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Abstract
High efficiency scalable nano-photonic quantum logic circuits are interesting for
realizing quantum secured communication, and possibly in the future to build a
quantum computer. An important step toward the realization of these circuits
would be the creation of a monolithic chip that integrates a single-photon source,
light routing and single-photon detection. So far, however, most of the work
done on nano-photonic circuits is polylithic; having off-chip sources and detectors, and therefore has limited scalability and high losses. This thesis describes
simulations, fabrication and experiments done with the goal of creating a monolithic chip that integrates a nanowire light emitting diode (LED) that potentially emits single-photons, dielectric waveguides for light routing and a superconducting nanowire single-photon detector. Simulations and fabrication have
been done of devices were the photon source, a InAsP quantum dot embedded
in a III-V InP semiconductor nanowire, was placed directly on top of a NbTiN
superconducting nanowire single-photon detector. The numerical simulations
showed optical coupling to the detector was strongly dependent on nanowire
diameter and the material of the dielectric insulator between nanowire LED
and detector. The fabricated devices already show photon counts at nanowire
bias currents below 50 pA, orders of magnitude better than traditional experiments using microscope objectives for light collection. A dip in the correlation
measurements at the position where an antibunching dip would be expected
indicates our source is not a coherent photon source. However, the fact that
the shape of the dip is difficult to fit with theory, the similar slopes for the different nanowire bias currents and the existence of unexplained features makes
single photons cannot be claimed. Numerical simulations have been performed
to study: emission enhancement by coupling of the quantum dot emission to
the nanowire, direct coupling of nanowire LED emission to a SNSPD, coupling of nanowire emission to the waveguide, and finally the absorption of the
light by the single photon detector. The simulations show that at low nanowire
diameters the emission is inhibited, over 50 % absorption can be reached for a
nanowire LED lying on top of the SNSPD, nanowire emission can be coupled
with 35 % efficiency to a waveguide and for a waveguide coupling to a SNSPD
with a traveling wave layout the absorption by the detector can reach values
above 70 %,
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Chapter 1

Introduction
This chapter explains limitations of advances in classical computer technology
and how quantum information processing makes it possible to develop computers
that go beyond these limits, and can solve certain problems that classically are
intractable. Furthermore, the research is motivated, the approach is given and
the thesis is outlined.

1.1
1.1.1

Information processing
Moore’s Law

Advances in semiconductor technology have allowed for making increasingly
faster and smaller computers over the past decades, benefiting not only the
progress of scientific fields that can exploit the increase in computational power,
but also leading to an almost omnipresence of computer technology in current
day society. Climate models, using meshes whose cell size shrunk from 500 km
wide in 1980 to 110 km in 2007 are an example of research that benefits from
the increase in computer power and the smartphone is an example of computer
technology becoming omnipresent due to downscaling.
The increase in computer power is directly related to the number of transistors on integrated circuits (ICs), which Gordon E. Moore (co-founder of Intel) in
1965 predicted to double every two years for at least ten years to come [1]. This
prediction of exponential growth, named after him; Moore’s Law, was made by
looking at the trend in the number of transistors in the past and extrapolating
it into the future. It became a self-fulfilling prophecy, as companies used it to
set targets, and has held up for almost 50 years.
One way to quantify the miniaturization of ICs in an appealing way is to
look at the typical half-pitch (i.e. half the distance between identical features
on the chip) that has gone from 10 µm in 1971 to 22 nm in 2012.
Limits to Moore’s Law
Just like all the other laws describing exponential exponential growth in the
physical world, so too Moore’s Law will at some point break down due to a
physical limit. A fundamental limit of Moor’s Law is posed by the finite size
of atoms, whose diameter is on the order of 0.1 nm which sets a limit to the
7

downsizing of transistors. There are, however, already before these dimensions
are reached, quantum effects that make good functioning transistors impossible.
For instance, significant amounts off quantum tunneling already occur at barrier
thicknesses of 1 − 3 nm. It is clear that to continue the speed up of computers,
one needs to look beyond classically operating computers. Quantum computers,
computers that operate using the ’rules’ of quantum mechanics, are generally
seen as the solution, however, as of yet quantum computers can in contrast to
classical computers only run a limited amounts of algorithms and are therefore
not a substitute for the computers we use now.

1.1.2

Classical versus Quantum

Classical and quantum computers work fundamentally different. A classical
computer stores and operates on information as bits, that can take the value
of logical 0 or 1. So, the state of a bit is well defined, being either 0 or 1. On
the other hand, the bits of a quantum computer, known as quantum bits or in
short qubits, don’t have a well defined state. Weirdly enough, its qubits are 0
and 1 simultaneously: a linear superposition of two states. Mathematically a
qubit looks like
|ψi = α |0i + β |1i ,
(1.1)
where ψ is the qubit or quantum state being in a linear superposition of the
states |0i and |1i with coefficients α, β ∈ C. When measured in the standard
basis, the probability of |0i is kαk2 and of |1i is kβk2 . To make sure the state
is properly normalized the following must hold for the coefficients
kαk2 + kβk2 = 1.

(1.2)

To build a computer the bits or qubits need to be encoded in a physical
carrier. A few examples of ways of encoding classical bits are capacitors, where
the bit is 0 if the capacitor if full and 1 if the capacitor is empty and magnetic
materials where the magnetic field direction determines whether the bit is 0 or
1. One of the ways to implement a qubit is by using photons. For photons
the states can be polarization, number of photons and time-bin information.
Qubits can also be implemented in many other physical systems, among others:
electrons, nuclei, optical lattices, Josephson junctions and quantum dots.
Because qubits form a superposition, a quantum computer with n qubits can
process 2n combinations simultaneously, whereas a normal computer would only
process 1 combination of n bits. This makes them efficient in solving certain
classes of problems, that on classical computers are intractable. An example
is factorization of integers; the decomposition of a number in a set of prime
numbers whose product returns the original number, which is widely used in
cryptography to secure data. The computer power required to break encryption
scales exponentially with the number of key digits, making it easy to encrypt
data such that a classical computer would need unreasonable amounts of time to
decrypt it. Compared to a classical computer a quantum computer using Shor’s
algorithm, the algorithm invented by Peter Shor for factorization of numbers
on a quantum computer, would give a polynomial speed-up, and increasing the
length of the key only would lead to a linear increase in time needed to break
it. Consequently, if a quantum computer would be realized that can factorize
large enough numbers, classically encrypted data would be much less secure.
8

Interestingly enough, quantum mechanics not only enables the creation of
technologies that harm the safety of classical encryption, but also make it possible to create quantum-secured channels that are fundamentally secure. Meaning it is not just difficult, but fundamentally impossible for an eavesdropper to
intercept or listen to a quantum data stream without creating an observable disturbance for the two parties using the quantum channel. The quantum channel
wouldn’t be used for direct exchange of information, but would only be used
to exchange a classical encryption key, therefore, the systems used to set up a
quantum channel are called quantum key distribution systems. Many work by
using entangled photon pairs, sending one to party A and the other to party B.
They both measure polarization in a random basis. After measuring a number
of polarizations (bits), they compare their measuring basis over a public channel, and only keep the subset of bits for which the same measuring basis was
used. These bits then form the key used to encrypt and decrypt data.

1.2

Motivation of research

In 2008 Politi et al. showed it is possible to make integrated optical quantum
circuits by making a controlled NOT gate [2] on a chip. This gate operates
on two qubits: a target and a control, conditionally flipping the target qubit
depending on the value of the control qubit. So, if the control qubit is 0 the
target remains unchanged, and if the control qubit is 1 the target qubit is flipped
from 0 to 1 and vice versa.
A year later Politi et al. realized Shor’s quantum factoring algorithm on
a photonic-chip [3], it has four qubits and therefore could factor 15. Their
photonic-chip has number of optical inputs and outputs. On the chip Shor’s algorithm is implemented using waveguides and waveguide couplers with different
coupling strengths. Despite the highly scalable optical quantum circuit, their
approach as a whole is not scalable, as their sources and detectors are not on
chip, and therefore require complex and costly experimental set-ups.
Integrated photonic circuits hold promise for creating quantum information
processing in a scalable environment by combining single-photon sources, singlephoton detectors and light routing on a single chip, and thereby eliminating
the need for off chip photon sources and detectors. In 2011 a step toward full
integration was made when Sprengers et al. demonstrated integration of a GaAs
ridge waveguide with a superconducting nanowire single-photon detector [4].
The goal of the project is to take it a step further and integrate a singlephoton source, light routing and light detection on a single chip. The singlephoton source is an InAs quantum dot (QD) embedded in a InP nanowire;
a nanowire light emitting diode (LED), whose emission will be coupled to
dielectric waveguides that route the light to a traveling wave superconductingnanowire single-photon detector (SNSPD). The project goal is divided in three
subgoals:
1. Detecting the emission of the quantum dot inside the nanowire by placing
it directly on top of one or multiple SNSPDs, and determining the photon
statistics.
2. Coupling the optical emission from nanowire LEDs into dielectric waveguides.
9

3. Routing the light from the nanowire LED to the SNSPD and absorption
by the SNSPD.
All three subgoals involve simulations and fabrication of devices, however fabrication described in step 2 & 3 is combined, as it is possible to measure the
coupling from the nanowire to the waveguide without adding on-chip detectors
or structures to couple the light from the waveguide to off-chip detectors.

