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Abstract

Generation of non-classical light is both of fundamental interest and a com-
mon condition for quantum information applications (QIA). One feasible
type of single photon emitter for QIA is based on semiconductor quantum
dots (QDs), due to their atomic-like energy structure and their possibility
to be integrated with other semiconductor devices on the same chip. Site-
controlled QDs with highly linear polarized emission are a prerequisite for
certain QIA and a close to room temperature operation is demanded for
widespread applications.

III-nitride QD can have the deep confinement potentials needed for high
temperature operation, and the demonstration of single photon emission at
room temperature was recently reported for a GaN QD [Nano Lett. 14,
982 (2014)]. Asymmetric III-nitride QD emits light with a high degree of
linear polarization. To make site-controlled nitride-based QDs a promis-
ing approach is to deposit a thin layer of InGaN on top of hexagonal GaN
micropyramids. QDs formed on the apex of the pyramids grown with this ap-
proach have been shown to exhibit single and sharp InGaN related emission
lines with a high degree of linear polarization [Nano Lett. 11, 2415 (2011)].
A simple elongation of the pyramid base gives control of the polarization
direction [Light: Sci. Appl. 3, e139 (2014)].

The work presented in this thesis deals with time correlation measure-
ments, to measure, for the first time, the single photon properties of these
pyramidal QDs.

A time correlated single photon spectroscopy (TCSPS) setup was assem-
bled, tested and used to perform measurements on these pyramidal QDs.
The TCSPS apparatus measures the time differences τ between subsequent
photons emitted from the sample. In the spectrally filtered light of one emis-
sion line in the emission spectra, e.g. exciton emission, of a QD two or more
photons cannot be emitted simultaneously, i.e. the photons are sent out one
by one. A histogram of the ensemble of measured time differences (∼ 106

events) will then for the ideal case have no events for τ = 0, and very few
for τ close to zero. This histogram, when normalized, is under certain condi-
tions equal to the second order coherence function g(2)(τ). In reality, however,
there are photons coming from other sources close to the QD, i.e. background
emission, that reach the detector and reduce the dip in the correlation his-
togram for small τ . There is also an statistical uncertainty in the measured
time differences and finally the finite bin width used in the histogram that
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deteriorate the measured correlation function. To understand the influence
on g(2)(τ) from background emission, instrument response function and the
bin width, on the measurement on excitonic emission, simulations and cal-
culations were made. The crucial variables were, for our samples and setup,
the level of the background emission and the instrument response function.

A post growth process was developed to cover the lower parts of the
pyramid sides as well as the area between the pyramids with a metal film, to
reduce the background emission. This reduces the background emission and
largely improves the relative QD signal. As a result, significant improved
single photon characteristics were demonstrated.

A measurement of the second order coherence function for the excitonic
autocorrelation at a temperature of 12 K, gave for zero time delay (τ = 0) a
value of g(2)(0) = 0.24 and the residual value of the second order coherence
function (0.24) could be in full explained by the three variables, background
emission, instrument response function and bin width. The g(2)(0) value for
correlation measurements at higher temperatures of 50 K and 80 K is also
fully explained by the three variables, showing that the emission from the
QD itself is ideal up to 80 K.

This result underlines the great potential of these site controlled pyra-
midal dots as sources of fast polarized single photon emission, and provides
the first rigorous evidence of InGaN quantum dot formation on hexagonal
GaN pyramids. We also show the first proof of biexcitonic emission in this
pyramidal QDs.
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kids Axel, Linnéa and Oscar for endless support, and patience during this
years, especially during the last months. I owe you all much, I know.

v



vi



Contents

1 Background 1

2 Introduction to semiconductors 3
2.1 What is a semiconductor? . . . . . . . . . . . . . . . . . . . . 3
2.2 The wurtzite crystal structure . . . . . . . . . . . . . . . . . . 5

2.2.1 Reciprocal space . . . . . . . . . . . . . . . . . . . . . 6
2.3 Electronic structure . . . . . . . . . . . . . . . . . . . . . . . . 7
2.4 Optical properties of semiconductors . . . . . . . . . . . . . . 7
2.5 Quantum dots . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.6 Excitonic complexes . . . . . . . . . . . . . . . . . . . . . . . 10
2.7 Fabrication of quantum dots . . . . . . . . . . . . . . . . . . . 11

3 Photoluminescence spectroscopy 13
3.1 Photoluminescence spectroscopy . . . . . . . . . . . . . . . . . 13

3.1.1 Micro-photoluminescence spectroscopy . . . . . . . . . 14
3.1.2 Time resolved µPL-spectroscopy . . . . . . . . . . . . . 16
3.1.3 Polarized µPL-spectroscopy . . . . . . . . . . . . . . . 16

3.2 Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2.1 Excitation sources . . . . . . . . . . . . . . . . . . . . 17
3.2.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2.3 Cryostat . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2.4 Detectors . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.2.5 Filters . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4 Time correlated single photon spectroscopy 19
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.1.1 Theoretical basis . . . . . . . . . . . . . . . . . . . . . 20
4.1.2 TCSPS measurements . . . . . . . . . . . . . . . . . . 21

vii



4.1.3 Quantum dots as emitters of correlated photons . . . . 23
4.2 Continuous laser mode . . . . . . . . . . . . . . . . . . . . . . 24
4.3 Pulsed laser mode . . . . . . . . . . . . . . . . . . . . . . . . . 26
4.4 Apparatus . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.4.1 Detectors . . . . . . . . . . . . . . . . . . . . . . . . . 28
4.4.2 Instrument time response . . . . . . . . . . . . . . . . 29

5 Simulation of TCSPS histograms:
effects of experimental non-ideality 31
5.1 Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
5.2 Simulated effect of background emission . . . . . . . . . . . . 32
5.3 Simulated effect of instrument time response . . . . . . . . . . 33
5.4 Simulated effect of histogram bin width . . . . . . . . . . . . . 34
5.5 Combined effect of bw, τi and ρ on the g(2)(0)-value . . . . . . 35

6 Bibliography 37

Papers 41

viii



Chapter 1

Background

The work of Maxwell in the middle of the nineteenth century unifying electro-
magnetism in just four relatively simple equations was a landmark showing
the progress physicists had made. There started to be a feeling that sci-
ence soon was complete, it cannot be so much more to discover. Therefore
it is told that professors in Germany did not recommend students to be a
physicist simply because there was not much left to explore [1]. It turned
out that some of those remaining problems e.g. black body radiation, the
stability of the atom and the photoelectric effect, gave rise to a new field
of physics, quantum mechanics. Quantum mechanics has been a paradigm
in understanding atoms and their interactions using wave functions and in-
troducing a probabilistic approach. The quantum mechanics has together
with novel growth methods and pure materials made it possible to under-
stand semiconductor materials and develop semiconductor devices that have
become the backbone of our everyday world. There are many materials that
are semiconducting, both from group IV and combinations from group III-V
and also from group II-VI in the periodic table [2].

