directional couplers (DCs). The structure used for the simulations is as follows. The substrate is
sapphire, the surrounding medium is air, the DCs are built from 200 nm wide gold waveguides.
Four times two arcs are used to make the distance between the two inputs and two outputs
larger. These arcs have a radius of 3 µm and cover 30◦ . The height of the waveguides is
125 nm. In the simulations we vary the coupling length Lcouple , the length along which the
waveguides lie parallel next to each other. The gap between the parallel waveguides is 100 nm
wide. A top view of the structure is shown in Fig. 3.8(a). A mode source is used to inject light
into the right input arm of the directional coupler. The intensity profile of the mode used is
shown in Fig. 3.8(b). We are interested in the relative power we get out at both output arms
when we only inject light into one input arm and vary Lcouple . We use two power monitors at
the end of the two output ports to measure the power. The area over which we integrate the
power is equal to the area shown in Fig. 3.8(b). In Fig. 3.9(a) The power at each output is
plotted as function of Lcouple . The transmission is normalized to the total power output at the
output ports, so the plasmon propagation loss is excluded. The solid lines in 3.9(a) are fits to
the functions
P1 = cos2 (κ1 · Lcouple + φ1 ),

P2 = sin2 (κ2 · Lcouple + φ2 ).

(3.3)
(3.4)

These equations are equal to Eqs. 2.33 and 2.34 except for the phase offset φ. This phase
offset has to be taken into account for the finite coupling present in the regions outside the
region described by Lcouple . As a check to see if the power oscillates faster than is shown in
the fit, in Fig. 3.9(b) the real part of the y-component of the Poynting vector is shown in the
xz-plane in the center of the gap between the waveguides. The Poynting vector represents the
power flow of the electromagnetic fields. As we see no change in sign of the Poynting vector
along the propagation direction, we conclude that the fit is correct. We observe that at zero
coupling length there is already some power in the second output. Power transfer not only
occurs at the section where the waveguides are parallel to each other, also in the bends already
power is transferred between the two waveguides. For this DC a coupling length of 3.25 µm
will give a 50:50 beamsplitter, and for a coupling length of 6.50 µm all power is transferred
from waveguide 1 to waveguide 2. As the width of the waveguides is sub-wavelength the loss is
expected to be larger when compared with the broad waveguide. The propagation length for
waveguides with a 200 nm width is not calculated. The total transmission at the two output
ports give an indication of the loss of the complete device. At 979 nm a total transmission of
13% is found for a coupling length of 1 µm. For a coupling length of 6.5 µm a total transmission
of 5% is found. Note that the losses are not pure ohmic losses but also radiative losses inherent
to bended waveguides.
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(a)

(b)

Figure 3.8: (a) The layout of the directional coupler. (b) The mode injected into the right input arm of the
directional coupler.

(a)

(b)

Figure 3.9: (a) Transmission through the output arms as function of Lcouple . (b) Real part of Py in a plane in
between the two parallel waveguide sections.
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Chapter 4

Experimental
This chapter is divided in two parts. In the first part the fabrication and design of the devices
is discussed. In the second part the experimental setup is discussed.