1.3

Approach of the project

In order to reach the subgoals the project has been split-up in different steps:
The simulations give a qualitative and quantitative understanding of the systems and help in designing the chips. They can be divided in:
• Nanowire LED emission enhancement and waveguiding.
• Direct coupling of nanowire LED emission to SNSPD.
• Coupling of nanowire LED emission to waveguide.
• Evanescent coupling of waveguide to SNSPD.
Fabrication has been split in two parts:
• Fabrication of devices where a nanowire LED is placed on top of the
SNSPD.
• Fabrication of devices with nanowire LED emission coupling into waveguides, routing the light to the SNSPD where the light is absorbed.
The measurements can be divided in four groups:
• Nanowire LED IV measurements.
• SNSPD critical current measurement.
• SNSPD photon count measurements.
• Second-order time-correlation measurements.

1.4

Thesis outline

In Chapter 2 the theory of SNSPDs and semiconductor nanowires is discussed. Also discussed are the different photon correlation statistics. Chapter
3 presents the simulations and their results. Simulated are: nanowire LED
emission enhancement, coupling of nanowire emission to SNSPDs and coupling
of waveguides to SNSPDs. Chapter 4 explains the fabrication steps and techniques used in the fabrication of the devices. Chapter 5 discusses the measurement setup and software and presents and interprets the results. Finally,
Chapter 6 draws conclusion, makes recommendations and gives thoughts for
future work.
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Chapter 2

Theoretical background
This chapter is divided into three sections that describe the theory behind:
the superconducting nanowire single-photon detectors, the nanowire LEDs and
different photon correlations (that make it possible to classify a light source as
classical or non classical).
The detail in which the subjects are treated is supposed to be high enough
to give insight in how SNSPDs and nanowire LEDs operate, but is, because
of the wide scope, limited in theoretical depth in which superconductors and
semiconductor pn junctions are explained.

2.1

Superconducting Nanowire Single-Photon Detectors

In 2001 scientist at the Moscow State Pedagogical University were the first to
realize a novel type of optical single-photon detector based on a superconducting
nanowire; the superconducting nanowire single-photon detector (SNSPD) or
superconducting single-photon detector (SSPD) [5]. This new type of singlephoton detector is based on a current-biased superconducting nanowire that
briefly returns to the normal state when a photon is absorbed, this leads to a
voltage pulse that, after amplification, can be measured. This section discusses
superconductivity and related phenomena that are important in understanding
how SNSPDs work, the operating principle of SNSPDs and also relevant SNSPD
parameters such as detector dark counts, kinetic inductance, timing jitter and
count rate are discussed.

2.1.1

Superconductivity

Many elements and alloys exhibit a sudden drop to zero direct current electrical
resistivity when cooled down below a certain temperature. At the temperature
drop the materials undergo a phase transition from normal to a superconducting state. The phase transition temperature is known as the critical temperature Tc , and the materials exhibiting this behavior are called superconductors.
Some elements are superconducting; elemental superconductors, they have critical temperatures that are in the liquid-helium regime, the temperature of liquid
11

helium is Tliquid helium = 4.2 K. The element with the highest transition temperature, Tc = 9.2 K, is niobium (Nb). Compounds can have much higher critical
temperatures. The compound HgBa2 CuO4 has the record for highest critical
temperature at ambient pressure, with a critical temperature of Tc = 134 K.
Superconductivity was discovered in 1911 by Dutch physicist Heike Kamerlingh Onnes, at Leiden University. He observed superconductivity in mercury,
cooled down to cryogenic temperatures using liquefied helium. It would take 50
years before Bardeen, Cooper and Schrieffer gave the first quantum theory of
superconductivity in their article “Microscopic theory of superconductivity” [6].
A number of interesting effects are exhibited by superconducting structures,
one of them is the existence of non-decaying or persistent currents in superconducting rings, these currents do not need an external power source to sustain
them, and have been observed to have a lifetime of at least 100.000 years.

2.1.2

Meissner effect

In a superconductor the magnetic field is 0 T because electrical currents on the
surface screen the external magnetic field by creating a field that is equal in
magnitude and opposite in direction. This equals the behavior of a perfect
diagmagnet. A superconductor, however, does something extra; it also expels
static magnetic field when going from the normal to the superconducting phase.
This behavior is not expected for a perfect diamagnet, because it only induces
currents that perfectly oppose the magnetic field if it is at some point turned
on. A static magnetic field would induce no currents, in a superconductor
it does, and this proves the material undergoes a phase transition from the
normal to the superconducting state. The expulsion of a magnetic field from
the superconductor is known as the Meissner effect, and was first described by
Meissner and Ochsenfeld in 1933 [7].

Figure 2.1: Meissner effect; the expulsion of the magnetic field from a superconductor, for a sphere with a magnetic field B applied. The magnetic field penetrates
the structure when T > Tc and is totally expelled from the interior when T < Tc .
Figure from [8].
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The Meissner effect explains the existence of a critical magnetic field. As
B2
per unit volume, in the
a result of the energy stored in the field, E = 2µ
0
Meissner state makes it energetically favorable to go to the normal state for
large magnetic fields. The critical magnetic field Bc is temperature dependent
and is given by a parabolic law
"
Bc (T ) = Bc (0) 1 −



T
Tc

2 #
,

(2.1)

where Bc (0) is the critical magnetic field at 0 K, Tc is the critical temperature
for B = 0 and T is the temperature of the environment.

Figure 2.2: Temperature dependence of the magnetic field for Type I (a) and Type
II (b) superconductors. Type II superconductors have a mixed state where superconducting and normal regions coexist. Figure from [9]

From the existence of a critical magnetic field it follows that there must
be a current through the superconductor that induces a large enough magnetic
field to destroy the superconductivity, a critical current Ic . Silsbee was first to
realize this, and he hypothesized: “The threshold value of the current is that at
which the magnetic field due to the current itself is equal to the magnetic field”
[10]. The critical current is, unlike the critical magnetic field, not an intrinsic
property as it depends on the geometry of the conductor. The critical current
is linearly proportional to the magnetic field [11] and has similar temperature
dependence.
Superconductors can be divided in two classes according to their behavior
in magnetic fields. The first class, Type I superconductors, consist of all pure
samples of superconducting elements, except niobium (Nb) vanadium and technetium which are elemental Type II superconductors. They exhibit a sharp
transition from superconducting to non superconducting state at a critical magnetic field Bc . The second class of superconductors, Type II superconductors
consists of superconducting alloys. This type of superconductor has a different
magnetization state. In a band around the critical magnetic field it no longer is
in the superconducting state but in the vortex state, a state that is characterized by the co-existence of resistive and superconducting regions. The material
that is in a vortex state still is superconducting as long as the vortices remain
stationary and there is an uninterrupted superconducting path.
13