The nitrides from group III (Al, In, Ga) are one of those material systems
that already at the end of the 1950s where seen as the basis of a new possible
lighting technology when photoluminescence from GaN was shown [3]. By
making a ternary alloy with two of the three group III-metals together with
nitrogen, light emitting diodes (LED) should be possible to make with photon
energies ranging from UV to IR [4]. However the quality of the GaN crystals
was poor and it was not until 1986 that GaN could be produced with high
crystal quality [5]. Almost a decade later, in 1994, the first LED emitting in
blue from the III-nitrides was made [6].
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For conventional lightning purpose the blue LEDs are covered with a
phosphor so that the blue light is converted to white light. Theses white
light LEDs are ∼20 times more energy efficient compared to light bulbs.
The invention of efficient blue light-emitting diodes which has enabled bright
and energy-saving white light sources was awarded with the Noble Price in
Physics 2014 [7].

The blue LEDs are made of a embedded two dimensional structure, like
a thin film, where the charge carriers (electrons and holes) are localized on
opposite sides of the film. For sufficiently thin films, there is a strong localiza-
tion of the carriers that gives an increased efficiency in the light production.
Other low dimensional semiconductor structures like one dimensional rods or
even zero dimensional points have an even stronger localization of charges.
The zero dimensional structures, the point, is called a quantum dot (QD)
and has some special features. A QD can be a single photon emitter which
means that it can not send out two or more photons with the same energy
simultaneously [8]. QDs of InGaN send out highly linearly polarized pho-
tons, i.e. photons that have the same constant electrical field vectors. The
idea to fabricate this InGaN QDs on top of an elongated base GaN pyramid
has been successful in terms of making the QD site controlled but also in
pre-destinating the direction of the polarized emission. A potential use of
these special properties is in optical communication lines where an unbreak-
able chiefer could be made by using linearly polarized photons emitted in
two perpendicular directions one by one [9, 10].

The unambiguous way to test the single photon properties of a QD is
by time correlated single photon spectroscopy (TCSPS), i.e. a measurement
method where the time difference between the emissions of subsequent pho-
tons are measured [11].

The scope of the work leading to this thesis was to assemble and test
a TCSPS apparatus and to use it mainly in investigating the single photon
properties of InGaN pyramidal QDs emitting in the UV spectral range.
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Chapter 2

Introduction to semiconductors

2.1 What is a semiconductor?

In an atom, the energy levels are discrete (figure 2.1a). An experimental proof
for this is shown in many high schools, where a rarefied gas is exposed to a
high voltage spark giving electrons enough energy to be excited to a higher
energy level. When the electrons subsequently relax back to the ground state
the excess energy is sent out as a photon of single frequency. The photon
energy is given by the energy difference between the initial and final state and
are characteristic for the atom type. When the individual atoms are brought
closer to each other, the energy levels split up and continuous energy bands
are formed when the individual atoms are merged into a crystal (figure 2.1b).
Between the energy bands, there could be energy gaps, where there are no
energy levels, these are referred to as band gaps. The labels s and p in
figure 2.1b refers to the spherical symmetric s-levels of an atom and the p-
levels are directed in three perpendicular directions (px, py, pz) as learned in
atom physics.

In metals the highest band that is occupied with electrons, the valence
band (VB), is not completely filled and the electrons are free to move.

At thermodynamic equilibrium, the distribution function for electrons
(fermions) is given by the Fermi-Dirac distribution fe(E)

fe(E) =
1

exp(E−EF
kBT

) + 1
, (2.1)

where EF is the Fermi level, kB is Boltzmanns constant and T is the tem-
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Figure 2.1: a) A schematic illustration of the Bohr model for
the atom. b) The transition into energy bands in a crystal. c)
A schematic illustration of the level of the Fermi level (EF ) in a
metal, semiconductor and an insulator.

perature. fe(E) may be interpreted as the probability of the energy level of
energy E being occupied. The Fermi level is defined as the energy where the
probability of a energy level being occupied is 1

2
i.e. fe(EF ) =

1
2
. For metals

EF are in the VB (figure 2.1c). In a semiconductor, the VB is completely
filled at absolute zero temperature and there is a band gap (Eg) up to the
next band, the conduction band (CB), that is empty. With a filled band
there are no empty levels and therefore no net-current from electrons and
subsequently very low electrical conductivity. At room temperature, a frac-
tion (larger fraction for a small band gap) of electrons have gained enough
thermal energy to be lifted up to the CB, and the conduction increases. For
an insulator the band gap is too large, the thermal energy provided at rea-
sonable temperatures are not sufficient to promte electrons to the CB. The
band gaps, at room temperature, for the semiconductor materials used for
this investigation are 0.7 eV for InN and 3.4 eV for GaN [12, 13].

4



The electrons in the CB leave unoccupied states in the VB referred to
as holes. A valence band hole acts like a positively charged particle and
can be assigned physical properties like momentum and mass. Both the free
electrons in the CB and the free holes in the VB take part in the conductivity.
Electrons and holes are both called charge carriers. An electron in the CB
can recombine with a hole in the VB and emit a photon, like an excited
atom. The energy of the emitted photon is characterized by the band gap of
the semiconducting material.

The upper edge of the VB originates from the p-type energy levels (fig. 2.1b)
and the bottom edge of the CB originates from the s-type energy levels. These
band edges are interesting because there are most often involved in optical
transitions.

2.2 The wurtzite crystal structure

c

a a

b)

uc

c)

c

a a

a)

Figure 2.2: Crystal structures a) simple hexagonal b) hexagonal
close packed and c) wurtzite structure. A conventional cell of each
structure is highlighted by black solid lines.

The ternary alloys of GaN and InN, can crystallize in the zinc-blende or
preferentially in the wurtzite structure [14]. The samples used in this study
where all crystallized in the wurtzite structure. To illustrate the wurtzite
structure, we first consider the simple hexagonal lattice. This lattice could
be seen as plane nets of equilateral triangles with side length a and with a lat-
tice point in each corner of the triangles, the perpendicular distance between
the nets is c (figure 2.2a). If we introduce a new equilateral triangular net at
c/2 translated so that the projection of the lattice cites in the c-direction are
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Table 2.1: Structural parameters of wurtzite GaN and InN at
300 K, compared to an ideal wurtzite structure.[15]

a(nm) c(nm) c/a u uc(nm)
GaN 0.3189 0.5185 1.626 0.376 0.195
InN 0.354 0.5705 1.612 0.377 0.215

‘ideal’ 1.633 0.375

in the middle of the equilateral triangles in the simple hexagonal structure
in figure 2.2a, we have made a hexagonal close packed (hcp) structure (fig-
ure 2.2b). Two hcp structures distanced u · c apart in the c direction, [0001],
one containing the N-atoms and the other the Ga(In)-atoms together build
up the wurtzite structure (figure 2.2c) with one atom at each lattice site.
The unit cell of hcp contains two lattice sites and accordingly the unit cell
of the wurtzite holds four lattice sites, two from each hcp lattice. The values
of a, c and the internal parameter u, defined as the bond length Ga(In)-N
divided by the c lattice constant, is given in table 2.1.

The tetrahedrals formed by the sp3 hybrid bonds (linear combinations of
the atomic s and p orbitals) in InGaN have a more ionic character compared
to other III-V semiconductors, dependent on N being the most electroneg-
ative element in group V, thus attracting negative charges more efficiently.
Also, the angle between the [0001] oriented Ga(In)-N bond and any other
Ga(In)-N bond in the tetrahedron is slightly less than the ideal value of
109.5◦. Therefor, a polarization occurs in the material along [0001]. The
sum of all dipole moments will have the effect of a capacitor like charge sep-
aration between the top and bottom (0001) planes of the crystal, resulting
in an intrinsic internal electric field. An electric field that could be enlarged
if the crystal is under stress, which often is the case in heterostructures [16].