4.1
4.1.1

Devices
Fabrication

The device fabrication consists of multiple steps. All patterns are written with an electron beam
pattern generator (EBPG). We start with a sapphire substrate with a thin NbN (Tc ±9K) layer
of ±5 nm. First we spin a PMMA layer (950K A4 ±300 nm) on top of the substrate. In this
layer we write the contacts pattern. The contacts consist of a sputtered Nb layer (±20 nm)
covered with an evaporated AuPd layer (±60 nm). On chip markers written together with the
AuPd contacts are used to align subsequent patterns and to determine the focus of the electron
beam. Next we write the SSPDs in a HSQ resist (fox 12 ±70 nm), followed by a reactive ion
etch (RIE) with SF6 /O2 to etch away the NbN which we do not need. Before we make the
plasmonic waveguides we evaporate/sputter a ±20 nm layer of SiO2 on our sample. This layer
electrically isolates the waveguides from the SSPDs. At this point the NbN layer does not cover
the complete sample anymore, and both sapphire and SiO2 are isolators. Writing a pattern
with the EBPG on an isolating sample will cause problems. The electrons from the electron
beam can not flow away when they have reached the sample and will charge the sample. To
overcome this problem we use three layers for the following writing step. These three layers
consist from bottom to top of photo-resist S1813 (±430 nm), a thin layer of tungsten (±7 nm)
and PMMA (950K A2 ±300 nm). We can write the plasmonic waveguides into the PMMA
while the electrons can flow away through the tungsten. To finish this writing step, after the
development of the PMMA an additional etch step has to be done. RIE with SF6 /He and
with O2 is used to remove respectively the tungsten and the photo-resist such that the pattern
written in PMMA is transfered to the photo-resist. Another advantage of this three layered
method is that the sample is very clean after this last etch step. Due to the clean surface
no sticking layer has to be used when the gold or silver is evaporated. A sticking layer is a
thin layer of material used to ‘glue’ two materials together. For the ‘glue’ a highly reactive
material is used. Titanium, for example is a material that is often used, however from FDTD
simulations a sticking layer of titanium worked out to be very lossy for plasmon propagation.
We made the waveguides 125 nm thick. When silver is used for the waveguides an additional
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(a)

(b)

Figure 4.1: Two fabricated devices. (a) Scanning electron microscope image of the device used for the measurement of single plasmons. (b) Optical microscope image of the waveguide with a gap of 1 µm.

layer of SiO2 (±15 nm) is deposit on top of the sample with Atomic Layer Deposition (ALD)
to prevent oxidation of the silver.

4.1.2

Design

Superconducting Single Photon Detectors
The SSPD consists of a meandering wire of NbN. A meander increases the absorption crosssection of the detector. The meandering wire is around 100 nm wide. The exact span of the
meander differs slightly per waveguide design. We have meanders folded in an area of 4 by 6
µm and meanders folded in an area of 3 by 8 µm. The total length of the wire is in both cases
around 100 µm.
Broad waveguides
The first waveguides we fabricated where 2 µm broad and 18.3 µm long waveguides made
of gold. The grating we use to excite plasmons consists of a three by four array of square
holes. The sides of the holes are ±300 nm long and the lattice constant is around 540 nm.
This grating should be able to match incoming light with a free space wavelength of ±980
nm efficiently to plasmons propagating at the sapphire gold interface. Not every waveguide is
positioned symmetrically on top of the SSPD. This makes it possible to measure the plasmon
intensity at different distances from the excitation point (the grating). By measuring the
differences in plasmon intensity versus traveled distance we are able to calculate the plasmon
propagation length. To be able to see what the influence of scattering is on the measurements
we fabricated a waveguide with on one side of the detector a gap of 1 µm between the detector
and the grating such that plasmons generated by the grating can not reach the detector. In
Fig. 4.1 four waveguides are shown on top of two SSPDs.
Directional couplers
The DCs that we fabricated consist of 200 nm wide waveguides and a gap of 100 nm between
the waveguides at the position where the waveguides are parallel to each other. The devices
we fabricated have a coupling length of 3.25 µm. A directional coupler with 200 nm wide
gold waveguides, a gap of 100 nm and a coupling length of 3.25 µm should work as a 50:50
beamsplitter according to the FDTD simulations. As there are some differences between the
simulated structure and the fabricated structure, differences in splitting ratio are expected.
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(a)

(b)

Figure 4.2: The geometry of the directional coupler. (a) geometry design. (b) Optical microscope image of a
fabricated DC. Due to the resolution of the microscope not all details are visible.