Energy gap and electron pairing
The mechanism behind superconductivity is the electron-phonon interaction
that leads to pairing of electrons, called Cooper pairs, which creates a gap
in the continuous energy spectrum of excitation, meaning a certain minimum
amount of energy is needed to create an excitation. If the thermal energy kB T
of the electrons is less than the binding energy of the Cooper pairs, then the
available energy is not enough to break a Cooper Pair and they move through
the lattice without any ion scattering. By this mechanism there is no resistivity
at low temperatures. Near the critical temperature the band-gap energy E is
asymptotically given by
r
T
= 2∆(T ),
(2.2)
E(T ) = 3.52kB Tc 1 −
Tc
were kB is the Boltzmann constant and ∆(T ) is half of the band-gap.
Superconducting Nanowire Single-Photon Detectors
SNSPDs offer a high quantum efficiency, are sensitive from ultraviolet to midinfrared, have low dark counts, fast timing resolution, high count rate and low
recovery time (5 ns) [12]. These properties make them interesting for using in
quantum key distribution systems. The wide detectable energy range makes
them superior to silicon (Si) single-photon avalanche photo diodes (SPADs)
and the signal-to-noise ratio, a measure that compares the desired signal to the
background signal, is better than that of InGaAs SPADs.
Two disadvantages of SNSPDs are the cryogenic operating temperatures,
that make accessing the detector with optics difficult and requiring cryogenic
equipment, and the limited active area makes it difficult to get a good overlap
between the SNSPD and a light spot focused on it. The last disadvantage
however, mainly is of concern when an objective or optical fibers are used to
illuminate the detector under normal incidence. For on-chip photon detection
namely, the waveguides used to route the light have optical modes that are, in
general, much smaller than the mode field diameter of an optical fiber. Then
there is the added advantage of a waveguide, that it can couple light evanescently
to detectors, leading to excellent coupling and high detection efficiencies, see
simulations in chapter 3.
The envelope, width and length of the meandering strip can be modeled so
as to optimize the detection efficiency of the SNSPD for a specific application.
There are however, constraints that should be considered when designing the
strip. One of them puts restrictions on the length of the strip, which when to
long or short leads to a slow or latching detector, respectively. SNSPDs usually
consist of 100 − 500 µm long meandering strips that are between 30 − 100 nm
wide and 3 − 10 nm thick, and made out of superconducting material (see Fig.
2.3).
Two materials that are commonly used to make SNSPDs are niobium titanium nitride (NbTiN) and niobium nitride (NbN). The critical temperature
for NbTiN is Tc = 15 K and for NbN Tc = 17 K. Their quantum efficiency, the
likelihood of an incident electron being converted in an electron, is comparable.
Of the two materials detectors made out of NbTiN typically have the lowest
dark count rate, giving them favorable noise equivalent power. Using an optical
14

Figure 2.3: Scanning Electron Microscope image of typical SNSPD with square
10 x10 µm envelope, consisting of meandering wire which is 100 nm wide and 500 µm
long.

cavity and anti reflection coating Rosfjord et al. managed to fabricate SNSPDSs
with 57% efficiency at 1550 nm and 67% effiency at 1064 nm [13].
Operating principle of SNSPD
As of yet there is no full theoretical description for the detection mechanism of
a single-photon with a SNSPD. A phenomenological explanation is that when
the below the critical temperature cooled and close to the critical current biased
nanowire absorbs an incoming photon it breaks hundreds of Cooper pairs, thus
increasing the number of quasiparticles (excited electrons), and therefore leading to a finite resistance in a section of the nanowire, a so-called hotspot. The
current in the nanowire is forced around the hotspot, to the sides of the strip,
exceeding the critical current density Jc there and therefore, a resistive barrier across the strip is formed. The sudden transition from superconducting to
normal state leads to a finite voltage difference across the wire that, after amplification, can be detected electronically (see Fig. 2.4). The hot-spot needs to be
large enough so the current that is forced to the sides has current density that
exceeds the critical current density. Considering this, to have a detection event
the energy of the incoming photon, Ephoton = ~ν, where ν is the frequency and
~ is Planck’s constant, must be much larger than the superconductor band-gap
energy, Ephoton = ~ν  2∆(0). As a rule of thumb, the bias current of the
SNSPD is set at Ibias = 0.95Icritical current . In practice, however, the bias current may be chosen closer or further away from the critical current depending
on the need to optimize the detector efficiency in experiments or to minimize
the dark counts in low photon counts experiments, respectively.
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Figure 2.4: (a) Schematic depiction of photon detection on SNSPD. (i) SNSPD
is biased just under the critical current.(ii) Incident photon is absorbed and creates
quasiparticles.(iii) Current is forced around the hotspot.(iv) Local current density
exceeds critical current density J > Jc . (v) SNSPD is resistive.(vi) SNSPD becomes
superconducting. (b) Electrical circuit of bias circuit and SNSPD, blue circled region
is electronically equivalent to SNSPD. (c) Typical electrical pulse of detection event.
The slope of the blue line depends on the width and the slope of the red line depends
on the kinetic inductance. Figure from [14]

Via electron-phonon scattering of the excited electrons and consequently
phonon-phonon scattering to the substrate the heat is transfered away and the
hotspot is cooled down. When the temperature is low enough, the nanowire
returns to its superconducting state. The kinetic inductance of the wire, determined among other factors by the length of the nanowire, when high enough
allows the wire to cool down and become superconducting before the current
returns. During the recovery time the detector is not sensitive and all photons
hitting the detector are lost.
Kinetic inductance
Kinetic inductance is equivalent to having an inductor in series, its inductance
Lk originates in the kinetic energy of charge carriers. It is observable in superconductors because of the high carrier mobility - the electrons pairs move
without resistance - and otherwise observable at very high frequencies. For a
wire of length l and cross section A it is given by
Lk =

2m l
,
ne2 A

(2.3)

where n is the normal carrier density, e is the elementary charge and m is
the electron mass. The nanowire meander has a high l/A ratio, so the kinetic
inductance of SNSPDs is high and plays a significant role.
The energy stored in the kinetic inductance is much larger than the energy
of the incoming photon. This means standard SNSPDs have a response that,
in contrast to many conventional detectors, is nonlinear and therefore cannot
resolve photon numbers [15] [16]. Avalanche photo diodes also show this nonlinear behavior. Some people have made photon number resolving detectors by
using an array of SNSPDs connected in parallel to an integrated resistor. Their
16

number resolving relies on the fact that it is unlikely that all the photons will
hit the same SNSPD in the array.
Dead-time
The dead-time of a detector is the shortest time possible between subsequent
photon counts. All the photons striking the detector during this non-sensitive
time are not counted and lost. The total dead-time τ of a SNSPD is given by
the sum of the pulse rise time τ1 (the growth time of hotpot) and the current
L
recovery time τ2 = R
, set by the kinetic inductance. In the commonly used
SNSPD geometry, where a 500 µm long meander is used to maximize surface
area, the reset time of the SNSPD is set by the current recovery time. For our
application maximizing the surface area is not important and the meander can
be made shorter to increase the maximum count rate.
Dark counts
Dark counts are the ’false’ counts a detector gives despite not being illuminated.
A SNSPD biased close the critical current will always have observable dark count
levels, even if the device is perfectly shielded from external noise.
The existence of dark counts means there is a decoherence mechanism that
spontaneously forms resistive states in the superconducting nanowire. Different
explanations exist, some results indicate the dominant origin of SNSPD dark
counts is the current-assisted unbinding of vortex-antivortex pairs [17]. This
works as follows, in a superconducting wire it is energetically favorable to form
vortex-antivortex pairs, an applied bias current exerts a Lorentz force on the
vortices in opposite direction. The forces in the opposite directions drive the
vortices apart, and when moving perpendicular to the current a region of finite
resistance is formed, giving a dark count event.
For many applications low dark count rates are important. SNSPDs, having
low dark counts, are an interesting detection method for these applications. The
dark count rate Rdark of SNSPDs depends exponentially on the ratio between
bias Ibias and critical Icritical current.
Timing jitter
Timing jitter is the spread in arrival time for signals. Different applications have
different timing jitter tolerance, for example quantum key distribution requires
low timing jitter. Typical SNSPD timing jitter is 30 ps making them regarding
this aspect a good detector candidate.
Results indicate that for SNSPDs variation in meander width is related to
the amount of jitter, large variations across the SNSPD result in high jitter
values [18]. So, for low jitter values a uniform meander is needed. You et al.
showed jitter is also temperature and bias current dependent [19]. Their results
indicate, it is not the ratio of bias and critical current that is important to get
low jitter values, but the absolute bias current. The amount of jitter is reduced
when lowering the temperature. Their lowest measured timing jitter is 18 ps full
width at half maximum at a temperature of 2 K and a bias current of 62 µA.
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2.2

Nanowire LEDs

As photon sources we use indium phosphide (InP) nanowire LEDs. Some wires
have on axis InAsP quantum dots at the pn junction. The wires are around 4 µm
long and have a circular cross section with diameters ranging from 100−260 nm.
The n-side and p-side have equal length, but where the n-side is cylindrical,
the p-side has a conical taper towards the end of the nanowire. We have
pn nanowires without quantum dots (QD), pn nanowires with QDs and pin
nanowires where the quantum dot is inside an intrinsic semiconductor, a region
without dopants.
This section describes the theory behind these three different semiconductor
nanowire LEDs. It is organized as follows. First, semiconductor pn junctions
are discussed. Second, quantum dots are discussed. Third and last, the different
excitation methods are discussed.