2.2.1 Reciprocal space

A space lattice is a periodic function of real space and any periodic function
f(r) = f(r+R), where R is a vector connecting any two points in the crystal
lattice, can be expanded by a Fourier transform as

f(r) =
∑
k

Ak · eik.r
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where the summation k is over a discrete set of vectors G. While the reciprocal
space is the space, in which the Fourier transform of a spatial function is
represented the G vectors, define points in reciprocal space (k-space) with a
periodic structure. The reciprocal lattice is defined by G.

The simple hexagonal crystal lattice which in reciprocal space also is a
simple hexagonal lattice rotated 30 ◦ around the c-axis. Accordingly the
reciprocal to the wurtzite structure is a simple hexagonal lattice with a four
atom form factor.

2.3 Electronic structure

For a free electron, the electron energy is E(k) = h̄2k2

2m0
where h̄ is the reduced

Planck constant, k is the wave vector and m0 is the free electron mass. In the
materials considered an electron close to the band edge have a parabolic E(k)
dependence similar to the free electron model but the curvature is different,
which is corrected for by introducing an effective mass m∗. The holes could be
associated with a negative effective mass and a k vector of opposite direction
with respect to the unoccupied electron state ke = −kh. The origin of the
valence band from the atomic p orbitals gives a threefold splitting of the
hole parabolas, which conventionally are labeled A, B and C with increasing
energy (in the hole picture). The effective masses are anisotropic i.e. m∗ have
different values in different directions, unlike the free electrons. The E(k)
dispersion for small k bands for different effective masses m∗ of the electron
and the hole A, B and C band, in kx and kz directions are seen in figure 2.3.
The figure represent a small part of the band structure in reciprocal space
around the Γ point (k = 0).

Semiconductor materials have a spectrum of allowed electronic states.
The number of states for a certain energy, called the density of states (ρDOS),
is for bulk materials proportional to ρ3D

DOS ∝
√
E. The bulk ρ3D

DOS is a con-
tinuous function with E.

2.4 Optical properties of semiconductors

The optical properties refers to the material response of exposure to electro-
magnetic radiation of wavelengths in the visible or close to visible spectral
range. The electromagnetic radiation with energy E may excite electrons
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Figure 2.3: Wurtzite InGaN band structure for small k values
in the x and z directions.

from the valence band across the band gap Eg to the conducting band if
E > Eg (see figure 2.4). The electron and the hole will relax some of their
energy and most of the emitted light from the recombination of the electron
and the hole will have an energy close to Eg.

VB
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Figure 2.4: Electromagnetic radiation from e.g. a laser with an
energy exceeding Eg excite electrons to the conducting band (CB)
leaving holes in the valence band (VB) the electron and hole relax
before they recombine by emitting a photon.

Radiative recombinations could be affected by defects and impurities
which typically generate levels in the band gap and then strongly change
the emission properties. Even for a perfect semiconducting crystal, there
could be emission with an energy slightly less than Eg. An electron at the
bottom of the conduction band, and a hole at the top of the valence band,
could if they are spatial close enough to be affected by the attractive Coulomb
interaction create an electron hole pair. This electron hole pair affected by
Coulomb forces is called an exciton and its emission energy is slightly less
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than Eg. There is also a possibility for other exciton like interactions involv-
ing a few electrons and holes giving emission energies similar to the exciton.

2.5 Quantum dots

In a quantum dot, the charges are confined in all three dimensions by a
heterostructure as seen in figure 2.5a, in witch a narrower band gap semi-
conductor is sandwiched between a semiconductor of wider band gap. This
is made in all three spatial dimensions leaving the narrow band gap material
like an inclusion (figure 2.5b) in the bulk of a wider band gap semiconductor.
If the dimension of the inclusion is nanoscopic, quantum mechanical effects
will dominate, as characteristic for a quantum dot (QD). The interface be-
tween the two semiconductor materials is aimed to be abrupt but the crystal
orientation is preserved, putting constraints on the materials used to have
similar lattice constants. The nanoscale confinement in a QD brings a tran-
sition from continuous to discontinuous density of states, ρ0D

DOS ∝ δ(E − εn),
where δ is Kronecker delta and εn are the energy level energies. A quan-
tum dot will have discrete energy levels (see figure 2.5a) like an atom and
is therefore often referred to as an artificial atom. After the recombination
of an electron hole pair with photon emission, the energy levels have to be
re-populated before a new emission of a photon originating from a recombi-
nation from the same energy levels can occur. A QD is therefore an example
of a single photon emitter [17, 8].

The difference in band gap between the two semiconductor materials
will determine the confinement potential. Depending on the semiconduc-
tor materials chosen, the confinement, could be of different depth for the
valence/conducting band, ending up in one or more allowed energy levels
(figure 2.5a). For a type 1 quantum dot, there is a spatial confinement
for both electrons and holes. To be able to keep the charges confined in
the quantum dot for higher temperatures a deep confinement is needed to
prevent the charges to escape from the confinement because of thermal ex-
citation. Any difference in lattice constant between the two semiconductors
introduce strain in the quantum dot inclusion affecting the energy levels of
the quantum dot. Also the size and shape of the quantum dot will affect the
energy levels [18].
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Figure 2.5: a) An illustration of a double heterostructure with
the low band semiconductor (2) in the middle. b) Quantum dot
formation needs confinement in all three directions with an ap-
propriate size (L).

2.6 Excitonic complexes

+

- -

+ +

+

--

a) b) c) d)CB

VB

Energy

Figure 2.6: How electrons and holes could get trapped in a QD.
a) A photon excites an electron hole pair, b) the charges relax
to the band edge, c) when the charges encounter a QD, further
relaxation traps the charges in the confinement. d) The electron
hole pair recombines by sending out a photon.

When a semiconductor with quantum dot inclusions is exposed to light
of sufficient energy, electron-hole pairs are created. The charges will spread
out and some will encounter the lower potential of a quantum dot and get
trapped (see figure 2.6). Besides the exciton (X) as seen in figure 2.7 other
excitonic complexes can be formed. If two electrons are trapped with one
hole an negative trion is formed (X−) and consequently an electron trapped
with two holes is called a positive trion (X+), and finally two electrons and
two holes form a biexciton (2X).
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X X+ 2Xa) b) c) d)X-

Figure 2.7: Different excitonic complexes a) exciton b) negative
trion c) positive trion d) biexciton.

2.7 Fabrication of quantum dots

Quantum dots could be grown both with a physical vapor deposition (PVD)
technique or with a chemical vapor deposition (CVD) technique. The samples
used in this work are grown in a metal organic CVD (MOCVD) reactor.

In a MOCVD reactor for growth of nitrides, metal-organic precursor gases
with the wanted atoms (e.g. In and Ga) attached deliver, together with an
inert carrier gas and NH3, the wanted atoms to the heated substrate. The
high temperature causes the organic gases to crack, leaving the building
blocks for the wanted film to be grown on the substrate. By changing the
partial pressures of the gases and the growth temperature, an epitaxial film
with wanted composition of InxGa1−xN can in principle be grown.

a) b) c)

Figure 2.8: Different growth modes of thin films. a) Volmer-
Weber growth b) Frank-Van der Merwe growth and c) Stranski-
Krastanov growth.