The fabricated structure has less bends to reduce the radiation losses introduced by bended
waveguides. Another important difference is the material choice. We made the choice to use
silver instead of gold for the directional couplers. One advantage of silver is that the ohmic
losses are smaller when compared to gold. In Fig. 4.2 the geometry of the directional coupler
is shown including two SSPDs. The bends in the DC have a radius of 3 µm and span an arc
of 30◦ . The straight waveguide sections at the side of the input ports are 2 µm long and the
straight waveguide sections at the side of the output ports are 8 µm long. As these waveguides
are too small for gratings a different excitation technique is used. A small 200 nm wide, 330
nm long ‘antenna’ is positioned in front of the waveguide. This excitation technique is based
on antenna theory. Similar as in other frequency ranges at optical frequencies antennas can be
made [31]. Although, in general the antennas at optical frequency are smaller and less thick
FDTD simulations confirm that this structure still can be used as a coupling mechanism.

4.2

Experimental setup

After fabrication is finished we have a sample consisting of the sapphire substrate, AuPd
contacts, SSPDs, and the plasmonic devices. This sample is glued on a printed circuit board
(PCB) which has two SMA connectors for bias and read-out of two SSPDs. Bias and read-out
are performed with the same connection. The connectors are bonded to the AuPd contacts
on the sample. The PCB on its turn is mounted on a translation stage consisting of piezo
elements (AttoCube) used to scan the sample underneath the laser spot. Between one and
two millimeter above the sample a microscope objective is mounted (Leitz 100X, 0.9NA).
All above elements are positioned inside a ‘dipstick’, a closed cylindrical tube suitable to be
put into a cryostat. All electronic outputs are situated on top of the dipstick. An optically
transparent window is present on top of the stick as well, so we are able to shine light onto
the sample. Before the dipstick is cooled down in the cryostat it is first evacuated such that
almost no water vapor is left inside the dipstick. Any water vapor left in the tube could cause
freezing problems. For example condense can form on the optically transparent window, or
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Figure 4.3: Schematic layout of the experimental setup used for the classical characterization of the gold
waveguides.

the piezo elements could get frozen. After the stick is evacuated it is filled with helium gas to
have a thermal contact of the outer tube with the sample. When the dipstick is cooled down
to cryogenic temperatures an optical breadboard is positioned on top of the cryostat. Here
additional free space optics can be found to measure the power of a laser beam, to measure
white light reflection images and to polarize light. A beamsplitter of known splitting ratio
(10:90) makes it possible to calculate the laser power incident on the sample by measuring the
power of the beamsplitter output which is not going to the sample. With help of the white
light reflection measurement we know at which structure we shine the laser beam. A schematic
of the experimental setup is shown in Fig. 4.3. In this figure also some additional electronics
for the SSPD is shown. The SSPD requires a bias current Ibias to tune the SSPD to the regime
in which the absorption of one photon is enough to create a resistive area over the total width
of the SSPD wire. This bias current is generated by applying a bias voltage across a resistor
inside the bias T. To check whether or not the SSPD is superconducting we can measure the
voltage across the SSPD with the Vmon line. The voltage pulses from the SSPD will pass an
amplifier (mostly a Miteq JS2-01000200-10-10A but also other types are used) to get the right
amplitude for the pulse counter (Stanford Research 400). In case of two SSPDs the electronic
circuit has to be implemented twice. We have used two laser diodes (785 and 980nm) and a
tunable Ti:sapphire laser (Spectra-physics 3900 750-1000nm) for the measurements. All lasers
are fiber coupled such that we can easily direct the light to the breadboard on top of the
cryostat.
The setup as described above is used for the classical characterization of the gold waveguides.
For the measurement of single plasmons the setup has to be extended and slight changes have
to be made to the setup as described until here. A schematic of the setup used for the single
plasmon detection is shown in Fig. 4.4. For single plasmon detection the starting point is
a single photon emitter. The single photon emitters we used are InAs/GaAs self-assembled
quantum dots (QDs) in a microcavity grown by molecular beam epitaxy. These quantum dots
are similar to the ones described in Ref. [32]. The quantum dots emit light with a wavelength
of ±914 nm. The density of quantum dots on the sample is low (<1 µm−1 ) such that a single
quantum dot can be excited with a laser. The sample with quantum dots is positioned in a
second cryostat. We use off-resonance excitation with a 532 nm laser (continuous wave diode
pumped solid state laser). The light from the laser is focused with a 60X 0.85 NA microscope
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Figure 4.4: Schematic layout of the experimental setup used for the detection of single plasmons.