2.2.1

pn junctions

A pn junction is the interface where two different types of semiconductor material, p-type and n-type, meet. At the junction there is an abrupt discontinuity
between the two regions, known as metallurgical junction.
By adding a dopant to a semiconductor, during growth or by diffusion, free
electrons and holes can be added, creating n-type and p-type semiconductor
respectively. Materials where the donor impurities are dominant and the number
of electrons exceeds the number of holes are known as n-type semiconductor.
When the holes are the majority carrier, or equivalent there is a deficiency of
electrons, the material is known as p-type semiconductor. Pure crystals have an
equal amount of electrons and holes (n=p), these materials are called intrinsic
semiconductors and materials with an unbalance in the number of electrons and
holes are called extrinsic semiconductors.

Figure 2.5: Band gap diagram of pn junction. The dashed line indicates the Fermi
level. At equilibrium the Fermi levels on the two sides are equal. At the junction a
depletion region forms.

When silicon is doped with arsenic, which has five valence electrons, unlike
silicon which has four, one electron is left unbounded. In other words arsenic
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has donated an electron to the conduction band, and therefore is called a donor
impurity. For creating holes an acceptor impurity is used, in the case of silicon
an example would be boron, which has less valence electrons and therefore can
accept an electron and leave a hole. Doping of materials changes the energy
band diagrams. Figure 2.5 shows a pn junction with energy levels as function
of position only. In a pn junction equilibrium is achieved by a small amount
of electrons going from n to p region, where they annihilate with holes. Now
around the junction there is a region with few free carrier, known as the depletion
region.

Figure 2.6: Top: hole and electron concentrations; Second: Charge densities. Third;
Electric field; Bottom: Electric potential. Figure from [20].

When a voltage is applied across a pn junction a current will flow. The
junction is forward biased if the positive side of the potential is connected to the
p region and negatively biased if the positive side of the potential is connected
to n region. The current I through a positively biased, with voltage V , pn
junction is given by

I = I0


eV
exp
−1 ,
kB T

where kB is the Boltzmann constant and T is the temperature.
19

(2.4)

2.2.2

Quantum dots

A semiconductor quantum dot (QD) is an extremely small, on the order of a
few nanometer, structure that confines electrons, holes and excitons in three
dimension. Due to the confinement of the electrons a QD has well defined
quantized energy levels and can be used as a single-photon source. Electrons
are excited from the highest valence band to the lowest conduction band. When
the electron relaxes to the ground state and recombines with the hole after a
characteristic lifetime τ a photon with energy equal to the energy difference
between lowest conduction band and highest valence band is emitted. There is
an inverse relation between the dimensions of the quantum dot and the emission
wavelength. QDs can be electrically or optically pumped.
Quantum dot embedded in nanowire
In 2005 Borgstrom et al. presented work on QDs embedded in nanowires [21].
By growing them in nanowires the growth is better controlled, leading to QDs
that are an order of magnitude brighter than self-assembled quantum dots.
Another advantage is the freedom it gives in the fabrication process. Now a
chip with SNSPDs and waveguides can be processed after which the nanowire
and contacts are added.

2.2.3

Nanowire waveguiding

The emission from the QD couples to the fundamental mode of the nanowire
waveguide it is embedded in. Depending on the nanowire diameter, the emission
can be either enhanced, when the exciton emission is on resonance with the
cavity mode, or quenched and the light can be confined to some degree to
the nanowire. The confinement of light to the nanowire leads to directional
emission making light extraction easier. One possibility to help light extraction,
is to tailor a nanowire on one side giving it a conical taper. The taper reduces
reflections at the semiconductor-air interface and makes the emission directional
[22]. Another possibility to extract the light, is to couple it evanescently to
waveguides or detectors. In chapter 4 evanescent coupling to waveguides and
detectors is studied using computer simulations for different nanowire waveguide
diameters.

2.2.4

Optical excitation

The excitons in the QD are excited by the combination of a free electron and a
free hole from the InP wire. The creation of free electrons and free holes can be
done by using a (pulsed) laser.
Photoluminescent (PL) spectroscopy is the study of the spectrum of an emitter that is optically excited. Usually a (pulsed) laser is used to excite the QD.
PL measurements of a QD allow to distinguish between exciton and biexciton
emission. The reason for this is the different power dependence and slightly
different energies of the emitted photons. To understand this we need to look
at the probability of exciting µ excitons P (µ, N ), which is given by
P (µ, N ) =

N µ exp(−N )
,
µ!
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(2.5)

N is the expectation value for the number of excitons. This equation shows
exciton µ = 1 and biexciton µ = 2 have a different power dependence, linear
and quadratic, respectively. As a result, at low excitation power the exciton
emission will dominate and the QD will emit single-photons.
Above-band excitation
In above-band excitation, the quantum dot is excited using photons with energies larger than the band gap. After absorption of the photon, when the electron
relaxes to the QD energy level a phonon is emitted. Now the electron and hole
can recombine to emit a photon. The time needed for the phonon exchange
leads to relatively inaccurate photoluminescence spectroscopy results for this
excitation method.
Resonant excitation
Resonant excitation directly excites an excitonic state of the QD. This means
the excitation energy needs to be equal to the band gap of the QD. A single
electron-hole pair is created inside the QD. Although this method requires higher
pump power than above-band excitation, it results in cleaner spectra because it
prevents the creation of multiple electron-hole pairs.

2.2.5

Electrical excitation

Another possibility to excite a QD is to do it electrically. Direct band-gap
materials, materials where no intermediate phonon interaction is needed before
electron and hole recombine, can be used to make light emitting diodes (LEDs).
An applied positive bias voltage on a pn junction leads to a reduction of the
voltage drop across the depletion region, making it easier for electrons to diffuse
into the p region, where the electrons combine, within their diffusion length,
with holes and photons are emitted. In a pn junction many electrons and holes
recombine at the A QD in a pn junction works similar, but now electrons and
holes recombine in the QE, leading to single-photon emission. By growing a
QD in a pin junction charge carriers can be injected, while limiting the recombination of electron and holes that would occur in a junction without intrinsic
region, resulting in cleaner emission.
In reverse bias the voltage across the depletion region becomes larger, preventing electrons from crossing. There exist a small current because of thermal
generation of electron hole pairs in the depletion region. And generation of
minority carriers in the depletion region.
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2.3

Photon correlation statistics

This section discusses different photon statistics and how correlation measurements can be used to differentiate between them.

2.3.1

Second-order photon correlations

Experimentally photon correlations are studied by doing a time resolved photon
measurement that gives timing information between subsequent photon detection events. In essence, second-order correlation measurements results give the
probability to measure a second photon at a time t + τ after measuring a first
photon at time t.
A threefold classification exist for photon streams: photons spaced closer together than expected for random placing, randomly placed photons and photons
that are spaced further apart then random, they are called bunched, coherent
and anti-bunched, respectively. For anti-bunched photons the chance to detect

Figure 2.7: Different photon streams for anti-bunched light, coherent (random) light
and bunched light.

a second photon after the first at time τ is small and then increases with τ . For
bunched photons the likelihood to detect a second photon after the first at a
time τ is large and then decreases with τ . Coherent light means the chance to
measure a second after the first photon is not time dependent. Unlike coherent
and bunched photon streams, anti-bunching doesn’t have a classical explanation, it is definite proof of a quantum light source.
The first to show photon anti-bunching emitted from an excited atom were
Kimble, Dagenais and Mandel (see Fig. 2.8) [23]. They observed anti-bunching
of photon counts in resonance fluorescence experiments, in which sodium atoms
were continuously excited by a dye-laser beam. The result of their measurement
(see Fig. 2.8) shows a clear dip in the correlations and small values of τ .
The Hanbury-Brown Twiss setup is a typical setup for doing such measurements, it compromises a 50 : 50 beam splitter, two photon detectors and a
correlator (Fig. 2.9).
In a classical Hanbury-Brown Twiss experiment, originally developed to
measure the diameter of stars, the photon emission statistics of a photon source
are studied by looking at the second-order correlations. Experimentally it is
implemented by splitting a photon beam and sending the two beams to two
detectors, one detector is used to start a timer and the other detector is used
to stop a timer (see Fig. 2.9). A histogram of the time differences between
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Figure 2.8: First proof of photon anti-bunching for excited atom from Kimble, Dagenais and Mandel. With increasing delay time τ the number of detected pulse pairs
n(τ ) decreases. Figure from [23]

these start and stop events gives information whether the source was classical
or quantum.