There are different heteroepitaxial growth modes, i) a thin film could
grow forming 3D islands directly (Volmer-Weber) on the substrate or ii) grow
layer by layer (Frank-Van der Merwe) or iii) have a mixed growth (Stranski-
Krastanov) where initially the growth is layer by layer but then switch to
island growth as illustrated in figure 2.8. In a lattice matched system, the
growth is layer by layer (2D) but for an increasing mismatch of the lattice
parameter, the growth mode will change to the mixed growth. For even larger
mismatch the growth will be 3D, to be able to reduce the elastic energy. As
described earlier an epitaxial structure of two wide band gap semiconductor
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layers with a thin narrow band gap semiconductor layer in the middle forms
the double heterostructure where the QDs are formed in the middle layer.

If islands of an appropriate size (∼10 nm) are grown in the middle layer,
a dens population of QDs are formed, randomly spread over the sample.
The QDs grown in this manner are usually too dense, to be able to resolve
emission from a single QD.

In reference [19] the double heterostructure is grown layer by layer and
after the growth most of the heterostructure is removed by lithography and
etching, just leaving pillars of the layered structure with an appropriate size
for QD formation.

Figure 2.9: A SEM picture of the hexagonal pyramids.

A different approach is to grow 3D islands directly on the substrate (e.g.
(111)Si). From these islands nanowires are grown, in which a thin layer of
narrow band gap material is incorporated in the nanowire during growth [20,
21]. A random dense forest of nanowires, with one QD in each, are the result,
but to study the photoluminescence from such a single QD in a nanowire they
have to be mechanically removed and dispersed on another surface.

The samples used in this study are of still another type, where hexagonal
GaN pyramids are grown by selective area growth (SAG), in lithographically
patterned circular openings in the SiN masked GaN covered substrate. The
pyramids are not completed but ends with a slight truncated top surface
(0001) where a thin film of InGaN followed by a capping layer of GaN is
grown. In the InGaN layer forms, under highly optimized conditions, one
island inclusion on each top surface, because of the small area available.
In this way one QD could be formed on each site-controlled micropyramid
(figure 2.9).
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Chapter 3

Photoluminescence
spectroscopy

3.1 Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a widespread technique for optical
characterization of semiconducting materials [22, 23]. The reason for this
widespread use is that it is relatively simple to perform and does not require
any special sample preparation and it is also non destructive.

In PL measurements, the electron-hole pairs are generated locally in the
sample by the energy delivered from a laser beam. The electrons and holes
relax their excess kinetic energy, and subsequently the electrons and the
holes recombine by emitting photons (figure 2.6) corresponding to the energy
difference between the energy levels of the electron and the hole. Emitted
photons are guided and focused onto the entrance slit of a monochromator
acting as a optical band pass filter, directing the photons with the wanted
energy interval to a detector that could be of multichannel or single channel
type.

For a charge coupled device (CCD) multichannel detector, the photons
are transformed to charges confined to a certain pixel of the CCD, depending
on the photon energy. The number of pixels and their size on the CCD
gives the energy range and resolution for a given monochromator with a
fixed entrance slit. For a single channel detector the photons impinging on
the active area are also recorded but there is only one light sensitive area,
therefore the monochromator has to be stepped to a slightly different energy
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range between each measurement point. Sometimes, depending on the size
of the active area of the detector, an exit slit have to be used to reduce
the energy range hitting the active area and thereby improving the energy
resolution.

The information gained is transferred into a computer that displays a
diagram of the intensity of photons at different energies i.e. a PL-spectrum.
The samples are often cooled in a cryostat to give higher intensity and less
broad peaks.

Liquid helium
Cryostat

Video camera
White
 light source

Beam splitters Laser

Mono-
chromator

CCD

Monitor

Hej och välkommen till Hajk. 
Idag skall vi prara om hästar men inte vanliga hästar utan 
flodhästar....

Microscope objective

Computer

Figure 3.1: A schematic drawing of the main components in a
µPL setup.

3.1.1 Micro-photoluminescence spectroscopy

When PL spectroscopy is to be used to measure on a small area (e.g. single
QDs) the laser has to be focused onto as small spot as possible to prevent
excitation of other emitters nearby. These well focused beams are necessary
for PL spectroscopy on individual QDs. If the laser beam is focused down
to micrometer size on the sample surface by a objective, the measurement
technique is referred to as µPL spectroscopy. The fact that the QDs are site
controlled (5 µm pitch) makes it possible to measure on an individual QD.
Otherwise mesas can be used to isolate the emission from an individual QD.
A live image of the sample is provided by a white light source projecting an
image of the sample onto a video camera. Manipulators, in the x, y and z-
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directions, are used to position and focus the sample. The main components
of a µPL setup is seen in figure 3.1.

The diffraction limited resolution is given by d = λ/(2·NA) where λ is the
laser wavelength and NA is the numerical aperture of the objective [24]. This
gives d = 0.4 µm for the most used objective (see 3.2.2). This theoretical
limit is not reached because of the uncorrected aberration from the thickness
of the cryostat window. The spot size is estimated to be ∼ 1 µm, this is very
large compared to the size of the QD size of a few tens of a nm.

The laser is not only illuminating the QD but also a finite volume around
it. In this volume are the QD but also other emitters fed with electron hole
pairs, creating a background emission in addition to the QD emission. In
figure 3.2 a µPL spectra of a QD emission with one dominating peak is seen
on a flat background originating from the ambient volume. The parameter ρ
is defined as the intensity of the wanted QD emission (S) divided by the total
signal (S+B), i.e. ρ = (S/S+B), for a chosen wavelength. The parameter
ρ is important for correlation measurements and will be discussed more in
Chapter 5.

Photon=wavelength=(nm)
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Figure 3.2: A µPL spectra of a QD emission with one peak, is
used as an example on how the ρ values is determined. S is the
intensity of the QD emission wanted to reach the detector, B is
the intensity of the unwanted background emission also reaching
the detector. From S and B, ρ is calculated with the expression
seen in the figure.

The settings of the exit slit for a given monochromator with a well focused
light beam (∼20 µm) on the entrance slit defines the wavelength interval
transmitted to the detector. If this wavelength interval is larger than the
spectral width of the emission peak, the background on each side will also
contribute to the amount of photons counted by a single channel detector
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(see figure 3.2). More photons from the background will reach the detector
and thus a smaller ρ value will be the result.

3.1.2 Time resolved µPL-spectroscopy

Different emissions have in general different time constants and there are
two common ways to measure the time from excitation to emission. The
first involves a single photon detector and the other uses a streak camera as
detector of the filtered light from a monochromator. Both methods require
a pulsed laser as excitation source. As there were single photon detectors in
the correlation setup these were used for the time resolved µPL-spectroscopy
(TRµPL) measurements. The pulses from a laser are used both to excite
the sample and to start a timing device. Subsequently a photon from the
desired emission stops the time measurement. This time is incrementing the
appropriate bin in a histogram by one and the measurement are repeated
multiple times (∼ 105) to get a histogram from which the time constants can
be determined.