objective. This gives a laser spot of around one micron. The microcavity in which the QDs
are embedded consist of planar distributed-Bragg reflectors of AlAs and GaAs. the cavity
region itself is made of a full wavelength thick layer of GaAs (λfreespace = ±915nm). This
cavity structure not only enhances the quantum dot emission but also directs the emission
mainly in the direction orthogonal to the surface. So the microscope objective is also used
to collect the quantum dot emission and direct it out of the cryostat. Outside the cryostat
the light passes through a 10 nm laser line filter (FWHM 10 nm) and is directed through free
space to the other cryostat. Before the single photons are directed into the cryostat 10 percent
of the light is coupled into a fiber and detected by an Avalanche Photodiode (APD, Perkin
Elmer). The other 90% of the light is send into the cryostat with the gold waveguides. Another
difference with the setup for the classical characterisation is the replacement of the counter by
a correlator (Picoquant Picoharp 300 correlator). This correlator records the time intervals
between detection events at the APD and SSPD. To give the voltage pulses from the SSPD
the right shape for the correlator a pulse inverter is connected behind the amplifier. During
measurement we removed the polarizer and the beamsplitter for the white light reflection
measurement to decrease the losses of the beam with single photons. With an additional
mirror inbetween the laser line filter and the second beamsplitter the QD emission could be
directed to a spectrometer (Acton 750 with a N2 cooled CCD) to make a spectrum of the
emission. This spectrometer is not shown in Fig. 4.4.
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Chapter 5

Results
In this chapter the experimental results are presented. First the results of the classical experiments are shown together with some characteristic parameters of the SSPD. Second we
show that the detectors are really able to measure single plasmons. Last a short note on the
directional couplers is given.

5.1

Classical characterization

The first experiments are performed with classical coherent light from a laser. The waveguides
investigated are shown in Fig. 5.1(a). With the waveguides shown, three different distances
between the grating and the SSPD are obtained. When we scan these two waveguides underneath a laser spot (λ = 980 nm) and count the pulses from the SSPD versus position, the result
as shown in Fig. 5.1(b) is obtained. In this picture seven peaks can be distinguished. The
three highest peaks are located at the three positions where the SSPD is not covered by a gold
waveguide. Here photons from the laser are directly measured. The four other peaks are at the
location of the gratings. These peaks indicate that we excite and detect plasmons. Observe
the difference in height between the four peaks. The two peaks separated by the same distance
from the SSPD give comparable count rates. The peak on the lower right, separated from the
detector by the largest distance, shows clearly the lowest count rate of all peaks. Until here
the peaks behave as expected concerning the finite propagation length of plasmons. Only the
lower left peak seems to give lower count rates when compared to the two upper peaks while
we expected a higher count rate as the peak results from the grating closest to the detector.
It could be that the grating is not perfect or a defect in the gold is present. As the interface of
importance is the gold-sapphire interface we can not check the above assumptions in the SEM
picture.
In principle scattering from the grating could also give rise to detector counts. For scattering
however, no or less change in the intensity is expected for gratings separated by a different
distance from the SSPD as they do not suffer from ohmic losses. To give an additional prove
of the neglectable contribution of scattering we performed measurements on a waveguide with
a gap of 1 µm between one of the gratings and the SSPD. This is the lower waveguide shown
in Fig. 5.2(a). The count rates versus position are shown in Fig. 5.2(b). Of main interest
is the lower waveguide. The gratings of this waveguide are located inside the white dashed
circles. It can be observed that at the side without a gap the detector gives counts when the
grating is illuminated. At the side with the gap however, no or only a few counts are given
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Figure 5.1: (a) Device layout. (b) SSPD counts versus position when a laser (λ = 980 nm) is directed onto the
sample.