2.3.2

Second-order photon correlation function

The normalized time-dependent second-order correlation function g (2) (τ ) is defined
as
< I(t)I(t + τ ) >
,
(2.6)
g (2) (τ ) =
< I(t) >< I(t + τ ) >
where I(t) is the intensity of the photon streams. The use of a 50:50 beamsplitter in second-order correlation measurements makes the intensities in the two
channels equal, this means that we do not need to distinguish them and can use
one intensity I(t).
Now again the same threefold classification of the light can be made, this
time not qualitatively by looking at a ’picture’ of the photon streams, but quantitatively by looking at the value of the second-order correlation function at t = 0.
The values of g (2) (0) for the different photon streams:
• bunched light: g (2) (0) ≥ 1
• coherent light: g (2) (0) = 1
• anti-bunched light: g (2) (0) < 1
A source in thermal equilibrium emits bunched light. This can be easily understood by looking at the intensity of the source that is fluctuating around an
average value. On the one hand, this fluctuation leads to periods where the
intensity is above average and therefore emission of an above average number of
23

50:50
Beamsplitter

Photodetector B

Light source

Coincidence
counter

Photodetector A

Figure 2.9: Schematic representation of Hanbury Brown-Twiss experiment. It consists of a light source, 50:50 beam splitter, two single-photon detectors and a correlator.
The output of the correlator is proportional to h∆I1 (t)∆I2 (t + τ )i, where I1 and I2
are the intensities of the two beams and τ is the time delay of one of the channels.

photons, on the other hand, it leads to periods where the intensity is below average and therefore emission of a below average number of photons. An example
of a coherent light source is a laser. Whereas the bunched and coherent light
can be measured for classical sources, measuring anti-bunched light is conclusive
proof of a quantum source.

2.3.3

Second-order correlation function for multiple emitters

If we assume we have N identical emitters, then the time average emission of
the ensemble < I > is equal to
< I >= N < i >,

(2.7)

where i is the emission of a single emitter. Now the intensity correlation is
< I(t)I(t + τ ) >=<

N
X
k=1

ik (t)

N
X

ij (t + τ ) > .

(2.8)

j=1

The multiplication of the two series gives N 2 terms of which N are correlated:
<

N
X
k=1

ik (t)

N
X

ij (t + τ ) >= (N 2 − N ) < i >2 +N < i(t)i(t + τ ) > .

(2.9)

j=1

Putting this in the before defined, time-dependent second-order correlation
function we get the following second-order correlation function for N identical
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emitters,
N (N − 1) < i(t)i(t + τ ) >
+
.
N2
N < i >2


t
N −1
1
(2)
g (τ ) =
.
+
1 − exp
N
N
τ

g (2) (τ ) =

(2.10)
(2.11)

The second-order correlation function 2.11 doesn’t consider the dark counts
Rdark . So to get the measured coincidence function we need to modify it,

Z τ


n(τ ) = g (2) (τ ) + Rdark
1−
n(τ )dτ .
(2.12)
0

In the limit when Rdark  R, where R is the signal count rate, the number of coincidence counts n(τ ) approaches the second-order correlation function
g (2) (τ ).

2.3.4

Single-detector photon-correlations

In spite of the fact that the experiments of HBT, Kimble and many others to
measure photon correlations have been performed using two detectors there is
no fundamental reason why it cannot be done using a single detector. In 2012
Steudle et al. showed experimentally it is possible to measure the quantum
nature of light using only a single detector [24]. Using a low dead-time SNSPD,
they were able to measure photons separated by 2.7 ns. This simplifies the way
photon-correlation measurements are done, however, it does require the detector
dead time to be below the coherence time of the photon source.
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Chapter 3

Simulations
To get an understanding of quantum dot emission coupling to the nanowire,
in turn coupling to the waveguide and the waveguide field being absorbed by
the SNSPD numerical simulations have been done. In this chapter the simulations, done with the Finite-Difference Time-Domain (FDTD) solving software
FDTD-solutions from Lumerical, and results are discussed. FDTD is a numerical analysis technique that solves the Maxwell equations for the electric
and magnetic fields in a leap-frog manner where the E-fields are calculated in
between H-field calculations. It is a powerful method that can provide insight in
optical and electrical systems that are analytically hard or impossible to solve.
This chapter is divided in five sections. In the first section the important
considerations when setting up FDTD simulations are discussed. The second
section explains how simulations are set-up in the software FDTD solutions.
Section three shows and discusses the results of simulating the emission and
routing of light for nanowire LEDs in free space and nanowire LEDs lying on
top of different three different dielectrics. In the fourth section simulations of the
coupling of the nanowire LED emission to a waveguide are discussed. The fifth
section discusses the simulations of evanescent coupling of light from waveguides
to SNSPDs.

3.1

Considerations when using Lumerical FDTDsolutions

FDTD software needs large amounts of internal memory and is CPU intensive, making it important to balance the accuracy of the simulations against the
computational requirements. Some important things to optimize and balance
are: mesh fineness, symmetrical boundary conditions and simulation accuracy.
The size of a mesh cell in a certain direction should be so small that the smallest structure feature in the same direction is covered by at least 10 mesh cells.
For designs with locally small structures this means it can be beneficiary and
necessary to insert a mesh region with small mesh size that overrides the general mesh. In this local mesh region the cell size can be set seperately in the
x, y and z direction. The simulation accuracy can be set between one and
eight in Lumerical, and determines how many mesh cells there are within one
wavelength. For quick simulations where speed is more important than accuracy
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the simulation accuracy can be set from 1-4, this makes the mesh coarser and
therefore the results less accurate, but speeds up the simulation. To get more
accurate results the simulations accuracy can be set from 5-8, where a higher
number means higher accuracy.

3.2

Boundary conditions and light source

When setting up the model usually the fist thing to insert is the FDTD region
which when inserted has options that determine the boundaries of the simulation
region, the boundary conditions and the mesh accuracy. When setting up the
model for simulations where the structure exhibits symmetry or anti-symmetry,
in one or multiple planes, it is possible to exploit this to reduce memory usage
and speed up simulations by choosing the option to set symmetrical or antisymmetrical. For most boundaries, perfectly matching layers (PML), layers
that absorb almost all incident radiation, are used as boundaries.
The choice of light source depends on the simulations. For the waveguide
to SNSPD coupling simulations, a mode of the waveguide is selected as light
source and for the simulations of the systems with nanowire LEDs, instead
of using a quantum source inside the waveguide a dipole light source is used.
This is allowed as the classical power emitted by a dipole in an inhomogeneous
environment is equivalent to an atomic transition in the same environment [25].
We have the following relationship for the decay rate and radiated power
P
γ
=
γ0
P0

(3.1)

where γ and P are the decay rate and radiated power in an inhomogeneous
environment and γ0 and P0 are the decay rate and radiated power in a homogeneous environment. So, just as a different environment can change the decay
rate of an atomic transition, in exactly the same way it changes the radiated
power of the dipole.

3.3

Emission enhancement and waveguiding

As explained in the previous section, the spontaneous emission rate of a dipole,
or similar behaving quantum emitter, is modified when placed in an inhomogeneous environment as compared to a homogeneous environment. The first
simulations done, study this effect for a nanowire in free space with different
diameters and for nanowires with the same range of diameters on top of three
different dielectric layers. The dielectrics used are 50 nm thick silicon dioxide
(SiO2 ), silicon carbide (SiC) and silicon (Si). The bulk refractive indices of the
three materials are: nSiO2 = 1.45, nSiC = 2.6 and nSi = 3.4 respectively. The
refractive of bulk InP is nInP = 3.5. It is important to note that the nanowire
end faces are terminated using by the PML layers of the simulation region. This
rules out any cavity enhancement by reflection of the end faces, that may vary
as the nanowire diameter changes and would otherwise distort the results. The
length of the nanowire used in the simulations is 4 µm.
Figure 3.1 shows the simulation results. It can be seen that in free space, at
low nanowire diameters emission is strongly suppressed. The enhancements, of
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the nanowire in free space and the nanowires on top of on the three dielectric
layers show similar trends, at low diameters, Dλ = 0.1, emission is strongly
suppressed, going up as the diameter increases and reaching of 1 or higher at
D/λ = 0.23. The figure further shows, that the higher the refractive index
of the dielectric layer, the more the emission is enhanced as compared to the
nanowire in free space. At D/λ values of around 0.25 the dipole enhancement
is above 1, meaning the dipole emits more than it would in free space.
1.4
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Figure 3.1: Simulated emission enhancement of dipole embedded in InP nanowire
with different diameters and on top of different 50 nm thick dielectric layers. The
dielectric materials are silicon dioxide, silicon and silicon carbide. As a reference, the
simulation results of a nanowire LED in free space.