The streak camera on the other hand works by transforming the temporal
profile of the emission to a spatial profile on the detector. In the streak
camera the photons hit a photo-cathode in a cathode ray tube and produces
electrons which are accelerated and led through a time-varying electric field,
perpendicular to the velocity of the electrons. The time-varying electric field
(which is synchronized with the laser pulses) deflects the electrons and sweeps
them over a phosphorus screen at the end of the vacuum tube. A CCD is
used to measure the streak pattern on the screen, and from this pattern the
time constant can be extracted.

3.1.3 Polarized µPL-spectroscopy

Some emissions are linearly polarized and the level of linear polarization can
be measured. Measurements are performed by introducing a half wave plate
into the beam path of the emission, turned until the maximum intensity
is registered on the CCD. This is done to have the polarization direction
of the emission to coincide with the direction where the grating inside the
monochromator has highest reflectance. A polarizer is then introduced be-
tween the half wave plate and the monochromator and turned to maximum
intensity of the emission. A series of µPL spectra for different angles of the
half wave plate are taken where a turned angle ϕ on the half wave plate is
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equivalent to 2ϕ rotation of the polarization plane. The data from the in-
tegrated intensity of a peak is conveniently plotted against the polarization
angle 2ϕ in a polar plot.

3.2 Apparatus

3.2.1 Excitation sources

In this work, the most frequently used laser was a 355 nm continuous wave
diode pumped solid state laser. A frequency tripled Ti-sapphire laser gener-
ating ps pulses at 266 nm, was also used.

3.2.2 Objectives

Mainly three microscope objectives were used. For measurements on InGaN
QDs, a refractive objective, Mitutoyo MPlan Apo NUV 50×, with a numer-
ical aperture of NA = 0.42 giving a diffraction limited resolution of d = 0.4
µm for λ = 355 nm was used. Also a reflecting objective, Ealing 25-0548-000
36×, with NA = 0.5 giving d = 0.3 µm was used for measurements with
266 nm laser wavelength. For the initial measurements on InGaAs QDs a
microscope objective with NA = 0.55 was used giving d = 1.4 µm for λ =
750 nm.

3.2.3 Cryostat

A liquid Helium flow cryostat was used to cool the sample. By means of
a unit controlling the Helium flow, and the current through a heater inside
the cryostat, a stable temperature from room temperature down to 4 K was
maintained during a measurement. The sample is optically accessed through
a window in the cryostat that transmits the laser and PL signal. The sample
is in turn mounted on a could finger connected to the liquid Helium.

3.2.4 Detectors

The used CCD-detector was cooled by liquid Nitrogen to lower the noise
level. The CCD comprises of 256×1024 square pixels each of 26 µm size.
Mostly a diffraction grating with 1200 groves per mm was used giving an
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energy resolution between two pixels of 0.28 meV for the relevant energy
range. The 1024 pixels gives an energy range of ∼300 meV corresponding to
a wavelength interval of ∼40 nm for the wavelengths used. For every of these
pixels there are a 256 pixels high column perpendicular to the scan direction
which often are binned, to give one value of the photon intensity for the
given wavelength. The photons absorbed in a certain pixel are transformed
to charges that are read out to the computer.

Two different types of single channel detectors where used, a single-
photon avalanche diode (SPAD) with 2.3 meV energy resolution and a pho-
tomultiplier tube (PMT) with 0.86 meV energy resolution for the chosen
slit settings of the monochromator. These detectors where also used for the
correlation measurements and more data are given in section 4.4.1.

3.2.5 Filters

Besides the beam splitters necessary for the proper function of the setup,
some filters have been used. With the help of a neutral density filter the
intensity of the laser beam could easily be changed by several magnitudes,
accordingly changing the flux of photons into the material.

A ultra sharp edge long pass filter that prevents the high intensity laser
wavelength from entering the monochromator, but allows longer wavelengths
to pass, makes it easier to measure close to the laser wavelength and it also
lowers the background emission by reducing the stray light in the monochro-
mator. A linearly polarized filter could also be used to lower the background
emission by blocking the background emission that is not polarized in the
same direction as the measured QD emission.
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Chapter 4

Time correlated single photon
spectroscopy

4.1 Introduction

The time correlated single photon spectroscopy (TCSPS) measurement method
was developed by astronomers Hanbury-Brown and Twiss (HBT) in the mid
1950s to measure the diameter of stars. They developed a new type of cor-
relation experiment that is based on the correlation of intensities instead of
electric field amplitude. An article was published where they tested their
method on an mercury lamp [25] and later the same year they published
measurements on the diameter of the star Sirius [26] but also a defense [27]
of their new found method. Filtered monochromatic light from a small aper-
ture in a mercury lamp originates from the emission of many millions of
atoms and fluctuations in intensity will occur on time scales comparable to
the coherence time τc. The intensity variation arises from the sum of ran-
domly phased light sources. If we measure the intensity I(t) at t and t+τ for
τ > τc the two intensities will not be correlated but for times shorter than τc
there will be a positive correlation.

In their measurements on star diameters they measured spatial coherence
and by increasing the distance between the detectors until there was no
correlation they could calculate the apparent angle of the star [28, 29, 30, 31],
by knowing the distance to the star the diameter could be calculated.

Rebka and Pound was the first to measure the time correlation instead
of the spatial correlation as HBT did [32]. In our case we measure the
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correlation from a fixed point, as the light is emitted from a QD, so let us
turn our focus to the temporal coherence of a light source.

4.1.1 Theoretical basis

We introduce the second order coherence function defined by,

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉 〈I(t+ τ)〉

, (4.1)

where 〈I(t)〉 is the time average of the intensity of the light beam at time
t. The parenthesis around 2 in g(2)(τ) is used to stress the fact that the
superscript 2 is not an exponent but second order. For comparison, the first
order coherence function, g(1)(τ) is a similar expression with the electric field
vector instead of intensity in the expression of 4.1. An example of when a first
order coherence function appear is in a Michelson interferometer experiment
where the visibility of the fringes are related to g(1)(τ), τ is here the time
difference between the two paths traveled by the light in the interferometer.

If we have a perfectly coherent monochromatic light source with time
independent intensity then 〈I(t)〉 = 〈I(t+ τ)〉 = I and 4.1 could be written,

g(2)(τ) =
〈I(t)I(t+ τ)〉
〈I(t)〉 〈I(t+ τ)〉

=
I2

I2
= 1. (4.2)

A coherent light source have Poissonian photon statistics and the time
between individual photons is completely random, but for all other classical
light sources, like black body radiation and discharge tubes, the light is
called partially coherent or chaotic. Consider a chaotic light source with a
constant average intensity. When τ � τc the second order coherence function
g(2)(τ)τ�τc = 1 because there is no correlation between I(t) and I(t + τ) so
〈I(t)I(t+ τ)〉 = 〈I(t)〉 〈I(t+ τ)〉. But for small τ , I(t) and I(t + τ) are
correlated 〈I(t)I(t+ τ)〉 > 〈I(t)〉 〈I(t+ τ)〉 and therefore g(2)(τ)τ�τc > 1 for
τ � τc. In particular for τ = 0,

g(2)(0) =
〈I(t)2〉
〈I(t)〉2

> 1. (4.3)