Figure 5.2: (a) Device layout. (b) SSPD counts versus position when a laser (λ = 980 nm) is directed onto the
sample. The white circles indicate the position of the gratings.

by the detector. It can be concluded that scattering has a neglectable influence on the counts
of the detector. We really detect plasmons. Note also the counts at the gap position, which
indicates that plasmons are excited. The small deviation in position of the lower peak on top
of the SSPD with respect to the other two peaks on top of the SSPD can be assigned to the
piezo translation stage. This translation stage does not have a feedback loop which sometimes
results in a different step size during the measurement.
Additional to the above measurements, two more measurements are performed to verify the
detection of plasmons. First the polarization dependence of the detector signal was measured
when the laser illuminated the grating. The result is shown in Fig. 5.3(a). In this figure the
polarization angle is defined such that zero degrees equals a polarization orthogonal to the
waveguide. The detector signal is at a maximum for polarization along the waveguide and
shows a minimum for polarization orthogonal to the waveguide. This is what we expect as the
grating will couple free space light to plasmons propagating in the direction of polarization.
Thus when the polarization is orthogonal to the waveguide the plasmons will not travel in the
direction of the detector and are coupled to free space photons again by the same grating by
which they where excited.
In the other measurement the propagation length versus wavelength is measured. The result is
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Figure 5.3: (a) Polarization dependence of SSPD counts when the laser light is directed onto the grating. At zero
degrees the polarization is orthogonal to the waveguide. (b) Plasmon propagation length. For the calculated
propagation length Eq. 2.17 is used with substitution of ǫgold from Ref. [16].

shown in Fig. 5.3(b). The propagation lengths are obtained as follows. For every wavelength
we measured the detector counts versus position. The results are graphs like shown in Fig.
5.1(b). At all four gratings a two dimensional Gaussian was fitted to the data. By taking the
amplitudes from these fits, four data points at three different distances from the detector are
obtained. The distance between the center of the detector to the end of the waveguide for the
grating closest to the detector equals 6.7 µm. We have two data points for the grating which is
2.5 µm further away from the detector, and another data point which is separated 5 µm more
from the detector with respect to the grating closest to the detector. By fitting these data
points with Eq. 3.2 the propagation length as shown in Fig. 5.3(b) is obtained. In the same
figure Eq. 2.17 is shown when the dielectric constant ǫgold from [16] is used. We see that the
propagation lengths are comparable. Compared to the measured propagation length for gold
evaporated at room temperature as reported in [26] (see also Fig. 3.1(a)), the propagation
length measured here only differs by a factor of two. Note that as the propagation length
found here is comparable to the room temperature situation, the dielectric constant has to be
comparable to the room temperature situation or additional scattering losses are present. It
is assumed here that the grating excites almost no high loss edge modes as was the case for a
comparable waveguide and plasmon excitation with a dipole in the simulations.
The measured propagation lengths at the last three wavelengths do not follow the general trend
of increasing propagation length with increasing wavelength. At larger wavelength the laser
light was less stable. For these wavelengths also the propagation length becomes comparable
to the real distances between gratings and detector. These comparable distances will result
in a smaller difference in measured intensity and together with the unstable laser light this
increased the uncertainty of the last three measurements.
Until here the verification of electrical plasmon detection with the superconducting single
photon detector. In this paragraph we will take a closer look at some detector characteristics.
The critical current Ic of the detector used for the measurements equals 12 µA. From the width
of the voltage pulses we can make an estimate for the dead time, which is found to be approximately 5 ns. As explained in Ch. 2, the detector should be biased such that the absorption
of a single photon can cause a local resistive spot over the total width of the superconducting
wire. In the same chapter, we also expect a linear dependence of count rates on laser power if
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Figure 5.4: Power dependence of the SSPD counts for different Ibias when a laser (λ = 785 nm) is illuminating
the grating.