3.4

SNSPD absorption of nanowire LED emission

To optimize the SNSPD absorption of the emission of a nanowire LED on top
of a detector simulations are done. Simulated is the SNSPD absorption for the
same dielectric materials and nanowire diameters as used in the simulations
described in the previous section.
Figure 3.2 shows the simulation layout; the nanowire, with not shown embedded dipole in the center, is lying on top of a SNSPD with the meanders perpendicular to it. Simulations with different dipole orientations have been done,
the results don’t show big differences. Because of this and the long simulation
run times the systems here only have been simulated for a dipole oriented in the
z-direction. Figure 3.6 shows the normalized SNSPD absorption (absorption is
normalized with respect to the radiated power by the dipole) for nanowires with
diameters ranging from 100 − 300 nm. At low diameters the light doesn’t couple
well to the nanowire and is emitted in all directions, for this reason the coupling
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Figure 3.2: Schematic picture of nanowire LED lying on top of SNSPD. The dark
gray lines are the SNSPD meanders, the blue part of the nanowire is p-type semiconductor, the white region is the intrinsic region and the red part is the n-type
semiconductor.

to the SNSPD is low. When the diameter of the nanowire is higher the emission
of the dipole couples to the fundamental mode of the nanowire, light propagates
along the length direction of the nanowire and couples strongly, evanescent to
the SNSPD. The qualitative difference of low and high nanowire diameter light
coupling to SNSPDs can be clearly seen in figure 3.4. To help discern between
the nanowire, dielectric insulator and SNSPD figure 3.3 shows the real part of
the refractive index of the nanowire and SNSPD along the same cross-section
parallel to the xy-plane.

Figure 3.3: Cross section along the length direction of the nanowire on SNSPD.

Figure 3.4: Electric field intensity of dipole embedded inside InP nanowire with
100 nm diameter on top of NbTiN SNSPD lines. The dipole is oriented in the zdirection. Almost no waveguiding in the nanowire is visible, as a result the light is
radiated in all directions and only locally absorbed by the SNSPD.

A more quantitative picture can be seen in Fig. 3.6. The higher refractive
index dielectric insulators (i.e. Si and SiC) lead to higher SNSPD absorption
with maximum absorption of over 50 %. This is easily understandable as light is
refractive to the higher refractive index material (the dielectric insulator), where
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Figure 3.5: Electric field intensity of dipole embedded inside InP nanowire with
220 nm diameter on top of NbTiN SNSPD lines. The dipole is oriented in the zdirection. The gradual decrease in intensity in the y-direction shows that the emission
of the QD couples to the nanowire waveguide, propagates in the y-direction, and
evanescently couples to the SNSPD.

it is absorbed by the SNSPD. The change in the absorption as a function of D/λ
is also easily understood when considering the propagation of the light in the
nanowire waveguide and the evanescent coupling of the light to the SNSPD.
0.6
NanoLED on 50nm SiO2 layer
NanoLED on 50nm Si layer
NanoLED on 50nm SiC layer

0.55

Normalized SNSPD absorption

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1
0.1

0.15

0.2

0.25

0.3

0.35

D/λ

Figure 3.6: Simulated SNSPD absorption for different nanowire diameters and different dielectric materials. The higher refractive index dielectric insulators(i.e. Si and
SiC) lead to higher SNSPD absorption with maximum values exceeding 50 %. In the
simulations the dipole oriented in the z-direction.
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3.5

Evanescent coupling of nanowire LED emission to waveguides

This section shows results of simulations that indicate efficient coupling of
nanowires to waveguides is possible, but is strongly wavelength dependent. Figure 3.7 shows an index monitor of the simulation layout where an InP nanowire,
with a dipole in the center, is lying parallel to a SiC waveguide. The dipole
is pointing perpendicular to the substrate, the waveguide is 600 nm wide and
450 nm thick, and the nanowire has a diameter of 240 nm.

Figure 3.7: Figure showing refractive index of cross-section parallel to the xy plane.
The z position of cross-section is at the center of the nanowire. The yellow rectangle
is the SiC waveguide and the red rectangle is the InP nanowire, both of them lie on a
silicon dioxide substrate.

The nanowire diameter is chosen so that the dipole couples well to the modes
of the nanowire, and the light propagates along the length direction. The diameter of the nanowire is low enough to have a strong evanescent field, that
results in a short coupling length to the waveguide. At the end of the waveguide the transmitted power is registered using a power monitor.
The monitor shows that at 950 nm 35 % of the power emitted by the dipole is
coupled to the waveguide. Over the range from 900 − 1000 nm this is 25 − 35 %.
So, coupling is strongly wavelength dependent, a geometry optimized for one
wavelength may not be the best geometry for another wavelength. To check
the influence of the dipole orientation, a simulation has been done with a dipole
pointing parallel to the plane, the results only differ a few percent from a dipole
pointing perpendicualar.
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Figure 3.8: Nanowire coupling to waveguide. The dipole in the nanowire is oriented
perpendicular to te substrate. The diameter of the nanowire is 240 nm, large enough
to have good waveguiding properties, but still the evanescent field is large enough to
couple the emission over a short distance to a waveguide that is lying parallel to the
nanowire.
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3.6

Waveguide-coupled SNSPDs

This section describes simulations of the absorption of waveguide-coupled SNSPDs.
We simulated for a traveling wave SNSPD consisting of two parallel meanders,
which are the standard 100 nm wide and 5 nm thick, with a 600 nm wide and
450 nm thick SiC waveguide on top (see Fig. 3.9).
A mode source is used to inject the fundamental made of the Si waveguide.
The mode is injected from the left, travels to the SNSPD and is evanescently
absorped. The normalized absorption as a function of y is shown in figure 3.10.
It shows most of the absorption happens in the first micrometers of the detector,
in addition it shows the absorption is still increasing at 5 µm.

z
y
X
Figure 3.9: Drawing of SiC waveguide (red), with below a traveling wave SNSPD
(dark grey) and on top of a SiO2 substrate. This is the layout used for simulating the
evanescent coupling of light from the waveguide to the SNSPD. The dimensions of the
waveguide are: width 600 nm and hight 450 nm. Light is injected from the left, using
a mode source and selecting the fundamental mode of the waveguide. The SNSPD
meander is 100 nm wide, 5 nm thick and 5 µm long.
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Figure 3.10: Normalized SNSPD absorption in traveling wave layout (see Fig. 3.9).
The meanders start at y = 0. A little over 3 µm the absorption already is 50 %. At
5 µm over 70 % is absorped by the SNSPD.
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Chapter 4

Fabrication
Almost all fabrication has been done in the Kavli Nanolab Delft; a class 10000
cleanroom environment with advanced nanofabrication equipment. All devices
are fabricated by Iman Esmaeil Zadeh and Niels Los. This chapter describes
the techniques used and procedures followed for making the devices measured
in chapter 5.

4.1

Sputtering of NbN and NbTiN films

Sputtering is a widely used technique to deposit thin films on substrates. It
works as follows: inside a high vacuum chamber (pressure ∼ 10−8 bar) argon
is introduced and a high electric field is applied. The argon forms an ionized
plasma that moves to the negatively charged source material, the target. The
target in the machine we use is a Nb0.7 N0.3 alloy. Electrons bombarding the
target free atoms that cover the sample, and the chamber walls, with a thin
film.
Sputtering of high quality, thin (4 − 8 nm) superconducting films is a sensitive process that depends on many parameters. The process parameters are:
pressure, argon (Ar) and nitrogen (N2 ) flow, deposition temperature, distance
of substrate to target, angle of substrate and deposition rate. For NbTiN the
NbTi:N ratio is set by the nitrogen flow and deposition rate. Another factor
which influences the film is the quality of the target. The numerous process
parameters make it hard to find the optimum recipe for thin films. Due to this
and due to the breakdowns of the sputtering machine, the number of substrates
with high quality superconducting films was limited.