Generally, all classical light sources have g(2)(0) ≥ 1 and g(2)(0) ≥ g(2)(τ)
where g(2)(0) = g(2)(τ) = 1 is valid for coherent light.
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A non classical light source have g(2)(0) < 1, which is the requirement for
anti-bunching, but also g(2)(0) ≤ g(2)(τ) [33, 34, page 171]. Consider a single
atom, with two energy levels where the emission of a photon corresponding
to the energy differences between the two levels have to be followed by an
absorption of energy before a new emission can take place. There can not be
two photons emitted simultaneously so for an ideal case g(2)(0) = 0, and also
short time intervals will be underrepresented, but still g(2)(τ) = 1 for large
values of τ . The first antibunching measurement was performed on Sodium
atoms in 1977 [35] and the first antibunching with a QD as a single photon
emitter was published in year 2000 [11, 36]. The time differences between
the photons for the different cases discussed above, and the corresponding
g(2)(τ) diagrams, are summarized in figure 4.1.

i
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iii

0
0

1

i
ii

iii
τ

g(2)( )τ

Time
Figure 4.1: Left: Streams of i) bunched ii) coherent (random)
and iii) anti-bunched photons. Right: The principal behavior
of the Second order coherence function g(2)(τ) for i) bunched ii)
coherent and iii) anti-bunched light.

The use of the method invented by HBT have up to now found limited use
in astronomy [37, 30] but has played a major role in quantum optics measure-
ments. The quantum optics relevant for this work has been further elucidated
by Fox [38], which book has been followed here, and by Glauber [39], which
has a more mathematical treatment. Glauber received the Nobel prize in
Physics, 2005 ‘for his contribution to the quantum theory of optical coher-
ence’ [40].

4.1.2 TCSPS measurements

A schematic TCSPS apparatus as shown in figure 4.2 is similar to a µPL
apparatus (figure 3.1) but the signal side is altered. The stream of photons
emitted from the sample is split into two by a 50/50 beam splitter, directing
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Figure 4.2: A schematic drawing of the main components of a
TCSPS setup. Compared to a µPL setup, the signal side is altered
with a 50/50 beam splitter directing the signal to two monochro-
mators giving almost monochromatic photons to the single photon
detectors (SPD). The electrical impulse present on the output of
the SPD after the detection of a photon is led to a control unit
where the time differences are determined and a histogram is con-
structed in the computer.

the beams through the monochromators selecting the wanted wavelengths
hitting the single photon detectors (SPD). The SPDs have a finite probability
to detect a single photon. The single photon detectors (here called SPD1
and SPD2) can be regarded as timing devices where SPD1 starts a clock
when a photon is detected and SPD2 stops the clock when it detects another
photon. As the beam splitter can not divide photons, one photon can not
both start and stop the clock, the photons have to choose direction towards
SPD1 or SPD2. The time differences between SPD1 and SPD2 is sent to
a timing device, and the counts for each time interval is usually displayed
in a histogram. The time intervals, i.e. the bin width of the histogram
could be chosen in the range of 4 ps to 512 ps for the timing device in the
setup (Picoharp 300). As the number of counts is proportional to the flux of
photons per second, i.e. the intensity, the correlation histogram, normalized
to unity is a measurement of g(2)(τ),
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g(2)(τ) =
〈n1(t)n2(t+ τ)〉
〈n1(t)〉 〈n2(t+ τ)〉

, (4.4)

where n1(t) (n2(t)) are the detected photons from SPD1 (SPD2). Note that
g(2)(τ) is given by the normalized measured histogram only when the de-
tection probability is low [41]. This is normally of no concern as just a few
percents of the emitted photons entering the collective objective are detected
by the SPD, as the emitted photons have to pass through the collecting ob-
jective, some optics and beam splitters (see figure 3.1) before reaching the
SPD with its limited detection probability.

It should also be pointed out that the measurement of g(2)(τ) however, is
affected by limited statistics and experimental imperfections to be discussed
later.

In TCSPS measurements the integration time is proportional to the pho-
ton intensity squared. A factor of ten increase of the photons detected result
in a decrease of the time required to get a histogram with a factor of 100.
Therefore, detectors with high detection probability and optical components
optimized to the actual wavelengths together with samples of good quality
are crucial to get a high quality result, in a time frame reasonable for practical
experiment.

4.1.3 Quantum dots as emitters of correlated photons

If photons impinging on both of the SPDs originate from the same spectral
line of the QD no events at τ = 0 should be seen. There should be no photons
of the same energy leaving the QD simultaneously and g(2)(0) = 0. Usually
there is some background emission overlapping with the QD emission and also
the TCSPS instrument has a finite time resolution that introduce statistical
uncertainties in the measured times. The uncorrelated emission as well as
the instrument time resolution tends to destroy the quality of the correlation
spectra, forcing g(2)(τ) towards 1 for small τ . In the case of antibunching,
g(2)(0) will be larger.

A correlation experiment where the two detectors measure light from the
same emission line is called an autocorrelation measurement. Similarly if the
two detectors are set to different emission lines, the resulting histogram is
referred to as a cross-correlation.

Now follows a discussion of the differences in the appearance of the differ-
ent correlation histograms for a continuous and for a pulsed laser excitation
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source. All the exemplifying histograms shown in this chapter are from mea-
surements of InGaAs pyramidal QDs, grown by E. Pelucchi and co-workers
at Tyndall national institute, Corc, Ireland [42].

4.2 Continuous laser mode

The slope of the dip in an autocorrelation histogram is given by τc, the char-
acteristic anti-bunching time, this is in general different from the emission
life time, e.g. τx, because of effects from the non-ideality of the TCSPS ap-
paratus and the bin width used as discussed in chapter 5, but also from the
feeding of charges to the QD. For low laser power the QD charge feeding is
low and the effect on the characteristic anti-bunching time is small [36].
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Figure 4.3: Comparison of the appearance of the correlation
histograms, at equal measurement time, for two bin widths 32 ps
and 256 ps. The inserts show the normalized histograms of the
same measurements.

By choosing a smaller bin width there will be less counts in each bin for
a given time and a statistical fluctuation of a few counts in a bin will have a
larger influence for a lower number of counts in the bin. In figure 4.3 this is
shown for bin width, 32 ps and 256 ps respectively. The coincidence counts
for 256 ps bin width is about 8 times larger than the counts for the 32 bin
width data, as expected from the bin width ratios. The normalized g(2)(τ)
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histogram from the coincident data is significantly more noisy for the lower
bin width as can be seen in the two inserts of figure 4.3. A shorter bin width
will give more detailed information on the behavior around g(2)(0) but e.g.
using half the value of the bin width will cause a doubled measurement time
to obtain the same average number of counts in each bin.

With a continuous laser, the emitted photons come in a steady stream,
and examples of histograms obtained are shown in figures 4.4 to 4.6. Fig-
ure 4.4 shows examples of autocorrelation histograms and it is seen that
g(2)(τ) < 1 for small τ and the g(2)(0) value is low, showing anti-bunching of
detected photons with small τ . A further analysis of the used parameters and
the background emission level of the µPL spectra has to be done to deter-
mine the quality of the single photon emitter. The bunching at intermediate
τ in figure 4.4b, is due to that the feeding of electrons and hole pairs is faster
than the QD switches charge state, it is therefore an increased probability
that two subsequent photons originate from excitons with the same charge
state.
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Figure 4.4: Measured autocorrelation histograms of a) the emis-
sion from X+ and b) the emission from X−.