the detector has single photon resolution. Therefore, in Fig. 5.4 we show the relation between
laser power and SSPD count rates for different Ibias . For these measurements we used a stable
diode laser with a wavelength of 785 nm. The laser was incident on the grating. Note that
4 · 108 photons per second is equals 2 photons within the detector dead time. We expect, however that the photon number at the location of the detector is much lower due to non-perfect
coupling to plasmons and plasmon propagation losses. Due to those additional losses Eq. 2.19
is still expected to be valid. In Fig. 5.4 indeed an almost linear dependence of the count rate
on the average number of incoming photons is observed for Ibias around 90% of the critical
current. At lower bias current we observe non-linear dependence of the count rate on the laser
power. According to Eq. 2.19 this indicates multiple photon detection events. These multiple
photon detection events for lower bias current can be explained by the requirement of a larger
hotspot before the current flowing around the hotspot will increase above Ic . From Fig. 5.4
we can also determine the quantum efficiency for the complete proces of photon to plasmon
coupling and plasmon detection. In the linear regime (Ibias = 0.92Ic ) we find η = 2.7 × 10−3 .

5.2

Single plasmon detection

This section shows the results of single plasmon detection with the SSPD. We start with the
single photon source. In Fig. 5.5(a) the emission spectrum of the quantum dot that is used
is shown. As the density of QDs on the sample is very low it can be expected that this is the
emission spectrum from a single QD. The background emission visible in the spectrum comes
from the wetting layer. In Fig. 5.5(b) the result of a count rate versus position measurement
is shown when the sample is illuminated with the emission from the QD. The waveguides
used have the same geometry as the waveguides shown in Fig. 5.1(a). The first correlation
measurement is done with the APD and the SSPD when the QD emission is directly incident on
the SSPD, without plasmons being involved. In Fig. 5.5(b) the position which is illuminated is
roughly indicated with a white dashed circle (‘C’). The measured correlation function is shown
in Fig. 5.5(c). As expected a dip in the correlation function at τ = 0 is observed. For the
next measurement the QD emission is directed to the grating separated from the SSPD by the
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Figure 5.5: (a) Quantum dot emission spectra after filtering with a laser line filter (FWHM 10 nm). (b) SSPD
counts versus position when the QD emission is directed onto the sample. The white circles C and D indicate
roughly the positions to which the QD emission is directed for the second order correlations given in (c) and
(d) respectively. (c) Second order correlation between the SSPD and APD counts when the QD emission is
directed directly onto the SSPD. (d) Second order correlation between the SSPD and APD counts when the
QD emission is directed onto one of the gratings.

largest distance. In Fig. 5.5(b) this grating is indicated with the white dashed circle (‘D’). The
result of the correlation measurement between APD counts due to photons and SSPD counts
due to plasmons is shown in Fig. 5.5(d). Again a dip at τ = 0 is observed, proving that single
plasmons are detected with a superconducting single photon detector.
Note that the dips in both graphs do not go to zero. In theory if the normalized second order
correlation function does not go below or equals 0.5 at τ = 0 the beam with single photons
could be generated by two QDs. As the density of QDs on the sample is low it is more plausible
that emission from the wetting layer, which is not completely filtered away, causes the offset at
τ = 0. Both correlations are fitted using Eq. 2.22 convolved with Eq. 2.23. For the correlation
in Fig. 5.5(c) the fitting parameters τQD and τT are respectively 655 ps and 305 ps. The fitted
normalized depth equals 0.46. For the correlation in Fig. 5.5(d) the same fitting parameters
are 708 ps (τQD ) and 345 ps (τT ). The fitted normalized depth equals 0.5. The values for the
quantum dot lifetime τQD are comparable to the life times as reported in Ref. [32]. The values
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found for the characteristic time response of the system are also as expected. The APD has
the largest contribution to the time response of the measurement setup.