4.2

Metallic structures

In this section the different metallic structures, the making of masks for metallic
structures and the metalization are described. On a new chip the first metallic
structures that are fabricated are the markers. We use 1 µm square markers
for aligning when writing subsequent structures, and 1 µm square markers for
designing the contacts to the nanowires. Other metallic structures are the bonding pads, nanowire contacts and routing to the contacts. The bonding pads are
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(i)

(ii)

(iii)

(iv)

(v)

Figure 4.1: (i) Clean substrate.(ii) Bilayer of resist. (iii) After writing and developing
the bilayer gives an undercut. (iv) Evaporation of metal layer. (v) Lift-off. Because
of the bilayer resist, there is an undercut after developing (see iv). Due to this the
gold on top of the resist and on the substrate don’t form a continuous sheet and give
enough room for the solvent to solve the resist and have a good lift-off.

rectangular with dimensions around 100 µm, they are used to attach wire bonds
that connect the chip and the printed circuit board (PCB) the sample is on.
For making metallic structures, for example marker fields and chip routing,
the positive electron-beam (e-beam) resist polymethyl methacrylate (PMMA)
is used. This resist consist of long polymer chains of carbon atoms and comes
in different molecular weights. Higher molecular weights dissolve slower in developer, giving higher resolutions. To ensure good lift-off, a bilayer stack of a
top layer 950K PMMA and bottom layer 495K is used that gives a high resolution, due to the 950K top layer, and an undercut resist profile, due to the 495K
bottom layer, and thereby avoids coating the walls. To get a good lift-off a rule
of thumb is the lower layer should be three times the thickness of the metal
layer you want to evaporate. After writing the structures with the e-beam the
PMMA can be developed with 60 s of MIBK:IPA 1:3 and consecutively 30 s IPA.

4.2.1

Marker fields, bonding pads and routing

After marker fields, bonding pads and or routing is written and the resist is
developed, a layer of 5 nm Cr and 50 nm Au is evaporated using a electron beam
physical vapor deposition system (EBPVD). This system has a high vacuum
chamber in which the sample is loaded. An electron beam is directed to a
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target containing the source material, and causes the atoms to form a gas that
cover everything in the chamber. By varying the power of the electron beam
and the duration of evaporation layers of different thicknesses can be applied.

4.2.2

N -contacts and p-contacts

Before evaporating the nanowire contacts, a 60 s, 100 W O2 plasma etch is performed to remove any resist residue, that potentially could have a negative effect
on the resistance of the contacts. For the n and p contacts different materials
are used. For n-contacts the procedure is: a 12 s dip in dilute hydrofluoric
acid (HF) to etch the nanowire oxide layer and then quickly to the evaporator
where an in situ argon etch (this optional step also etches the nanowire oxide) is
performed after which the Cr/Au 50:60 nm layer is evaporated using the same
EBPVD technique as described before. For p-contacts the procedure is: a dip
of 12 s in dilute HF to etch the oxide layer covering the nanowire and then
swiftly load the sample in the evaporator where the Ti/Zn/Au 1:50:60 nm is
evaporated using the same EBPVD technique, but a different machine that is
dedicated for contacts containing zinc. The zinc is used because it increases the
hole conductance by locally doping the nanowire. To diffuse the dopants and
thereby really improve the contact the sample needs to be annealed (see section
4.7).
Chromium conductive layer
Some of the fabricated devices have a sapphire substrate. Because sapphire is
non-conductive this gives charging problems in the SEM and in the EBPG. To
minimize charging effects we used a thin (10 nm) chromium (Cr) layer on top of
a layer of PMMA. After writing the pattern, a 10 s dip in Cr etchant removes
the Cr layer before developing the PMMA. Whereas the Cr layer helps sufficient
to find the markers in the EBPG and write the contacts, we didn’t succeed in
imaging, using the SEM, the nanowires with the Cr layer on top. The larger
structures, bonding pads and routing, on the chip are visible, but the nanowires
can not be seen.

4.3

Lift-off

Lift-off, the ’lifting’ of the metal layer on top of the PMMA layer by solving
this layer using a solvent (acetone), is done by putting the sample in hot 50 ◦
acetone for 15 min, and using a spinning magnet. After this time, while keeping
the sample submersed it is sprayed with cold acetone to help lift-off and remove
flakes. Now lift-off is checked (while the sample is still submersed), dependent on
the success the sample is either sprayed with IPA when the result is satisfactory,
or the sample is put back in the hot acetone for a couple of minutes before
checking again. The last step is blow drying the sample with N2 .

4.4

SNSPD meander

The meander is patterned, using electron beam lithography, into the negative
tone e-beam resist hydrogen silsesquioxane (HSQ). This is resist is widely used
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Figure 4.2: SEM image of nanowire contacted with n-contact. In this image the
junction between the p-side (left) and n-side (right) of the nanowire is clearly visible.

Figure 4.3: SEM picture of p-contact. Clearly visible is the granularity of the Zn in
the p-contact (left) versus the much smoother TiAu n-contact (right).
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Figure 4.4: SEM pictures of SNSPD covered with dielectric layer and four nanowire
alignment markers next to it. The alignments markers are squares with sides of 1 µm.
They make possible to accurate rotate, scale and move the optical or SEM image and
thereby creating a nearly perfect overlay with the drawing for designing the nanowire
contacts.

to pattern small structures, using ultra-thin resist people have been able to
write sub-10 nm structures. We use a solution of HSQ and MIBK with a 1:1
ratio. There is always some variation when making a new solution, making it
necessary to do dose testing when a new solution is used. After writing the
resist is developed in subsequently tetramethylammonium hydroxide (TMAH)
for 5 s and MF322 : H2 O for 15 s. After this it is rinsed in H2 O for 30 s. Now
the mask is ready the structure is etched using SF6 and O2 reactive ion etching
(RIE) at a pressure of 10 µbar.

4.5

Dielectric fabrication

Depending on the dielectric material different techniques are used. If the dielectric is made out of HSQ the processing is similar to creating the SNSPD mask.
When Si or SiC are used the entire chip is covered. After covering the entire
chip with 50 nm of one of these materials it is still possible to use the bonding
pads so no additional steps are needed.

4.6

Nanowire transfer

Once we have a chip with working SNSPD and an insulating dielectric layer we
need to transfer the nanowires from the growth chip to the SNSPD chip. In the
past people used a method know as ’tissue transfer’. Here the nanowire growth
chip and the target chip are swiped with a tissue leading to the transfer of some
nanowires that end up at a random location and orientation on the target chip.
Recently a more deterministic transfer method is being used. This method uses
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a high magnification optical microscope and tungsten needle, with ultra-fine tip
made out of molten indium, attached via an arm to a XYZ manipulator. This
allows singling out a single good looking nanowire and transferring it to the
desired place on the SNSPD chip. The placement can be done with sub-micron
precision, making possible to put the wire on top of a SNSPD or next to a
waveguide. After transferring the nanowires imaging with the scanning electron
microscope (SEM) is needed to be able to distinguish between n and p side for
designing the contacts and routing.

4.7

Rapid Thermal Annealing

Rapid Thermal Annealing (RTA) is a heat treatment method where a sample is
rapidly heated to a set temperature, it is kept there for some time and finally it
is cooled down. Mostly this is done at 1 atm in an atmosphere of e.g. nitrogen
or hydrogen. Different heat treatments exist, the choice depends on the effect
aimed at. RTA is used, among other things, to activate dopants, repair damage
from ion implantation and drive dopants.
We use RTA because it increases the rate of dopant diffusion, and therefore
lowers the resistance of the contacts. For our devices lowering the resistance
of the p-contact, which as described before contains zinc, is indispensable as
otherwise the threshold voltage at cryogenic temperatures is on the order of
20 − 30 V.
Annealing of the chip consists of the following steps: rapidly heating up from
RT to 325 ◦ , keeping the sample at that temperature for 60 s and finally rapidly
cooling down to room temperature. Annealing is performed in a hydrogen gas
atmosphere.
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Chapter 5

Measurement setup and
results
5.1

Measurement setup

This section discusses the different physical components and software of the
setup setup used to perform the experiments. All the low temperature measurements use much the same setup, the difference is in the use of varying electronics
and the use of different computer programs. Room temperature measurements;
nanowire IV measurement and SNSPD resistance measurement, have been performed at a room temperature probe station using electronics that is more or
less identical to the electronics used for the low temperature measurements and
are therefore not discussed separately.