In an anti-bunching cross-correlation histogram there are in general dif-
ferent characteristic times for the start and stop emissions. An example of
this is seen in figure 4.5a, where a photon from biexcitonic emission, 2X,
start the clock and photons from X+ emission stop the clock. The histogram
is asymmetric and the reason for this is, besides the difference in life times
that after a 2X emission the QD is left with an electron hole pair and just
one extra hole is needed for a subsequent X+ emission. On the contrary, if
a X+ emission occur, the QD is left with just a hole and it will in general
take longer time to fill the QD with the two electrons and one hole needed
for a subsequent 2X emission. In figure 4.5b, a very wide cross-correlation
histogram is shown between X+ (start) and X− (stop). The X+ emission
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Figure 4.5: Measured cross-correlation histograms of a) the
emission from 2X (start) and X+ (stop) and b) the emission from
X+ (start) and X− (stop).

leaves a hole in the QD and two electrons are needed to obtain the configura-
tion required for a X− emission. Since the exciting laser produces the same
amount of electrons and holes there is a strongly reduced probability that
two subsequent photons originate from excitons with opposite charge states,
resulting in very long times between start and stop events.

The cascade emissions of 2X and X are seen in figure 4.6.
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Figure 4.6: Measured cross-correlation histograms of the emis-
sion from 2X (start) and X (stop).

4.3 Pulsed laser mode

In pulsed laser mode, the laser gives short intense pulses (often ps to fs du-
ration time) of photons with a high repetition frequency (∼80 MHz). The
large amount of electron hole pairs created, quickly fill the QD and subse-
quently the excitonic complexes will recombine, emitting photons according
to their time constants. Ideally, the laser pulses are shorter than the emission
lifetimes involved, and the time between the laser pulses much longer than
the emission lifetimes. Normally, the QD is then emptied by recombination
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between each pulse. The special case where the emission lifetime is compa-
rable to the laser repetition time, is described in reference [43]. There is a
possibility that the QD is re-populated from charges loosely bound to shal-
low potential fluctuations in the vicinity of the QD in the time between the
pulses. How efficient the re-population is depends on the potential landscape
near the QD. By using a longer laser excitation wavelength a reduction of
the re-population, if present, might occur.

The correlation histogram will change appearance, compared to continu-
ous laser mode, when the photons will arrive at the SPD predominantly at
certain times shortly after each laser pulse. The time difference between the
photons that start and stop the timing unit will approximately be in units
(0, ±1, ±2...) of the repetition time of the laser. For an autocorrelation mea-
surement the contribution at τ ≈ 0 must come from the background emission
or from re-population between pulses as described above. Since the QD is a
single photon emitter the second (stop) photon is either from another source
emitting at the same energy or from a emission after re-population [44]. The
size of the residual pulse at τ ≈ 0 is unaffected by the non-ideality of the
TCSPS instrument, as a small statistical spread of the measured time (much
smaller than the laser repetition time) just alter the pulse form. The g(2)(0)
value is calculated as the sum of the histogram bins for the pulse at τ ≈
0 divided by an average of the sum of histogram bins for pulses |τ | � 0.
Correlation histograms with the pulsed laser mode are seen in figures 4.7
and 4.8
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Figure 4.7: Measured histograms of a) an autocorrelation of the
emission from X− and b) a cross-correlation between the emission
from X+ (start) and X− (stop).

The autocorrelation histogram for X− in pulsed laser mode is seen in
figure 4.7a, where the g(2)(τ) value is suppressed for τ values corresponding
to the laser pulses at zero time difference. There are in general not two X−

photons emitted during the same laser excitation pulse because after the X−
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emission the QD is left with an electron and will normally not be filled until
the next laser pulse. The remnant contribution to the correlation histogram
at τ ≈ 0, visible in the figure is mainly due to uncorrelated background
emission. The cross correlation histogram of the cascade event of the emission
from 2X (start) and X (stop) is seen in figure 4.8a, where the increased
probability of emission of an exciton after the biexciton emission is clearly
seen, as a bunching for the central peak on the positive side. An event
where there is a re-population of the QD, is seen in figure 4.8b. Here the
capture of an electron, from shallow potential fluctuations in the vicinity of
the QD, gives a non-zero probability of exciton emission after the emission
of X+. Finally a cross-correlation histogram of the emission from X+ (start)
and X− (stop) (figure 4.7b), similar to the histogram with continuous laser
(figure 4.5b) is shown with its long time between the start and stop events.
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Figure 4.8: Measured cross-correlation histogram of a) the emis-
sion from 2X (start) and X (stop) and b) the emission from X+

(start) and X (stop).

4.4 Apparatus

4.4.1 Detectors

Two kinds of SPDs where used, a single-photon avalanche diode (SPAD) and
a photomultiplier tube (PMT) [8].

A SPAD is a reverse biased diode at a voltage higher than the break down
voltage in which a photo generated carrier can start an avalanche current. A
control (quenching) circuit lowers the voltage and generates an output pulse
used for time measurements. When the avalanche has stopped it restores the
voltage to operation level. The time from a photon is present at the active

28



area of the detector till the voltage is back to operational level and the detec-
tor is operational again is called the dead time. The time resolution depends
on the spot size of the illumination. The specific SPAD used τSPAD–100
from PicoQuant has an active area with a diameter of 150 µm and a timing
resolving power of >0.35 ns. The dead time, was less than 70 ns.

In a PMT, photo generated electrons are accelerated by an electric field
over several electrodes (dynodes) where on each electrode, the electrons are
multiplied by secondary emission. After the last dynode a sharp current pulse
hits the anode signaling that a photon has hit the photo cathode. The time
resolution depends on the alignment of the dynodes, all electrons, both the
primary and the secondary electrons, should ideally arrive simultaneously.
For the PMT used, PMA 175, also from PicoQuant, the detector area has
a diameter of 8 mm and the timing resolving power is <0.18 ns and does
not depend on the spot size. The dark counts are comparable for the two
detector types and are less than ∼50 counts/s. The spectral response and
detection efficiency for the two detectors types are seen in figure 4.9.
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Figure 4.9: Comparison of the detection probability versus
wavelength for detectors (τ -SPAD-100 and PMA 175) used as
SPD in the TCSPS setup. Data adapted with permission from
PicoQuant [45].

4.4.2 Instrument time response

To measure the instrument time response of the TCSPS setup, the light
from a pulsed laser is used. The only difference from a standard measure-
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ment is that a mirror is placed before the cryostat reflecting the laser light
back through the objective towards the SPDs where one starts and the other
stops the timing device. While the laser pulses are of ps duration, the spread
of recorded time differences could be regarded to originate almost entirely on
the time spread of the components building up the setup, where the major
contribution comes from the SPDs. The slope of the peaks in the histogram
are of the form I(t) = I0 · e−|t|/τi and a histogram of the measurements to de-
termine τi for the PMT detectors are shown in figure 4.10. A fit together with
the histogram data is seen in the insert of figure 4.10 giving the instrumental
time constant for the PMTs τPMT

i = 0.12 ns.
In a similar way the time constant for the SPAD detectors where de-

termined to be τSPADi = 0.7 ns. There are no other changes in the setup
besides the detectors so the difference in resolution is solemnly related to the
detectors.
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Figure 4.10: The histogram where τi for the setup with PMTs
were determined. A pulsed laser will trigger both start and stop
of the timing device. The insert shows a close up of one peak
where the histogram points (bin width 16 ns) have been fitted to
an exponential curve, I(t) = I0 · e−|t|/τi where I0= 500 and τi=
0.12 ns, shown as a solid line.
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Chapter 5

Simulation of TCSPS
histograms:
effects of experimental
non-ideality

5.1 Method

Simulations where made in order to investigate factors that deteriorate the
autocorrelation, from the excitonic emission from a QD, in TCSPS mea-
surements. The parameters investigated are the influence from uncorrelated
background emission, the dependence on the instrument time resolution and
the influence from the bin width of the correlation histogram.