5.3

Directional couplers

Some SSPDs with silver directional couplers on top are measured. However, we did not yet
succeed in plasmon detection for these devices. Several problems where encountered, mainly
related to fabrication. First the reproducibility of the SSPDs was not high enough. For the
directional couplers two SSPDs where needed, while for the measured devices only one working
device was found when tested directly with light. After we changed to on chip height correction
in the EBPG using alignment markers the reproducibility of the SSPDs increased. The next
problem was the quality of the silver waveguides. After evaporating silver the surface of the
waveguides did not look very smooth. Another explanation for not observing counts from
plasmons could be the increase in plasmon loss due to the smaller waveguide. As explained in
Ch. 2 smaller waveguides encounter more losses.
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Chapter 6

Conclusion and recommendations
In the introduction three main questions related to the excitation, guiding and detection of
plasmons where formulated. In this chapter the answers to these questions are summarized.
Secondly some suggestions for further research are given.

6.1

Conclusions

The investigation of the coupling between a single photon emitter and a small sub-wavelength,
broad, and tapered waveguide with FDTD simulations lead to the following conclusions:
• A tapered waveguide combines the advantages of a small sub-wavelength and broad waveguide. It shows the high dipole-plasmon mode coupling of a sub-wavelenth waveguide
combined with the long propagation length possible with a broad waveguide. Compared
to both the sub-wavelength and broad waveguides, tapering lengths of 2 to 4 µm already
give a higher transmission after having traveled over a distance of 5 µm. The propagation
length found for the tapered waveguides approaches the propagation length of a plasmonic plane wave with increasing tapering length. The dipole source can be interpreted
to represent a single photon emitter.
• The propagation length for all tapered waveguides considered here is better compared to
the broad waveguide without a taper. This can be explained by the process of adiabatic
mode expansion. If no taper is present the emitter will mainly excite modes that are
localized at the edges of the waveguide. These modes have a similar field distribution
as the modes for a sub-wavelength waveguide, and therefore are likely to experience
the same high losses. Interference and differences in the losses of the modes will cause
modes with a field distribution mainly located at the bottom of the waveguide, extending
into the substrate, to become relatively more occupied along the waveguide. As these
modes are more comparable to a plasmonic plane wave they are expected to be less lossy
compared to the edge modes. Hence the losses along the broad waveguide decrease, so
the propagation length increases. Due to the small overlap of the edge modes with the
low loss modes this redistribution of the electromagnetic field occurs very slow. In case
of a tapered waveguide, the initially excited mode expands in a more adiabatic way to
the low loss modes. The adiabatic expansion causes the occupation of these low loss
modes to occur faster. This finally results in a longer propagation length in the tapered
waveguide with comparison to the broad waveguide.
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From the experimental work we conclude:
• It is possible to detect single plasmons in the visible to infrared part of the spectrum
with a superconducting single photon detector. To prove this, a 2 µm broad plasmonic
waveguide with a grating to excite the plasmons is used. For this type of waveguides
propagation lengths from 2 to 19 µm were found in the wavelength range from 650 to
950 nm. The SSPD had to be biased at ±90% of its critical current. The total quantum
efficiency for the proces of photon to plasmon conversion and the detection of a plasmon
was found to be 0.27%.
The work done on the directional couplers can be summarized as:
• Plasmonic directional couplers are designed and fabricated, although the measurements
do not show the desired result yet. The directional couplers should work as a 50:50
beamsplitter for a coupling length of 3.25 µm according to FDTD simulations. This is
much shorter than the 1.55 mm as reported in [14] for a DC fabricated from dielectric
waveguides.