5.1.1

Setup layout

To reach the low temperatures (4.2 K) at which the SNSPDs operate, the chips
are cooled using liquid helium. We do this, by using a dipstick that can be
inserted in a liquid helium dewar (see Fig. 5.1) and of which the bottom section,
where the sample is mounted, gets immersed in liquid helium. The dipstick
consists of a liquid helium dewar cap with four SMA feedthroughs, a hole for
feeding an optical fiber through, two 1 m threaded rods (for rigidity) that are
screwed into the cap and four 1 m coaxial cables that are fixed to the rods (see
Fig. 5.1). The sample is glued, with a transparent two-component epoxy glue,
to a printed circuit board (PCB) and has four SMA connectors for electrical
connections and two holes for being fixed by the metal rods.

5.1.2

Electronics

The electronics used in the experiments can be divided into two groups. The
first group is the SNSPD control and pulse measure electronics and the second
group, the nanoLED electronics, is used to set the nanowire bias voltage and
measure the current through the nanowire (see Fig. 5.2). To bias and readout
the SNSPD we use a ’SNSPD box’ containing a data aqcuisition board, two
amplifiers and a bias tee.
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Dipstick

Sample

Helium dewar
Figure 5.1: Schematic of dipstick in helium dewar. The dipstick is 1 m long and
consist of a dewar cap with four SMA feedthroughs, four SMA cables, two steel rods
and a PCB on which the sample is mounted.

To analyze the SNSPD pulses, a high sampling rate (4 GHz) LeCroy LC574AM
oscilloscope is used, the oscilloscope gives information about the detector deadtime and shows possible problems with noise or latching. When only photon
counts are needed a Stanford Research Systems SR400 photon counter is used
to measure the pulses. An IVVI rack applies a bias voltage over the nanowire.
Also, it measures the current, which is converted to a voltage before being
measured by a Keithley 2700 multimeter.

5.1.3

Software

All the electronic is controlled using Labview and QTLab, a Python based
program to perform measurements and do analysis. For controlling the SNSPD
electronics we use Labview. The second-order correlation measurements uses a
modified version of an existing program (originally created by Sander Dorenbos),
that retrieves the traces from the oscilloscope, identifies peaks and saves the
timing information. The timing information is later converted into a histogram
with a certain bin size. Another program used for the second-order correlation
measurement sets a bias voltage across the nanowire, it also has a feedback
loop that uses the measured current to set a fixed bias current with minimal
fluctuations over time.
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Oscilloscope

Keithley

Figure 5.2: Block diagram of electronic equipment and software used in the experiments. The blue block contains the electronics to operate the SNSPD, the red
block contains the electronics to bias the nanowire and the green block contains the
computer software used to control all the electronics.
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5.2

Results

This section presents and analyses the results measured using the methods and
experimental setup as discussed in the previous section. First, the results of
IV measurements are discussed. Second, the number of detector counts vs the
applied current to the nanowire is discussed. Third, the second-order correlation
measurements results are shown and discussed.

5.2.1

IV and dark count measurement

As described in chapter 2, the threshold of nanowire LEDs increases when cooling it down to liquid helium temperatures, even for annealed devices which at
RT may show thresholds of 1 − 2 V it can move to 8 − 12 V. Therefore, IV
measurements done at RT are required to help select good candidates for low
temperature measurements. A typical low temperature nanowire LED IV curve,
with the expected high threshold, can been seen in Fig. 5.3. Here, the voltage is
swept up to 15 V, to apply higher voltages can be risky as the current can leak to
the substrate, leading to a high current that doesn’t show in the measurement,
which possibly damages the nanowire.
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Figure 5.3: Typical IV curve for pn nanowire at liquid helium temperatures with
threshold at 11 V and gradually increasing current as the voltage is increased.

Figure 5.4 shows the exponential increase in dark counts as the bias current
is increased.
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Figure 5.4: Exponential increase in dark counts as a function of the bias current.

5.2.2

Nanowire current versus photon counts

Figure 5.5 shows a graph of the measured photon counts while the nanowire
current is swept from 0 − 11 nA. The SNSPD is biased at 26.8 µA, which is 90 %
of the critical current. This relatively low bias current is chosen to keep the
number of dark counts low. Three linear regimes are visible. The first is for low
nanowire currents from 0 − 100 pA, at 100 pA the number of counts saturates,
the slope decreases and the second linear regime from 0.15 − 3 nA starts, at 3 nA
the slope increases and the third linear regime 4 − 11 nA starts. Another thing
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Figure 5.5: Nanowire LED current versus detector counts. Around 50 pA and 3 nA
there is a change in slope, in between the behavior is linear.

that should be noted is that already at 50 pA the count rate exceeds the dark
count rate (∼ 250 counts/s) by a factor of four. In traditional EL measurements,
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where a microscope objective from above is used to collect the light from a lying
nanowire, the nanowire needs to be biased with ∼ 100 nA before giving only
several hundreds of counts per second, making our measurement method many
orders of magnitude superior in combined detection and collection efficiency.
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Figure 5.6: Zoom of figure 5.5, from 0 − 1 nA. Now it is visible that already at 50 pA
the count rate is four times the dark count rate. Also visible is the decrease of the
slope around the same current.

5.2.3

Second-order correlation measurement

The second-order correlation measurements, done with a single detector as discussed in chapter 5, are performed at three different nanowire currents: 120 pA,
1.2 nA and 8 nA. These currents are chosen to fall into the different linear regimes of the current versus photon counts, as discussed in the previous section.
Also, to serve as a reference, a correlation measurement with a helium neon
(HeNe) laser is done. The results from the three nanowire measurements are
combined in Fig. 5.7. The runs with different nanowire currents don’t have the
same number of photon counts, resulting in different noise levels. The reason
for this was the exceedingly long time it took at low count rates to perform the
measurement. Fig. 5.8 shows the correlation measurement for the laser and the
8 nA bias current, with a time window that is smaller to show the difference in
slope for nanowire LED and laser correlation measurement.
Three things can be observed. The first is that the slope of the 8 nA bias
current correlation measurement is less steep than the slope of the laser, an
indication of single-photon statistics. The second observation is an anomalous,
second dip, that occurs at roughly 30 ns for all three nanowire bias currents.
It’s existence may be explained by interference between the SNSPD and the
nanowire LED, or by charging between their contacts. The third observation
is, that there is no difference in slope, or any other clear difference between
the three measurements, whereas one would expect to move from single-photon
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statistics to bunching as the current the bias current is increased.
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Figure 5.7: Normalized second-order correlation g (2) (τ ) results for nanowire LED
biased with three different currents. The total number of photon counts in a 500 ns
window for the 120 pA ,1200 pA, 8 nA are 1170, 3800, 56888, respectively. Displayed
is the part from 0 − 80 ns using a is 1 ns time-bin.
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Figure 5.8: g (2) (τ ) measurement results of HeNe laser and nanowire LED biased at
8 nA from 0 − 25 ns delay time combined in one figure. The laser measurement has
27000 coincidences for a window of 500 ns. Clearly visible is the difference in slope
between nanowire correlation and laser correlation measurement.
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Chapter 6

Conclusion and
recommendations
6.1

Conclusion

Building on the knowledge and experience that was already there we succeeded
in reaching the goal of integrating a photon source with a SNSPD, whether
the photon source emits single photons emits single photons is unclear. The
results from the photon correlation measurements do show a dip closely resembling a dip as expected for a single-photon source. However, the measurements
with different nanowire bias currents have similar slopes, indicating the photon
statistics don’t change when the current is increased, whereas they would be
expected to do. This makes claiming single-photons difficult.
The simulations show, dipole enhancement and coupling of emission from a
nanowire LED directly to a SNSPD ,strongly depend on the Dλ value, with a
broad peak for both of them around Dλ = 0.23. Furthermore, it is shown waveguides can be efficiently coupled to SNSPDs, and nanowires can be evanescently
coupled to waveguides reaching 35 % coupling at 950 nm.

6.2

Future work & Recommendations

A number of recommendations can be made for possible future research towards
the goal of this thesis. The first recommendation is to use multiple detectors to
measure photon statistics, this gives a stronger result because no assumptions
have to be made about detector dead time and quantum dot lifetime.
Another recommendation for determining the photon statistics, is to use
waveguides to spatially separate source and detector, and thereby minimize
possible electrical interference or charging effects.
To improve positioning accuracy, and make it possible to put nanowires precisely next to waveguides, a nanomanipulator that uses a SEM for imaging could
be a solution. It is also recommendable to spend more time in placing nanowire
LEDs directly on top of optimally designed tapered waveguides, this makes positioning requirements less stringent. Another possibility, one that circumvents
the problems with accurate positioning, is to first place the nanowire on the
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chip and than make a waveguide that encapsulates it, ’captures’ the light inside
and routing it to a detector.
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