For a Poisson distribution the following three statements are true [46]: i)
The probability for an event in a short time interval (∆t) is ∆t/τ and ii) the
probability of having two events in ∆t is negligible small, and if also iii) the
events are independent. Then the probability of having no event in the time
t follow a Poisson distribution P0(t) = e−

t
τ . As the probability of having two

events is negligible small the sum of the probability of having zero or one
event in time t equals one P0(t) + P1(t) = 1. The Poisson distribution give
the exponential expression used for lifetime calculations (e.g. τx) which could
also be implemented on the instrument time resolution, τi. The probability
for an event ∆t/τ in the time interval ∆t is tested against a random number
in a loop, this forms the basis for the simulation.
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In the simulations a random number A between [0, 1] is created and if
A ≤ ∆t/τ the event happens. This is applied to the filling of the QD with
an electron hole pair (τeh = 10 ns in all simulations) and to the emission of
a biexciton (τ2X) or an exciton (τX). It all takes place in a loop where the
simulated measurement time is added by ∆t in each turn. Depending on if
the QD contains, 0, 1 or 2 electron hole pairs, one of the following set could
happen. The QD can, (0 electron hole pair) receive an electron hole pair,
(1 electron hole pair) emit an exciton related photon or receive an electron
hole pair or (2 electron hole pairs) emit an biexciton related photon. A small
random number of a statistical time spread τi is added to the time of each
emission event, corresponding to the instrumental time resolution.

For the background emission an extra comparison with a random number
is added in the loop and the random times of background emissions is added
to the list of exciton or biexciton emission events. Each simulations gave
in average almost 100 000 excitonic emission events, and up to three times
more events with a large background emission. To make a autocorrelation
histogram the exciton emission times are compared and each time differences
add one to the appropriate bin in the histogram. The relative position of the
histogram bins are chosen so that the middle bin is centered around time
difference zero. Finally, the histogram is normalized to one by using the bins
that are sufficient far away from time difference zero, to be unaffected by the
dip in the histogram.

5.2 Simulated effect of background emission

The background emission has a deteriorating effect on g2(0) because these
background photons that start/stop the timing device originates from an-
other source (i.e. not the QD) and since this emission in general is uncor-
related with the desired emission (and no single photon emitter) it emits
photons at all time intervals. The deterioration of the histogram by an in-
creased background emission compared to the signal drives the g2(0) → 1.
An important parameter in this context is the ρ-value (see figure 3.2) that is
defined in section 3.1.1. This parameter can vary between 0 and 1, there is
only signal (no background emission) for ρ = 1 and only background emission
for ρ = 0. Simulations of the effect of different ρ values on autocorrelation
histograms for excitonic emission have been made. In figure 5.1a-d, simula-
tions are seen for ρ-values decreasing from 1 to 0.33 resulting in a successive
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Figure 5.1: a-d) Simulations of autocorrelation measurements
of an emission from an exciton with τx = 0.32 ns, τi = 0.032 ns
and the bin width bw = 0.128 ns for different ρ values in the range
of 1.0 to 0.33 and the effect on the g2

sim(τ) value.

increase of g2
sim(0) from 0.11 to 0.88. The residual value of g2

sim(0) = 0.11
(>0) for ρ = 1 are due to the finite values of the instrument response function
(τi = 0.032 ns) and the bin width (bw = 0.128 ns) relative to the simulated
exciton life time (τx = 0.32 ns).

5.3 Simulated effect of instrument time re-

sponse

The time measurements in TCSPS have high accuracy but nevertheless they
are unideal and give a statistical spreading of the measured times. This
statistical spread of the measured times causes a smoothing of the dip of the
measured g(2)(τ) histogram. Especially the value at g(2)(0) will be affected
and pushed towards 1. In mathematical terms g(2)(τ) is convoluted with
the instrument time response function of time spread τi (see equation 2 in
Paper I). If τi is much faster than the characteristic anti-bunching time, τc,
of the measured emission, this will have negligible effect on the measured
histogram, but for τi comparable to and larger than τc an increasingly severe
deterioration of the g(2)(0) value will occur. This is clearly seen in the four
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Figure 5.2: a-d) Simulations of the effect of different τi values on
the autocorrelation measurements of an emission from an exciton
with τx = 0.32 ns, ρ = 1.0 and bw = 0.128 ns and the effect on
the g

(2)
sim(τ) value.

simulations with τi/τx values varying from 0.10 to 2.2 which gives a smaller

and wider dip (figure 5.2a-d) with the g
(2)
sim(0) value increasing from 0.11 to

0.68.

5.4 Simulated effect of histogram bin width

Events with τ in a certain (small) time interval are placed in the same bin of
the histogram. For the equipment used in this work, the bw of the histogram,
could be set to values in the range from bw = 4 ps to bw = 512 ps. If
the bin width is comparable to the characteristic anti-bunching time of the
emission, the dip will be represented by just a few data points (histogram
bins) and each data point will be the average over a relatively large part of

the dip. Consequently, in an autocorrelation histogram, the g
(2)
sim(0) value

will increase and the measured dip will slightly broaden. This effect starts
to be visible when the bin width is larger than approximately one tenth
of the characteristic anti-bunching time. In the four simulations shown in
figure 5.3a-d, where different bw but the same τi = 0.032 ns, τx = 0.32 ns
and ρ = 1.0 are used, the increased g

(2)
sim(0) value and slightly broadened dip
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Figure 5.3: a-d) Simulations of autocorrelation measurements
of an emission from an exciton with τx = 0.32 ns, ρ = 1.0 and
τi = 0.032 ns for different bin width (bw) and the effect on the
g(2)(τ) value.

is seen. The remnant value of g
(2)
sim(0) = 0.07 in figure 5.3 a, is due to τi.

5.5 Combined effect of bw, τi and ρ on the

g(2)(0)-value

In a real measurement there is in general a combined contribution to g(2)(0)
from the bw, τi and ρ. To give a more complete picture of the influences,
simulations with different values of the parameters τi/τx and bw/τx have been

made for different values of ρ for the excitonic emission. The g
(2)
sim(0) value

versus ρ are plotted for a few values of the parameters in figure 5.4. From
the figure it is clear that when τi/τx is large, the improvement of g

(2)
sim(0)

by a smaller bin width is minimal. To have a small value of g
(2)
sim(0) the

background has to be low (ρ close to 1) and the τi and bw values have to be
substantially shorter than the lifetime. This requires high quality samples
with high emission intensities and fast SPD detectors.
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