6.2

Recommendations

As shown in this report with simulations a tapered waveguide helps to increase the propagation
length and the overall transmission of plasmons propagating along a waveguide excited by a
single photon emitter. Possibly minor improvements can be obtained by changing the structure
slightly. Below some suggestions are given.
• When smooth corners are used at the transition point from taper to broad waveguide the
observed resonances might disappear. Smooth corners could also reduce the scattering
losses at these points.
• Increasing the tapering length might increase the propagation length in the broad waveguide further, especially at longer wavelengths. This increase in propagation length is
expected to stop when an adiabatic mode transformation is reached. In that case the
excited mode in the broad waveguide is closest to a plasmonic plane wave. It is however
of importance to keep in mind that a longer taper also will increase the losses inside the
tapered region.
For the SSPD one of the most important quantities is the quantum efficiency. The quantum
efficiency we found 0.27% is very low. For free space photons SSPDs can easily reach a few
percent [33]. The free space quantum efficiency is, however not completely comparable as
it does not suffer from photon to plasmon coupling losses and plasmon propagation losses.
Possible ways to investigate how the plasmon detection with a SSPD can be improved are:
• The efficiency for the photon to plasmon conversion should be found. One could think
of an experiment with a waveguide with two gratings without SSPD. By excitation of
plasmons with one grating and detecting the plasmons that couple back to photons at the
other grating it should be possible to calculate the coupling efficiency. This assumes that
the detection efficiency of the detector and the propagation length of the plasmons are
known. For the plasmons it should not be possible to reflect multiple times. As shown
in this report, the propagation length can be determined independent of the coupling
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efficiency of the gratings. To prevent plasmons to reflect multiple times the waveguide
should be made long enough such that the intensity of plasmons reaching the grating
for the second time is neglectable. It should furthermore be assumed that the in- and
out-coupling occurs with the same efficiency.
• Decreasing the width of the waveguide at the position where the waveguide crosses the
SSPD might increase the absorption efficiency of the SSPD. As we have seen for subwavelength waveguides, the field expansion of the plasmon into the sapphire is restricted
to the width of the waveguide. This means that relatively a higher field intensity is located
inside the superconducting wire compared to the case of a broad waveguide. Hence the
probability of absorption increases. Reducing the width of the waveguide however will
also increase the losses. It is an interesting question whether in this situation the total
quantum efficiency will increase or decrease.
• The SSPDs used here have a total wire length of around 100 µm. The meander made
from this wire was not entirely below the gold waveguide. By folding the wire entirely
below the waveguide again the absorption efficiency is expected to increase. Another
option is to make the SSPD wire shorter. This will reduce the kinetic inductance [34]
which will make the voltage pulses from the SSPD shorter thus decrease the dead time
of the detector. This makes an increase of the maximum count rate possible.
For the directional coupler the following suggestion is done:
• Besides the fabrication problems it might be of interest to first do measurements on
shorter 200 nm wide straight waveguides with the same coupling mechanism as used for
the DCs. The directional coupler overall length is comparable to the broad waveguides
as fabricated for the earlier single plasmon detection experiment. We expect however,
the 200 nm waveguide to be more lossy. Measuring the propagation length of the straight
waveguides will give an answer to the question how large the count rate approximately
should be for the designed directional couplers.
To finish this chapter a last suggestion is done which is not directly related to the main questions
of this report but might be interesting to investigate in more detail. As shown in this report
for the cooled samples a comparable propagation length as found at room temperature by
others [26], [16] (together with Eq. 2.17) is observed. Theory and temperature dependence
measurements of the absorption [29] suggest however that lower losses, thus longer propagation
lengths should be possible. It might therefore be interesting to do temperature dependence
measurements of the propagation length or to investigate the propagation lengths of samples
fabricated with a different process to find a way to optimally profit from the low temperature.
A longer propagation length would make it easier to perform measurements on interesting
quantum circuits like the CNOT gate as mentioned in the introduction. Low loss devices will
work more efficient and could find applications in quantum information processing.
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Appendix A

Mode profiles
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Figure A.1: Mode profiles of the 2 µm broad waveguide at 1 to 6 micron along the waveguide in steps of 1 µm.
Every graph is normalized independent of the other graphs.
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Figure A.2: Mode profiles of the tapered waveguide with a tapering length of 3 µm at 1 to 6 micron along the
waveguide in steps of 1 µm. Every graph is normalized independent of the other graphs.
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